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Resumen

Este trabajo presenta un nuevo marco tedrico y una nueva herramienta
de prediccién del fenémeno de multipactor para sistemas multi-portadora.
Este estudio es de capital importancia para aplicaciones de comunicaciones
por satélite, donde existe cada vez mayor demanda del nimero de canales
operando a alta potencia. Las herramientas de prediccion de multipactor
ayudan a reducir o eliminar completamente el riesgo de que ocurra una
descarga de RF en operacién, con la correspondiente pérdida de calidad de
la senal o incluso la completa ruptura del componente.

Actualmente, se conoce poco sobre el fenémeno de multipactor con
senales multi-portadora. Esta Tesis presenta una nueva teoria no esta-
cionaria para senales multi-portadora, basada en estudios actuales de mul-
tipactor estadistico. Al contrario que las teorias existentes, la nueva teoria
propuesta es capaz de modelar ambos procesos de creaciéon y absorcion de
electrones. Por lo tanto, representa la primera teoria de multipactor para
senales multi-portadora que es totalmente capaz de caracterizar la dinamica
de los electrones.

A su vez, se presenta un nuevo método de prediccién, el método quasi-
estacionario, que encuentra autométicamente la combinacién de fases de la
senal multi-portardora que implican un nivel de descarga mas bajo. Este
método se basa en la teoria no estacionaria de multipactor unido a un op-
timizador global genético. La prediccién quasi-estacionaria funciona para
sefiales con numero de portadoras arbitrario a frecuencias arbitrarias. El
método quasi-estacionario se ha contrastado con medidas experimentales en
filtros en gufa de onda rectangular en banda Ku, donde se han usado difer-
entes tipos de senales. El método quasi-estacionario ofrece predicciones
més precisas que la ”20-gap-crossing rule”. Los errores de predicciéon han
resultado ser de 1 dB y 4 dB, respectivamente.

En principio, aunque la teoria no-estacionaria estd formulada para el
caso unidimensional de placas plano-paralelas, ésta se puede adaptar a otras
geometrias y senales. Por lo tanto, esto abre un linea de investigacién futura

que puede extender la teoria a aplicaciones més complejas.
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Resum

Aquest treball presenta un nou marc teoric i una nova eina de prediccié del
fenomen de multipactor per a sistemes multi-portadora. Aquest estudi és
de cabdal importancia per a aplicacions de comunicacions per satel-lit, on
existeix cada vegada major demanda del nombre de canals operant a alta
potencia. Les eines de prediccié de multipactor ajuden a reduir o eliminar
completament el risc que océrrega una descarrega de RF en operacio, amb
la corresponent perdua de qualitat del senyal o fins i tot la completa ruptura
del component.

Actualment, es coneix poc sobre el fenomen de multipactor amb senyals
multi-portadora. Aquesta Tesi presenta una nova teoria no estacionaria
per a senyals multi-portadora, basada en estudis actuals de multipactor
estadistic. Al contrari que les teories existents, la nova teoria proposada
és capag de modelar tots dos processos de creacié i absorcié d’electrons.
Per tant, representa la primera teoria de multipactor per a senyals multi-
portadora que és totalment capag de caracteritzar la dinamica dels electrons.

Al seu torn, es presenta un nou meétode de prediccid, el metode quasi-
estacionari, que troba automaticament la combinacié de fases del senyal
multi-portardora que impliquen un nivell de descarrega més baix. Aquest
metode es basa en la teoria no estacionaria de multipactor unit a un op-
timizador global genetic. La prediccié quasi-estacionaria funciona per a
senyals amb nombre de portadores arbitrari a freqiiencies arbitraries. El
metode quasi-estacionari s’ha contrastat amb mesures experimentals en fil-
tres en guia d’ona rectangular en banda Ku, on s’han usat diferents tipus
de senyals. El metode quasi-estacionari ofereix prediccions més precises que
la ”20-gap-crossing rule”. Els errors de prediccié han resultat ser d’1 dB i
4 dB, respectivament.

En principi, encara que la teoria no-estacionaria esta formulada per al
cas unidimensional de plaques pla-paral-leles, aquesta es pot adaptar a altres
geometries i senyals. Per tant, ago obri un linia de recerca futura que pot
estendre la teoria a aplicacions més complexes.
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Abstract

This work presents a new theoretical framework and prediction tool for mul-
tipactor in multi-carrier systems. This is of capital importance for satellite
communication applications, which demand for higher number of channels
operating at high power levels. Such a tool may help to reduce, or com-
pletely avoid, the risk of having an RF breakdown in operation, with the
subsequent loss of signal quality or even completely damage of the device.

Currently not much is known about multipactor for multi-carrier sig-
nals. This Thesis throws light on some basic multipactor mechanisms such
as the electronic discharge build-up or its connection with signal distortion.
A new non-stationary multi-carrier theory, based on current statistical mul-
tipactor studies, is presented. Unlike existing ones, this theory is able, for
the first time, to model both electron creation and absorption processes.
It constitutes the first multipactor theory for multi-carrier signals which is
able to fully characterize the electron dynamics, such as the time evolution
of the electronic density, as well as creation and absorption rates.

A prediction method, the quasi-stationary method, is proposed for the
automatic searching of the combination of carrier phases which yields the
lowest breakdown level. It is based on the non-stationary theory for single-
carrier signals together with a genetic global optimizer. The quasi-stationary
prediction method returns the worst-case phase combination plus a break-
down level for arbitrary multi-carrier signals with any number of carriers.
The quasi-statinary method has been assessed with experimental tests on
ad-hoc Ku-band rectangular waveguide samples with different multi-carrier
signals. Additionally, the results have been contrasted with the popular
20-gap-crossing rule. The quasi-stationary method yields much better pre-
diction accuracy than the 20-gap-crossing rule. Prediction errors for both
techniques have been found to be 1 dB and 4 dB, respectively.

The non-stationary theory is formulated for one-dimensional parallel-
plate case, but in principle can be adapted to other geometries and signals,
which opens a future research line for extending it to more complex appli-
cations.
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Chapter 1

Introduction

Microwave breakdown is one of the most common power handling
limitations in radio-frequency (RF) systems. High power levels imply
the presence of high level electromagnetic fields in the devices which
may cause two known effects: The Corona effect, when the device is
filled with any kind of gas, and the Multipactor effect, when operating
in vacuum conditions.

The Corona effect consists in the ionization of the gas molecules
inside a device produced by high power electromagnetic fields. The
electrons in the outer shells of the gas molecules are released and
interact with other molecules releasing more electrons. Such effect
produces an increase of electronic charge density that implies a signal
distortion and ultimately a destructive electronic avalanche. The
Corona breakdown level depends among many other parameters on
the kind of gas and the pressure level inside the device.

As pressure decreases towards vacuum, or near vacuum condi-
tions, the electron mean free path exceeds the dimensions of the de-
vice. In this situation, free electrons, which are accelerated by the
electromagnetic fields, can move without opposition until striking
any surface of the component. If the impact energy is high enough,
secondary electrons may be released from the surface. Then, if the
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1. INTRODUCTION

resulting electronic bunch enters in resonance with the field, it will
impact periodically with the device surfaces releasing more and more
electrons, which ultimately produces an electron avalanche. This
phenomenon is known as Multipaction, Multipactoring or Multipac-
tor effect.

Even if Multipactor and Corona effects share basic principles,
their study is completely different. Corona is a volumetric phe-
nomenon which depends mainly on gas ionization and absorption
rates, whereas Multipactor is heavily dependent on the geometry of
the device, the resonance between field and electron motion, and the
surface properties of the material. As a consequence both phenom-
ena usually appertain to different research lines. Also, their field of
application is different, although with little overlapping. Corona ap-
plies to areas in which the high power electronic equipment works
in pressurized ambients, such as terrestrial communication systems.
On the other hand, the Multipactor phenomenon is related with ap-
plications in which high power systems operate in vacuum, such as
satellite communication systems and particle accelerators. Never-
theless, in certain space communication systems there may be both
Corona and Multipactor risk. For example, during the launching of
a satellite, communications may be done while traversing the Earth
atmosphere and, therefore, some high power devices are working in a
low pressure environment, increasing the risk of a Corona discharge.

In short, and now focusing exclusively on Multipactor, it is an
undesired high power phenomenon, which may appear in many kinds
of technologies and circuits: microstrip and strip lines, waveguides,
coaxial lines and connectors, as well as active components and anten-
nas. A multipactor discharge produces heat, noise, power reflection
and signal distortion which negatively affects the correct operation of
the device. Ultimately, strong multipactor discharges produce out-
gassing and a local increase of pressure that initiates a Corona dis-
charge and may permanently damage the component.

It is, thus, evident that the design of multipactor free compo-
nents' is desirable for every application. However, for the space in-
dustry, this becomes a key issue, since a failure of a single component
in operation may imply the failure of the whole mission, and the
subsequent loss of enormous amounts of time and money.

Multipactor tests in Earth laboratories are used to validate com-



ponents to be multipactor free up to the desirable power. Unfor-
tunately, these tests are very costly and a try-and-error design ap-
proach' is unaffordable.

On the other hand, Multipactor prediction methods, which rely
on the theoretical study of the Multipactor phenomenon, and numer-
ical simulation software tools, allow for establishing the Multipactor
breakdown of a certain component in the design phase, thus reducing
the experimental testing to the minimum. For this reason, Multipac-
tor prediction is a must in the component design for high-power space
applications.

The classical Multipactor theory only covers the single-carrier
case, i.e. systems in which only one carrier is transmitted. For single-
carrier operation, theoretical prediction methods as well as software
tools provide reliable results that have been successfully contrasted in
the past three decades. However, in satellite applications, the normal
situation is to operate with a high number of communication chan-
nels with a a high power level per carrier. This produces extremely
high peak power levels in the multi-carrier path of the spacecraft,
and therefore a high risk of Multipactor discharge.

Besides the publications that belong to this thesis?, no multi-
carrier theory is available in the literature. The existing prediction
methods, such as the peak-power or 20-gap-crossing rule, are based
in very rough simplifications, sometimes without enough physical ba-
sis®. The resulting predictions coming from these methods are usu-
ally too conservative and imply high design margins that result in
over-designed, heavy components.

On the other hand, numerical simulators give satisfactory pre-
dictions for single-carrier operation. But, many more parameters
are involved and very heavy computations are needed in the multi-
carrier counterpart®. Therefore they provide accurate breakdown cal-
culations for particular parameter combinations but are not able to
simulate all possible combinations in order to provide the worst case
prediction.

Therefore, the main motivation of this thesis has been to develop
the first full multipactor multi-carrier theory and to propose a multi-
carrier prediction method that is able to provide accurate predictions.
Hopefully, this work will contribute to the scientific community with
a better understanding of the multipactor phenomenon. At the same

3
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1. INTRODUCTION

time, it is expected that this work will help the industry to reduce
design margins and test campaigns, with the consequent cost and
time savings.

This Thesis has been done in the framework of the European
Space Agency (ESA) activity AO/1-4978/05/NL/GLC: MULTIPAC-
TOR IN MULTICARRIER RF SYSTEMS, which consisted in the
study of multipactor in multi-carrier operation. In this activity, the-
oretical and numerical results have been crosschecked with experi-
mental measurements. These data have been already published and
will also be presented as part of this Thesis. This research has been
also partially supported by the Ministerio de Ciencia e Innovacion
(Spain) through the ”Programa Torres Quevedo” PTQ06-2-0693

1.1 Thesis objectives and structure

The purpose of this work is to construct a reliable full multipactor
theory covering both single and multi-carrier cases. This theory will
be the basis for a new prediction method which takes into account
the most relevant parameters involved in the multipactor discharge,
such as the envelope shape, SEY properties of the device surfaces, as
well as single-events and long-term multi-carrier discharges. A solid
multipactor criterion will be also established.

This theory will be formulated for the two-surface parallel-plates
one-dimensional multipactor case, since it is the most simple and rep-
resentative of all cases. The extension of this theory to more compli-
cated geometries, such as rectangular, circular or coaxial waveguides,
microstrip lines and antennas, is left for future work.

This development is done in different steps:

e Develop a non-stationary single-carrier theory which predicts
accurately experimental breakdowns and also models the elec-
tron multiplication and absorption processes experienced dur-
ing the multipactor discharge.

e Develop a general non-stationary statistical multipactor the-
ory for multicarrier signals based on the previous single-carrier
theory.



1.1. Thesis objectives and structure

e Develop new multicarrier prediction models based on the new
non-stationary statistical multipactor theory.

e Compare and verify the predictions made with the different
models with experimental results.

This thesis is structured as follows:

This very first Chapter consists of the introduction, second Chap-
ter presents some multipactor basic concepts and a brief summary of
the state of the art in multipactor theory, design and test.

The following two Chapters (3 and 4) contain a list of the most
relevant publications done in this study. There are a total of five pa-
pers. The first two deal with multipactor long-term discharges and
a description of the physics of the discharge, including theory and
numerical simulations. The next two papers describe thoroughly the
multipactor non-stationary theory for single and multi-carrier signals,
which is the core of this thesis. Finally the last paper presents an
application of the non-stationary theory to a multipactor prediction
method. Experimental results are presented and compared success-
fully with the predictions.

Chapter 5 contains a general discussion about the main findings
of the work presented in Chapters 3 and 4. A general review of
the whole multipactor theory is presented, ranging from the classical
theories, going through the first statistical contributions and ending
with the non-stationary theory presented in this thesis. Next, the
main prediction methods are also reviewed and compared with the
ones presented in this work.

Finally, Chapter 6 presents the most relevant conclusions of the
thesis.

Appendices at the end of this book illustrate some interesting and
useful topics which are related to this work but outside from the main
research line.






Chapter 2

The multipactor
phenomenon

The multipactor effect is an electron discharge which takes place be-
tween dielectric or metal surfaces in the presence of a high-level and
high-frequency electric field. Vacuum conditions, or sufficiently low
pressures, are necessary in order to ensure that the electron’s mean
free path is larger than the separation between impact surfaces'. Mul-
tipactor was originally discovered and experimentally characterized
by [Far34], although current multipactor theory is supported on the
works done by [GvE48, HW54, Vau8g].

The process can be conceptually described as follows: The elec-
tromagnetic fields inside the microwave device exert a force on pre-
existing free electrons, known as the Lorenz force. These electrons,
called primary ones, are accelerated towards the device walls. Under
certain field conditions?, such electrons may impact on the device sur-
faces with enough energy in order to generate new secondary electrons
according to the material Secondary Electron Emission (SEE) prop-
erties. If the impact occurs when the electric field reverses direction,
the secondary electrons will be accelerated again towards other metal
surfaces, impacting in the same manner as the primary ones and gen-

LSuch a sep-
aration will
be referred as
gap through-
out the text.

2 Amplitude,
frequency and
phase. See 5.1.1



2. THE MULTIPACTOR PHENOMENON

erating more secondary electrons. Therefore, multipactor consists on
an electronic bunch moving back and forth in resonance with the
electric field which grows impact after impact.
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Fig. 2.1 shows a conceptual view of a two-surface multipactor
process between two parallel plates when a differential AC voltage
is applied on the surfaces. First, a primary electron is accelerated
towards the upper plate during the first half cycle of the AC field.
The electron strikes the upper surface when the field reverses with
enough energy to produce secondary electrons, which are accelerated
back to the lower plate. The process repeats creating an electron
avalanche.

The electron dynamics of a multipactor discharge can be much
more complex than the example above, but in general, it can be clas-
sified in two ways: The order of resonance, and the kind of surface
interaction. The order of the multipacting resonance is defined as
the number of signal half-cycles that an electron takes between inter-
actions with surfaces (See Fig. 2.2). On the other hand, depending
on the geometry of the device and the location of the multipactor
discharge, the electrons may impact with different surfaces of the
device. Typically, multipactor theories cover two kind of interac-
tions: Single-surface multipactor occurs when electrons impact with
the same surface of emission, and double-surface multipactor takes
place between two facing surfaces.




The classical multipactor theory proposed by [GvE48, HW54] is
based on a one-dimensional and parallel-plate model which studies
double-surface interactions. Later on, other works have extended
the classical theory to other geometries such as rectangular waveg-
uides [SRAT07], coaxial waveguides [UALT07b], waveguide irises
[UALT07a,SRUT08], Helix antennas [RAJ'10] and other signals such
as multipactor with modulated signals [SBAT10]. Even if these the-
ories give a valuable qualitative description of the multipactor phe-
nomenon in such geometries, they are based in canonical geometries
which are usually too simple to represent real circuits and, on the
other hand, they are still based on the classical one-dimensional the-
ory, which is known to be accurate only for the first multipactor order
region'.

Therefore, in practical situations, the multipactor prediction tech-
niques are based on the parallel-plate model [EST03], since, on the
one hand, it is one-dimensional and therefore simpler to develop and,
on the other hand, it is accepted to represent the worst-case for
double-surface multipactor. This means that for similar gap, fre-
quency of operation and material, the parallel-plate geometry will
yield the lowest breakdown voltage as compared with other geome-
tries. Or, in other words, any deviation from the parallel plate geom-
etry and uniform field distribution will produce some kind of extra
electron loss mechanism that will increase the breakdown voltage.

Thus, multipactor predictions with parallel-plate geometries al-
ways have a certain margin with respect to the real geometry and,
therefore, guarantee that the resulting breakdown power will be con-
servative. Unfortunately, when the real geometry differs considerably
form the parallel-plate case, such a high margin may imply unaf-
fordable design constraints. For those cases, numerical multipactor
prediction may provide more accurate breakdown predictions, and
therefore lower margins. Using numerical simulators, multipactor
has been investigated also in circular waveguides [PBGT09,SZA110],
coaxial waveguides [PTVT06, PTVT09,SZUT07] wedge waveguides
[HRST11, SRZT08], microstrip lines [SAM™*09, SRST09], and ridge
and multi-ridge waveguides [GISAT12]. However, these studies are
limited to isolated waveguides in which the RF fields are not repre-
sentative of such appearing in real and much more complicated RF
structures. Thus, for accurately analyzing multipactor in real mi-
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2. THE MULTIPACTOR PHENOMENON

crowave circuits, commercial electromagnetic software tools are the
most reliable option among all [FES,SPA, CST]. Such tools compute
the real field distribution and solve electron trajectories inside the
complex geometry.

1st Order 3rd Order

Figure 2.2.
Visualization —of 1%
(left) and 37¢ (right)
two-surface  multipac-
tor orders: position
of the electron and
driving electric field as
a function of time.

With respect to single-surface multipactor, it is less frequent and
is typically associated with the presence of dielectrics'. Multipactor
in dielectrics has the peculiarity that the dielectric surface gains elec-
tric charge when electrons are released, generating a DC field which
pulls the electrons back to the emission surface [TCB*05, TCVT06,
TPCM™10]. In the case that the RF field is parallel to the surface,
such as in dielectric windows, the RF electric field accelerates the
electrons parallel to the surface while the DC field attracts the elec-
trons to it. As a result of this, the electrons impact the surface at
high speed and high angle of incidence, thus releasing extra electrons
by secondary emission effect and producing a single-surface discharge.
Fig. 2.3 shows this particular case extracted from [KLAT98] where the
electron trajectory under such circumstances is shown. In these cases
the electron motion does not need to be in resonance with the RF
field in order to achieve multipactor [KLAT98]. This fact, together
with the poor thermal dissipation of dielectrics compared with met-
als, makes multipactor phenomenon be potentially more dangerous
and destructive in dielectrics than in metals.

Although the above theories make an attempt to predict the nec-
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essary conditions for multipactor to take place, there is another im-
portant factor to take into account: There must be an initial popula-
tion of electrons inside the component in order to set-up a discharge.
A single initial electron does not ensure a discharge, since its posi-
tion, energy and emission phase (with respect the RF field) may not
produce secondary electrons on impact. Therefore, the higher the
number of seeding electrons the higher probability of a multipactor
discharge to take place.

There is always some contribution coming from the electrons re-
leased by field emission from the surfaces of the device. In space envi-
ronment the main source of seeding electrons is the particle radiation
due to the trapped environment in the magnetosphere, Solar Flares
or Cosmic Rays. The total flux of electrons reaching the interior of
the device depends on the satellite materials and orbit conditions.

On the other hand, multipactor tests done in Earth’s laboratories
need some kind of artificial electron seeding in order to obtain signif-
icant results in a reasonable amount of time [WJ89, GW96, RW95].

11
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There are two kind of popular seeding techniques for multipactor
testing, radioactive sources and Ultra-Violet (UV) lamps, which are
reviewed in Appendix A.

2.1 Secondary Electron Emission effect

As introduced before, Multipactor discharges are produced by Sec-
ondary Electron Emission (SEE) from the component surfaces, thus,
the study of multipactor is strongly related with the study of SEE
phenomenon. The Secondary Electron Emission (SEE) phenomenon
was discovered more than one hundred years ago and since then it has
been intensively investigated (see for example [Brub4, LD57, Ste57,
CET74,Vau89,FP02]). Basically, when an electron hits a material, it
interacts electrically with the secondary electrons belonging to the
outer shells of the atoms in the structure. Depending on the im-
pact energy and angle, the primary electron can be totally deflected
(specular reflection); can enter inside the material, loose some energy,
and then being deflected backwards (inelastical backscattering); or
it can penetrate in the material and transfer part of its energy to
secondary electrons which are released backwards from the material
surface (true secondary emission). In summary, any of the three fol-
lowing phenomena can happen depending on the impacting energy
and angle: the electron is elastically or inelastically backscattered,
new electrons are released by SEE effect, or it can be simply ab-
sorbed (see Fig. 2.4).

The dynamics of each kind of phenomena are different, as well as
their participation in a multipactor discharge. Whereas the elastically
backscattered electrons are reflected with an energy and departure
angle equal to those of the impact, inelastically backscattered ones
lose some energy when colliding. On the contrary, the emission ener-
gies and angles of secondary electrons are completely independent of,
and generally much lower than, the electron impact conditions (pro-
vided that the impact energy is high enough to produce secondaries).

Being the SEE a random process, the Secondary Electron Emis-
sion Coeficcient (SEEC), also referred as Secondary Emission Yield
(SEY), is the ratio between emitted and impacting electrons on a
material surface, being a characteristic of each material. The total

12
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Elastical Inelastical True Secondary
reflection backscatter Emission

o Primary electron

Figure 2.4.

Schematic of the three Primary electron

different kind of electron o Secondary electrons
interaction with matter. / O\ /O

Primary electron

SEY usually adds the contribution of all the previous kinds of elec-
tron emission explained above. These phenomena exhibit a random
nature and, therefore, the SEY must be understood as an average
figure. SEY larger than one means that extra electrons are generated
for each impacting electron (in average), while for SEY lower than
one, a fraction of the impacting electrons is absorbed by the material
(totally if it is zero).

In spite of its name, the SEY accounts not only for true secondary
electrons, but it also includes backscattered ones. The reason for this
is that is not easy to distinguish both types in SEY measurements.

The SEY value varies with the impact energy and angle of inci-
dence of the primary electron. Although the SEY curves differ for
each material, they have a common shape. A typical SEY curve is
represented in Fig. 2.5, extracted from [dLPAT06], where the SEY
(Total SEY in the figure) has been theoretically decomposed in its
different components:

e At low impact energies, the SEY is dominated by elastically
backscattered electrons, with a value of SEY close to 1, which
implies that almost all low energy electrons are reflected at the
material surface [CCF104].

e As the energy increases there is an absorption process, i.e. SEY
is lower than 1.
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e For higher energies true secondary electrons dominate the SEY.

The secondary emission theory assumes that as the electron
penetrates and slows down in the material, all the dissipated
energy is employed in generating secondary electrons [LD57,
Steb7]. The rate of energy lost by the primary is governed by
the stopping power, which is known to be energy dependant in
a way that there is an energy of the primary electron, Wi,qz ,
for which the stopping power is maximized and thus the SEY,
Omaz- For energies above and below such a value the SEY
decreases towards 0. if o,,42 > 1 there are two values of the
primary energy (labeled as W7 and Wy )for which the SEY is
equal to 1.These are called first and second crossover points,
respectively.

e For energies higher than Wy the SEY is dominated by both

true secondaries and inelastically backscattered electrons. It is
always lower than 1.

Equivalently, the SEY may be given as a function of impact veloci-

ties instead of kinetic energies. There is also a dependence of the SEY
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2.1. Secondary Electron Emission effect

on the angle of incidence, where zero angle stands for perpendicular
impact. As the impact angle increases the whole SEY curve changes
increasing the SEY peak and the second crossover point (Ws). As
an example, Fig. 2.6 (extracted from [Vau89]) shows two SEY curves
for a typical material for different values of angle of incidence. The
curves have been drawn with Vaughan’s SEY equation which does
not consider elastically backscattered low energy electrons. However,
the curves illustrate the effect of the angle of incidence at higher ener-
gies, showing that oblique impacts (60° in the graphic) present higher
SEY maximum value and second crossover point than the normal in-
cidence curve.

For a given material, the SEY is also very sensitive to the surface
conditions, such as roughness, presence of impurities or even finger-
prints. To reduce the SEY to the minimum, the materials must be
scrubbed, cleaned and handled with caution.

As mentioned before, a necessary condition for multipactor to
occur is that the SEY must be equal or greater to 1 and therefore,
the impact energy of primary electrons must be comprised between
the first and second crossover points of the SEY curve for a given
incidence angle (W7 and W5). Furthermore, the rate of growth of
the electron population increases exponentially with the SEY value.
Therefore, the choice of a material with low values of SEY and high
W1 may help to mitigate partially or totally the multipactor effect.

Figure 2.6.
Vaughan’s approxima-
tion to SEY curves.
Low energy high reflec-
tive electrons are not
modelled. Dependence
of the SEY on angle of
incidence is observed.

It becomes evident, then, that in order to model and predict prop-
erly multipactor it is crucial to have an accurate model of SEE fit-
ting the experimental results for the materials to be employed in the
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construction of the device. Vaughan’s proposes in [Vau89] a para-
metric formula of SEY which admits 0,4, and Wy,., as input pa-
rameters and allows fitting experimental data. Fig. 2.6 shows an
example of Vaughan’s model with the effect of different impact an-
gles. Vaughan’s formula fits reasonably well the experimental data
and has been widely used for modelling multipactor. However, it
does not differentiate between backscattered electrons and secondary
ones, constituting a source of error since they have different dynamics.
Moreover, it does not take into account the existence of low energy
reflected electrons. Even if those do not directly participate in the
multipactor process, they are long-lived inside the device due to its
high reflectivity, thus contributing to accumulation effects between
consecutive multipactor discharges. This is of particular interest in
multicarrier operation, as described in chapters 4.4 and 5.2.

The Furman and Pivi SEY statistical model [FP02] takes into ac-
count the different nature of the electrons contributing to SEY, and
the resulting curves are very similar to Fig. 2.5, but when fitted to
experimental data less importance to low energy electrons is given,
resulting in a SEY tending to 0.5 at low energies instead of 1, which
means that only half of the low energy electrons are reflected and
the other half absorbed. Recent SEY measurements undertaken by
Cimino et al. [CCFT04] suggest that Furman and Pivi model under-
estimates the importance of low energy electrons, due mainly to the
lack of resolution in the experimental measurements of SEY at low
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2.1. Secondary Electron Emission effect

energies. Cimino et al. conclude that the SEY for most materials
tends to one at low energies, i.e. most of the low energy electrons are
reflected. Experimental results from [CCF104] are shown in Fig. 2.7.
Inelastically backscattered electrons are not differentiated from sec-
ondaries. The curves follow the same behaviour as Lara et al. (see
model of Fig. 2.5). The decrease of SEY when scrubbing the cupper
is also observed.

These results are of the highest importance for multipactor in
multicarrier operation due to the aforementioned accumulation effects
introduced by high reflective low energy electrons. As a conclusion,
models like Lara et al. [ILPAT06] are the most suitable ones for
multipactor modelling purposes.

There are no universal SEY curves for a specific material. The
study done in [AUR11] demonstrates that the particular manufactur-
ing or coating process done by each company affects the SEY curve
of a material. In other words, two silver coatings, for example, done
by different companies', may have a different SEY curve. Because of
that, it is also very important for multipactor prediction to have par-
ticular SEY measurements of the device which is going to be tested.
Another problem, also reported in [AUR11] is the SEY Ageing, which
consist in a degradation of the surface due to environment exposure
and oxidation that increases overally the SEY curve, also lowering the
W; energy. This produces lower multipactor thresholds. In [AURI11]
it has been observed that this Ageing process degrades the material
progressively reaching a stability after 6 months (in average). Accord-
ing to [AUR11], the impact on the multipactor threshold depends on
the material but has typical values of 3 dB and maximum values up
to 7 dB. This impact should be considered also in prediction as an
additional margin.

A very important aspect of secondary electrons but that has been
historically ignored in classical multipactor theories is the dynamics
of the secondary emitted electrons, i.e. angle and velocity of emis-
sion. Classical multipactor theories consider erroneously a fixed and
deterministic emission velocity of secondary electrons, when actually
it is a random quantity independent of the primary impact energy.
The emission angle is also governed by a random process which also
affects the multipactor susceptibility regions [VSSS06].

17

Leven coatings

done by the
same company
may present a
different SEY.



2. THE MULTIPACTOR PHENOMENON

2.2 Saturation

The definition of the multipactor effect given so far, and the deriva-
tion of the analytical equations of the classic theory describe a picture
where, when a multipactor discharge takes place, the electron popu-
lation increases indefinitely. This is, of course, an unnatural behavior
and it is due to the fact that the electric field created by the electrons
has not been taken into account, which is responsible for the multi-
pactor saturation. Saturation may be caused by two main effects:
space charge and detuning.

Space charge is due to the culombian repulsion among existing
electrons. The electric field that the electron cloud creates in the
device volume, alters the original field that started multipactor and
may break the resonance conditions. The space charge is also respon-
sible for the main consequences of multipactor: noise generation and
power losses.

According to Vaughan [Vau88] first, and Riyopoulos [Riy97] later,
when the electron population is low enough to neglect space charge,
and multipactor order is low, all the electrons move in-phase, due
to the phase focusing effect, forming a thin sheet moving from plate
to plate. As the population grows, the mutual culombian repulsion
between the electrons make the sheet broaden. In an initial stage,
the phase error induced in the electrons by the broadening may be
compensated by the phase focusing effect. But after reaching the
saturation level, the error cannot be compensated and new electrons
are lost, reaching the steady-state population.

In [Riy97], Riyopoulos presents a multipactor theory and the re-
sults of a multipactor PIC simulation accounting for saturation ef-
fects. Fig. 2.8 shows, to the left, the electrons forming a thin sheet
when there is not space charge yet, and, to the right, the electron
dispersion when the saturation level is reached. A typical electron
population evolution with time, also extracted from [Riy97], is pre-
sented in Fig. 2.9, where the saturation effect can be observed.

Other saturation mechanism is the detuning, which occurs in high
Q cavities (very narrow bandwidth), where the induced current cre-
ated by the electron sheet going back and forth loads the system and
detunes it, thus changing the response of the system, and loosing the
resonance conditions of the cavity [KLAT98, KL95].
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Figure 2.8.

(Left) electron sheet
when the space-charge
effect is not important.
(Right) electron sheet
after some RF cycles.
The electron population
has grown and the
sheet has  broaden
(steady-state has been
reached). The graphs
are the result of a PIC

simulation presented
in [Riy97]. The plates
are  disposed along

r-axis separated across
y-axis.

Figure 2.9.
Example of a typical
electron growth for a
silver coated rectangu-
lar waveguide of dimen-
sions a = 22.86mm,
b = 0.lmm and a fre-
quency of f = 10GHz.
After some cycles, the
discharge saturates and
the electron population
stays around a stable
value. The saturation
level is also dependent
on the applied RF volt-
age.

y - position

e+l

Number of electrons

H
&
(%)

position

- N
?2 2
o o
3 o)

1e+05

40 80 1.20 1.60
x = position

x = position

4 5 6
time (ns)

19



IThe resulting
envelope is si-
milar to an AM
modulation

2The rate of
growth mainly
depends on the
SEY and multi-
pactor order
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2.3 Single-carrier and multi-carrier signals

A typical multi-carrier signal is composed of several modulated car-
riers with small frequency separation. As a result, the signal experi-
ences periods of constructive and destructive addition of the different
carriers, resulting in a time-varying periodic envelope of the signal’.
Such a situation adds a dynamical behavior to the multipactor pro-
cess, which is not well understood yet. When the amplitude of the
envelope is above the CW breakdown level, the multipactor resonance
conditions are met and there is electron multiplication. When it is
below that level, resonance is broken and electrons are absorbed.

A multipactor discharge is said to occur when the electron pop-
ulation has grown beyond a certain level which produces detectable
effects in laboratory. The single carrier case is easy to character-
ize because when multipactor conditions are accomplished, the elec-
tronic bunch grows in a exponential manner. Therefore, no matter
the rate of growth, the electron population will reach the saturation
level sooner or later?.

On the contrary, the amplitude of a multicarrier signal is not
constant. The addition of carriers with different frequencies result in
a time varying envelope whose shape depends on the relative phase
shift among the carriers (see Fig. 2.10). Therefore, a multipactor dis-
charge in this kind of signals can be understood as periodic electron
avalanches, which take place whenever the signal envelope complies
with resonance and multipactor conditions (“on” intervals), with al-
ternated periods of inactivity when the amplitude is too low to hold
a discharge (“off” intervals‘).

Despite of the absorption process in the ”off” periods, it is possible
that some fraction of electrons survive from peak to peak of the sig-
nal’s envelope, creating an inter-period accumulation process. Hence,
even if enough electron density is not reached in a single peak to pro-
duce a discharge (a single-event discharge), the population can grow
from peak to peak indefinitely to its saturation value in what is called
a long-term discharge. The theoretical development and numerical
simulations for parallel plates presented in [AVGT07] may illustrate
this issue. Fig. 2.11 shows an example of a long-term discharge for a
6-carrier signal and a frequency separation of 100 MHz.

In order to properly characterize the accumulation effects it be-
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Figure 2.10.
Example of a 5 car-
rier in-phase composite
signal centered at 2.86
GHz and with equal fre-
quency separation of 330
MHz

Figure 2.11.

Evolution of electron
population versus time
for a for a 6-carrier
signal and a frequency
separation of 100 MHz.
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comes necessary to model the absorption processes which rely basi-
cally in the loss of resonance and the lower-than-one secondary emis-
sion coefficient during ”off” periods. Elastically reflected electrons at
low energies play an important role since they may persist ”bounc-
ing” between the device walls even if resonance conditions are lost,
thus highly contributing to the accumulation effect. This accumula-
tion effect is more probable to occur working in high f x d, since the
electron transition time between plates is larger.
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2.4 State of the art

2.4.1 Necessary conditions

Basically, and summarizing the above sections, Multipactor depends
on the following parameters:

Vacuum condition: Multipactor occurs only at low pressures (<
1075 mbar). At this pressure, the mean free path of electrons
is in the range of centimeter, while the equipment typical gap
size is in the millimeter range.

Frequency of operation and geometry: The amplitude of the elec-
tric field, the frequency and the gap size must be those allow-
ing the electron motion to be in resonance with the RF field,
in order to produce an electron avalanche. In general higher
frequencies and/or gap sizes imply higher breakdown levels.

Secondary Emission Yield: The Secondary Emission Yield (SEY),
also called Secondary Electron Emission Coeficcient (SEEC), is
a material characteristic that relates the number of secondary
emitted electrons with the number of primary impacting elec-
trons. A condition for multipactor to occur is that the average
SEY must be larger than 1. This value depends on the primary
electron impact energy and the angle of incidence as explained
in the next section. Experimental measurements show that
contaminants such as light, fingerprints, dust, adhesives and
lubricants reduce the threshold for multipactor effect about -3
dB on average.

2.4.2 Techniques against Multipactor

In order to avoid multipactor it is necessary to, at least, break one of
the necessary conditions for the discharge. The most obvious tech-
nique is done in the component design phase and simply consists in
trying to increase the size of the gap between opposite plates in the
multipactor critical gap, thus increasing the multipactor RF break-
down level.

If the multipactor breakdown level cannot be increased enough
during the design phase, there are other techniques that may help
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to mitigate multipactor. However, these imply extra size, weight and
cost of the device. The different strategies can be classified as follows:

Change the shape of the RF structure: There are special geome-
tries that are designed to increase the multipactor breakdown
power, such as the wedge waveguide [Cho00, HRST11] or quasi-
periodic continuous profile structures [AAAT09].

Changing the properties of surface conditions: The SEY prop-
erties of each material is different. Therefore, in order to re-
duce the SEY, one technique consists in covering the surface
with coatings of materials with a known lower secondary emis-
sion coeflicient, such as Ti, TiN. On the other hand, surfaces
that cannot be coated can be cleaned with different chemicals
to reduce secondary emission significantly. Other techniques
consist on applying a magnetostatic field pattern on the metal
surface [CMM™09].

Avoid vacuum conditions: By either foaming or pressurizing the
complete device or the critical gap, vacuum is broken and the
electrons do not move freely anymore, thus completely avoiding
multipactor. However, when pressurizing the device there is a
high risk of Corona discharge.

DC Biasing: It consists on the superposition of electric DC-fields
over the resonant RF-fields to obtain a disruption of the reso-
nance conditions.

Transverse magnetic fields: If transversal magnetic fields are pre-
sent, the electrons are accelerated perpendicularly to their di-
rection of motion, which may increase the impact angle of inci-
dence. As detailed in next section, the latter implies a higher
Secondary Emission Yield. In these cases, the presence of low
magnetic fields may lower the multipactor threshold [GPB'03,
GIPA™12]. However, higher level magnetic fields may deviate
completely the trajectory of the electrons avoiding resonance or
even making them return to the emission surface [RCD95]. In
this case multipactor is prevented [GPB103, GIPAT12].
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Slot on Broad Walls: It consists of opening a slot on the broad
wall along the center plane of the rectangular waveguide
[GPBT03]. The slot is narrow enough so that no RF field is
leaking into it. This concept works by letting electrons drift
in a field free region and hence provides a perturbation reso-
nance. This method reduces the rate of growth of the electrons
in a multipactor discharge which is not of high importance in
single carrier operations, since sooner or later multipactor will
take place. However, it becomes important in multicarrier ope-
ration, since multipactor discharges are short and consecutive.
Therefore, the rate of growth may set the conditions for multi-
pactor to start.

Besides those involving foaming or increasing the pressure, these
techniques do not completely mitigate the multipactor discharge.
They only increase the breakdown power. Therefore, even if they
are applied, multipactor prediction methods are necessary in order
to establish the new RF breakdown threshold.

2.4.3 Multipactor design and test

From the space industry point of view, the multipactor phenomenon
appears typically in microwave devices or guides working at low pres-
sures or vacuum such as satellite communications devices. As stated
before, the effects of the multipacting avalanche ranges from the
degradation of the signal and heating to the damage or even de-
struction of the device. For these reasons, multipactor is considered
as a critical issue in the design of microwave devices for space appli-
cations by the main Space Agencies, like NASA and ESA. Hence, the
industry makes a big effort in the design phase in order to avoid it,
selecting the appropriate materials, the device geometry and testing
the devices in laboratory to assess the maximum RF power they can
handle before multipactor appears.

2.4.3.1 Multipactor prediction

Specifically, multipactor in single carrier case is a well known phe-
nomenon which has been studied during the last fifty years, being its
theory well developed and supported by diverse experimental results.
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Multipactor equations for the parallel plate case, relating the differ-
ent parameters involved, have analytical closed expressions, which
can be used to map the multipactor regions (combinations of param-
eters which start multipactor) in V' versus f x d plots, where V is
the equivalent voltage across the gap, f is the carrier frequency and
d is the gap. These are called the multipactor susceptibility curves,
which stand for different materials, and are taken as standard for the
multipactor design margins by ESA [WJ89].

But, unfortunately, since these curves can be applied to real mi-
crowave components only when the gap size is relatively small com-
pared with the rest of dimensions, the lack of reliable susceptibility
curves for all geometries renders the design threshold hard to be es-
tablished. Moreover, after being manufactured, storage conditions,
manipulation, impurities and other effects can lower the multipac-
tor threshold'. For such reasons, ESA specifications for multipactor
make the devices operate at least 6 dB below the susceptibility curves’
margin [WJ89], and impose the devices to be tested in a laboratory.
These tests are very costly and, in addition to the fact that current
thresholds are overestimated with the consequent oversizing of the
components, derives in higher costs of manufacturing and higher mass
budgets, which are a critical issue for space missions. There currently
exist some multipactor prediction CAD software tools for the design
of microwave components, usually combining different electromag-
netic numerical solving methods with multipactor prediction mod-
ules, which may handle complicated structures [FES,CST,AVR08].

In practical applications, a multipactor discharge occurs when
it has measurable consequences (noise, harmonics, reflected power,
detuning, etc.). It is obvious that there must be a limit electron den-
sity in a discharge beyond which multipactor is said to occur. This
is called the multipactor criterion. Currently, there is not any theo-
retical study that determines such criterion. For both single-carrier
and multi-carrier long-term discharges this is not of great impor-
tance since, once resonance conditions are met, the electronic density
will grow indefinitely until saturation. But this is not the case for
multi-carrier single-event discharges since the multipactor population
reaches a certain peak value during the ”on” interval. A multipactor
criterion is needed to establish if such an electron peak is enough to
create a measurable multipactor discharge .
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2. THE MULTIPACTOR PHENOMENON

Currently, the multipactor prediction methods used in the com-
ponent design in multi-carrier operation only consider single-event
discharges. The single-carrier theory is applied with little modifica-
tions and its susceptibility curves with the same margins are applied.
However, there is not a general agreement on the multipactor crite-
rion to apply. The most restrictive one is the peak power or the K?2
rule, which forces the in-phase maximum peak power, K?Py;c to be
below the single-carrier breakdown level Pgc, where K is the num-
ber of carriers and Pys¢ is the individual carrier power (SC and MC
stand for single-carrier and multi-carrier, respectively). This rule
does not allow the multi-carrier envelope to be above the threshold
at all, and therefore no electron production exists.

Internal research in ESA produced the 20-gap-crossing rule
[MMS*97] which proposes a more relaxed criterion: ”Multipactor
will occur only if the envelope is above the single-carrier threshold a
time equivalent to 20 electron gap crossings”. This rule throws more
relaxed predictions compared to the K2 one. However, this result has
no physical basis and came up from numerical simulations and ex-
perimental results on a limited number of samples and multi-carrier
signals. In addition, this rule does not take into account many criti-
cal parameters in multipactor such as the shape and amplitude of the
envelope (the rule says higher than the threshold but not how much
higher) and the SEY properties of the material.

In spite of this, the 20-gap-crossing rule (or similar) has been
widely accepted by the industry because it is thought to be more re-
laxed than the K2 one, but still conservative (due in part to the large
design margins applied to the predictions). Nevertheless, it is far from
being an standard because each manufacturer employs a different rule
according to their know-how or the customer requirements. As a con-
sequence there exist many rules such as N2, N, 20-gap-crossing rule,
10-gap-crossing rule, the 4-gap-crossing rule, etc.

A good prediction method should, firstly, incorporate also long-
term discharges, and secondly, use a reliable multipactor criterion for
the single-event ones. Recently, some new theories have linked the
multipactor discharge with its radiation spectrum [SAG'08,GSA ™09,
JGMET10,JMR*12]. With these theories it is possible to predict not
only if there will be resonance conditions but also what will be the
effects on the circuit in terms of noise and harmonics. Therefore,
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these theories could be used to establish a more reliable multipactor
criterion.

Summarizing, there is a lack of a reliable and standard multipac-
tor prediction method for multi-carrier signals. A new and accurate
prediction method is necessary in order to, first, have good under-
standing and control over the multipactor discharge, second, have a
standard criterion in the industry, and third, have more accurate pre-
dictions. All this will help to reduce test and design margins, with
the subsequent cost savings.

2.4.3.2 Multipactor test

Multipactor may happen in different technologies and frequency bands.
However, their respective set-up are very similar. The typical one
consists of (see Fig. 2.12):

e The Device Under Test (DUT). It is the sample on which mul-
tipactor is going to be tested.

e A vacuum chamber. Where the DUT is placed. It provides a
vacuum environment to ensure that the electrons move freely
and multipactor is possible. If the DUT is closed (for exam-
ple in waveguide technologies) venting holes must be present
to ensure a complete de-pressurization inside the component.
Otherwise, corona discharges could take place and distort the
experiment. The same applies to other waveguide sections of
the set-up which are inside the vacuum chamber.

e Signal Generators / power amplifiers. To produce an RF signal
at variable output power to feed the system. The signal can
be Continuous Wave (CW) or pulsed with some specified duty
cycle (typically of 2-5%). Multipactor tests usually take long
operation times and CW signals are not usually employed due to
overheating of the amplifiers. Typical tests use un-modulated
RF signals. In the case of multi-carrier testing, diverse am-
plifiers at different frequencies may be used and the resulting
signals are combined with a multiplexer in a single DUT.

e Detection methods. There are two kind of them, local and
global ones. Local methods look for local evidences of a multi-
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pactor discharge, such as an increase in the electron density in-
side the DUT, or the production of photons due to local Corona
discharges produced by outgassing. Global methods control sig-
nal parameters at input and output of the DUT, through spec-
trum analyzers or oscilloscopes to detect signal variations due
to a multipactor discharge. The correct set-up and accuracy of
the detection methods is crucial for the multipactor test.

e Electron Sources. Produce an external source of electrons to en-
sure enough initial population to produce a discharge in the lab-
oratory typical test times (ranging from minutes to hours). Ap-
pendix A summarizes the most popular electron seeding tech-
niques.

al Vacuum Chamber [~
7.9 4]

RefJated Electron Gun

Chamber

Fast Detector
3rd Harmonic (Harmonic, o1

to Phase Control Unit

Multicamipr Signal Envelope

Detection Methods

Figure 2.12. Schematic for typical multipactor test set-up.

There are two main issues when testing multipactor. The first
one is to ensure that a multipactor discharge will take place (if the
necessary conditions are met). In addition, the discharge must be
always located in the Device Under Test (DUT). In other words, the
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Figure 2.13.
Ku-band test set-up:
Gap sample (a), ra-
dioactive source (b),
electron gun (c) and
coupler for detection of
the phase and envelope
(d) installed inside
the thermal vacuum
chamber.

«
4

set-up must be multipactor-free. Multipactor has a random nature
and strongly depends on the initial free electrons or seeding electrons.
In normal operation there is a low number of seeding electrons and
the multipactor discharge could appear after months or even years
of operation, depending on the space environment of a particular
satellite. Since the testing time is limited to few minutes or hours,
it is necessary to increase the probability of having the multipactor
discharge by increasing drastically the number of seeding electrons.
This is done by means of electron seeding sources which provide an
extra source of seeding electrons inside the DUT. Seeding sources is a
must, specially in pulsed multipactor tests', because, without them,
it is very unlikely that multipactor discharges are initiated even if the
DUT is prone to them. This would lead to a false non-detection and
the device could fail in operation.

The second main issue when testing multipactor is to be able to
detect the discharge once it has started. The sensitivity of the detec-
tion methods is very dependent on the set-up and manual installation
by laboratory operators. This is the reason why it is advisable first
to employ more than one detection method at a time and second to
run a multipactor test with a well-characterized DUT for each new
set-up in order to check that the set-up and detectors are working

properly.
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Chapter 3

Article index

This chapter lists the articles that are included in this work. Chapter
4 contains the full published version.

3.1

Long-term multipactor discharge in
multicarrier systems (See Section 4.1)

3.1.1 Bibliographic record

Authors: S. Anza, C. Vicente, B. Gimeno, V. E. Boria, and
J. Armendariz.

Publication: Physics of Plasmas, American Institute of Physics,
vol. 14.

Year: 2007.
Pages: 082112, 8 pages.

Keywords: discharges (electric); microwave switches; rectan-
gular waveguides; secondary electron emission.
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3.1.2 Abstract

A new mechanism of long-term multipactor in multicarrier systems
is studied employing both analytical and numerical methods. In par-
ticular, the investigation is focused on the impact that a realistic sec-
ondary emission yield at low energies produce on the development of
long term multipactor. A novel analytical model for this inter-period
charge accumulation is presented using the traditional multipactor
theory for parallel plates, and approximating the multicarrier sig-
nal as a single carrier signal modulated by a pulsed signal envelope.
The analytical predictions are verified by numerical simulations for a
typical rectangular waveguide. The analytical and numerical results
demonstrate that the susceptibility of the system to develop a long-
term multipactor discharge increases with higher values of low-energy
secondary emission yield.

3.2 RF breakdown prediction for microwave
passive components in multi-carrier
operation (See Section 4.2)

3.2.1 Bibliographic record

e Authors: S. Anza, M. Mattes, J. Armendariz, J. Gil, C. Vi-
cente, B. Gimeno, V.E. Boria and D. Raboso.

Publication: (Book) Ultra-Wideband, Short Pulse Electro-
magnetics 9, Part 6, Springer New York.

Year: 2006.

Pages: 375-381.

Keywords: Physics and Astronomy.

3.2.2 Abstract

This work addresses the multipactor problem for multi-carrier ope-
ration inside rectangular waveguide-based devices, by means of nu-
merical simulations of the electron trajectories and multiplication in-
side the structure. Accurate field calculation and considering space
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charge effects are mandatory. For this, a PIC-FDTD method has
been employed. As a result, novel software has been implemented
offering the possibility of predicting multipactor in multi-carrier sys-
tems for a wide variety of situations. Simulation results show that
multipactor can occur even for short pulse durations if an inter-period
charge accumulation is present.

3.3 Non-stationary Statistical Theory for
Multipactor (See Section 4.3)

3.3.1 Bibliographic record

e Authors: S. Anza and C. Vicente and J. Gil and V. E. Boria
and B. Gimeno and D. Raboso.

e Publication: Physics of Plasmas, American Institute of Physics,
vol. 17.

e Year: 2010.
e Pages: 062110, 11 pages.

e Keywords: electron avalanches; plasma theory; plasma-wall
interactions; statistical analysis.

3.3.2 Abstract

This work presents a new and general approach to the real dynamics
of the multipactor process: the non-stationary statistical multipac-
tor theory. The non-stationary theory removes the stationarity as-
sumption of the classical theory and, as a consequence, it is able to
adequately model electron exponential growth as well as absorption
processes, above and below the multipactor breakdown level. In addi-
tion, it considers both double-surface and single-surface interactions
constituting a full framework for non-resonant polyphase multipactor
analysis. This work formulates the new theory and validates it with
numerical and experimental results with excellent agreement.
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3.4 Multipactor theory for multi-carrier
signals (See Section 4.4)

3.4.1 Bibliographic record

e Authors: S. Anza and M. Mattes and C. Vicente and J. Gil
and D. Raboso and V. E. Boria and B. Gimeno.

e Publication: Physics of Plasmas, American Institute of Physics,
vol. 18.

e Year: 2011.
e Pages: 032105, 12 pages.

¢ Keywords: high-frequency discharges; plasma simulation; plasma
transport processes; plasma-wall interactions; secondary elec-
tron emission.

3.4.2 Abstract

This work presents a new theory of multipactor under multi-carrier
signals for parallel-plate geometries, assuming a homogeneous elec-
tric field and one-dimensional electron motion. It is the generaliza-
tion of the non-stationary multipactor theory for single-carrier sig-
nals [AVGT10]. It is valid for multi-carrier signals with an arbitrary
number of carriers with different amplitude, arbitrary frequency and
phase conditions and for any material coating. This new theory is
able to model the real dynamics of the electrons during the multipac-
tor discharge, for both single and double surface interactions. Among
other parameters of the discharge, it calculates the evolution in time
of the charge growth, electron absorption and creation rates as well
as the instantaneous SEY and order. An extensive set of numerical
tests with a PIC software has been carried out in order to validate
the theory under many different conditions. This theoretical develop-
ment constitutes the first multipactor theory which completely char-
acterizes the multipactor discharge for arbitrary multi-carrier signals,
setting the first step for further investigations in the field.
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Applications: The Quasi-stationary Method

3.5 Prediction of Multipactor Breakdown
for Multi-carrier Applications: The
Quasi-stationary Method (See
Section 4.5)

3.5.1 Bibliographic record

e Authors: S. Anza, C. Vicente, J. Gil, M. Mattes, D. Wolk, U.
Wochner, V.E. Boria, B. Gimeno, D. Raboso.

e Publication: IEEE Transactions on Microwave Theory and
Techniques, vol.60, no.7.

e Year: 2012.
e Pages: 2093-2105.

e Keywords: breakdown level; multicarrier applications; multi-
pactor breakdown determination; multipactor electron growth
models ;quasistationary method; secondary emission yield prop-
erties; single carrier signals;time varying value; microwave swit-
ches; secondary emission; vacuum breakdown.

3.5.2 Abstract

A new prediction algorithm for multipactor breakdown determination
in multi-carrier signals is presented. This new algorithm assumes a
quasi-stationary model, based on the nonstationary theory for single-
carrier signals. It determines the worst case, i.e the combination
of signal phases that yields the lowest breakdown level per carrier,
using multipactor electron growth models. It considers the Secondary
Emission Yield properties of the material and the time-varying value
of the multi-carrier signal envelope.

Several test samples have been designed and manufactured in or-
der to assess the precision of the proposed method. The experimen-
tal results show excellent agreement with the predicted results. The
quasi-stationary prediction technique yields, in general, better accu-
racy and more relaxed breakdown levels than the existing methods.
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Chapter 4

Article list

This chapter contains all published papers that are included in this
work.

4.1 Long-term multipactor discharge in
multicarrier systems

4.1.1 Introduction

Multipactor [GvE48, HW58, Vau88| is a non-linear effect that may
occur in high power microwave devices at very low pressures, such
as those operating in particle accelerators and satellite subsystems.
A multipactor discharge is an electronic avalanche, in synchronism
with the rf field, caused by secondary emission multiplication on the
device walls. Its effects range from signal degradation to the complete
destruction of the component.

The design of multipactor-free components is a key issue for the
space telecommunications industry. Specifically, new satellite pay-
loads operate with an extremely high number of communication chan-
nels and a still increasing power level per carrier. This leads to
extremely high peak power levels in the multicarrier path of the
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spacecraft, which results in an increasing risk of multipactor dis-
charge [SK01, GW96].

The study of multipactor in multicarrier operation is much more
complex than in the single carrier case. A typical multicarrier sig-
nal is composed of several modulated carriers with small frequency
separation. Their mix produces a modulated rf signal with a time
varying periodic envelope. Such signals add a dynamical behavior
to the multipactor process which is not well understood yet. By the
time of speaking, a theory for multipactor in multicarrier operation
is not well established.

Up to now, the standard adopted by the European Space Agency
(ESA) for multicarrier multipactor design [ESTO03] is based on the
“20-gap-crossing rule”, which states that multipactor takes place only
if the multicarrier signal envelope exceeds the breakdown voltage for
a time equal or higher than the time that an electron takes to cross
the gap 20 times (T5p). This rule establishes a multipactor criterion
for a single multicarrier peak. Nevertheless, the variation in time of
the signal amplitude implies that, within one period of the multi-
carrier envelope, there are some intervals in which the amplitude of
the field is above the multipactor breakdown threshold and others in
which it is below. In the first case, the multipactor resonance and
secondary emission yield (SEY) conditions are met, resulting in an
exponential growth of the electron population. In the second case,
the electrons step out of resonance and hit the walls with much lower
energies and a SEY below 1, being therefore absorbed. The rate
of absorption depends directly on the value of the SEY at such low
energies. Therefore, if the total absorption is less than the total elec-
tron emission, there will be an overall growth or charge accumulation
in one period. In such cases, since these multipactor activity and
relaxation intervals, or “ON” and “OFF” intervals, are periodically
repeated in time, the total electron population rises indefinitely un-
til saturation after some periods, producing a multipactor discharge
even though the 20-gap-crossing rule is accomplished.

Whereas traditional SEY models for multipactor characteriza-
tion [Vau89] decrease rapidly to zero at low energies, recent works
on secondary emission effect support a non-zero value of the SEY
at low energies (in the range of eV) due to the presence of elastic
electrons [dLPAT06, FP02, CCF*04,Sev05]. In this work, a recently
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published SEY model [VMW™T05b] is adopted, taking different val-
ues of the curve for low energies. On the other hand, the spread of
the emission energy of the secondary emitted electrons is taken into
account in both the analytical and the numerical analyses, since it
results also in a spread in the electron impacting energy and, there-
fore, an increase in the range of valid phases at the end of the OFF
interval [SBST05]. This presumably enhances the probability of the
electron to participate in the multipactor process of the consecutive
ON interval.

There are few works dealing with multipactor in multicarrier sys-
tems and accumulation. A possible justification for not existing ex-
perimental results reporting accumulation is that multipactor exper-
iments with multicarrier signals are difficult and costly to set up due
to the need of several high power amplifiers. In addition, the cur-
rent multipactor detection methods do not allow to determine the
nature of the multipactor discharge [GW96, UATT03, RLR"94]. In
Ref. [SVB103], numerical results of electron population growth for
multicarrier signals and infinite parallel plates are presented, but no
accumulation is reported. On the other hand, a numerical study of
multipactor with a two carrier signal is given by Semenov et al. in
Ref. [SKO1] where accumulation is present in some cases although
not treated in detail.

In this paper, a new mechanism of long-term multipactor in mul-
ticarrier applications is addressed, and the impact of the SEY prop-
erties on multipactor accumulation is investigated for the first time.
Firstly, a theoretical analysis of the electron population dynamics
under the action of multicarrier signal fields is developed, where the
multicarrier signal envelope is simplified and approximated to be an
on/off pulsed signal, which allows us to study the electron multi-
plication and absorption separately. The former is modelled by the
classical parallel-plate two-surface single-carrier multipactor theory,
whereas for the latter, and since there is no applied field, it is reason-
able to assume that the electrons travel between the waveguide walls
with constant velocity equal to the secondary electron emission one.
This analytical model predicts the minimum average SEY needed
to develop a charge accumulation process between consecutive peri-
ods of the envelope, resulting in a long-term multipactor discharge.
Although the theory has been developed for pulsed signals, the an-
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alytical predictions are proven to be valid also for real multicarrier
envelopes, provided that their envelope is reasonably well fitted by a
pulsed signal. Finally, by means of an ad-hoc multipactor simulator
for a rectangular waveguide of infinite length and multicarrier input
signal, the analytical predictions are verified for different values of
the SEY at low energies.

4.1.2 Multicarrier multipactor basics

Multipactor takes place when the electromagnetic field and the ge-
ometry of the component are such that electrons follow a resonant
trajectory, impacting consecutively from wall to wall of the device,
with the adequate impact energy to ensure a SEY higher than one
[GVEA48]. According to the classical single carrier multipactor the-
ory [HW58, Vau88, RCD95], in order to achieve resonance, the elec-
tron travel phases between plates must be an odd number of half-
periods, i.e nw, where n = 1, 3, 5, 7,... is the multipactor order. The
multipactor order can be analytically expressed as a function of the
applied voltage and the operation frequency times the device gap,
f x d. Analogously, the theory sets the value of the breakdown volt-
age, Vp (the minimum voltage to induce a multipactor discharge), as
a function of the f x d and the SEY properties of the device material.

On the other hand, in typical communication applications, a mul-
ticarrier signal is composed by N carriers, with same amplitude Vj,
equally spaced in frequency (Af) and with relative phase ¢;, were i
stands for each individual carrier.

o(t) = Voig;sin{zw {fm + <z - N;1> Af] t+g01}, (4.1)

where v(t) is the voltage of the compound signal and f,,, is the mean
frequency of all carriers. Under these circumstances, the compound
signal can be expressed as a single carrier with frequency f,,, mod-
ulated by an envelope, whose time evolution depends on the relative
phases between carriers [Fri00]. The absolute value of the envelope is
periodic with "= 1/Af period. Fig. 4.1 shows an example of three
different envelopes of an N = 10 carrier signal of Vy = 1 V amplitude
each and with Af = 40 MHz, for three phase distributions. Notice

40



4.1. Long-term multipactor discharge in multicarrier systems

that the in-phase case gives the maximum envelope peak, equal to
10 V, and the narrower main lobe. On the contrary, the triangu-
lar distribution [WSS00] gives a lower but wider main lobe, whereas
the arbitrary distribution can lead to any envelope ranging from the
in-phase case to the situation where the envelope amplitude is al-
most equally distributed throughout the whole period (very similar
to single-carrier operation).

10 T T T T
- — In-phase

Figure 4.1. % 8 T ...‘Eﬂfﬁ:ar
Envelopes of a 10 carrier g T
signal with a frequency & " p
separation of Af=40 § i ! Ui
MHz and three different & e
phase distributions with % }
Vo=1 V. The period is L% i 7
T =1/Af = 25 ns. ! /

00 1e-08 2e-08 3e-08 4e-08 5e-08
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In one period of the envelope, the signal amplitude may be either
higher or lower than the single-carrier multipactor breakdown thresh-
old, Vg (for fy,). Whereas in the first case there is electron multipli-
cation, in the second one electrons are mainly absorbed. These two
processes are repeated periodically with period T, where the rate of
electron creation and absorption is governed mainly by the geometry
of the device, the material SEY properties and the amplitude of the
envelope.

It is not straight-forward to define a multipactor criterion under
such conditions. In the classical single-carrier case, if the amplitude of
the field is higher than Vg, the electron population grows indefinitely
until saturation causing certainly a multipactor discharge. However,
in the multicarrier case, the electron population shows peaks and
valleys, not being clear the correspondence between the peak height
and the existence of the discharge.

The 20-gap-crossing rule [EST03] establishes a multipactor crite-
rion for multicarrier signals based in the peak height and duration of
the multicarrier signal envelope. This rule has been obtained from
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numerical simulations and claims that multipactor takes place if the
ON interval is longer than the 20-gap-crossing time, 15y, which can
be expressed as

Too 7 (4.2)
being n the multipactor order and f,;, the mean frequency of the
multicarrier signal. Physically, Tog corresponds to the time that an
electron, under resonance conditions, takes to cross the gap 20 times.
This criterion only considers the electron growth in one single event
or envelope period, disregarding possible inter-period charge accu-
mulation. In such cases the electron population curve may show an
increasing exponential trend, thus producing a long-term multipactor
discharge.

4.1.3 SEY model

One of the most employed SEY models is the Vaughan’s model [Vau89)].
Vaughan proposed a parametric formula of the SEY which allows to
fit experimental data.

c(W,0) = 0maz(0) (ue~*)F for u<3.6

(W, 0) = 0maz(0)1.125/u035 for u > 3.6 (4.3)
where
L W-W,
U= Woaa ()~ Wo»

k=0.56 for u <1,

k=0.25 for 1 <u< 3.6,
O'ma:c(a) = Umax(l + kEQQ/Qﬂ-)’
Winaz(0) = Winae (1 4 k6% /27).

These equations give the value of the SEY o(W,0) for an electron
impacting energy W and incident angle 6 with respect to the normal,
where Wy = 12.5 eV, kg and kg are surface dependent parameters,
and W,z is the energy at which the maximum SEY 0,4, is attained.

Vaughan’s formula fits reasonably well the experimental data and
has been widely used for modelling multipactor. However, it does not
consider the existence of low energy elastic electrons. The presence of
this kind of electrons may reduce the rate of absorption of the electron
population during the OFF intervals of the multicarrier envelope,
thus facilitating inter-period accumulation.
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On the other hand, the Furman and Pivi SEY statistical model
[FP02] takes into account the different nature of the electrons con-
tributing to SEY, resulting in a SEY tending to 0.5 at low energies
instead of 0, which means that half of the low energy electrons are
reflected and the other half are absorbed. Recent SEY measurements
undertaken by Cimino et al. [CCFT04] suggest that Furman and Pivi
model underestimates the importance of low energy electrons, due
mainly to the lack of resolution in the experimental measurements of
SEY at low energies. Cimino et al. conclude that the SEY for most
materials tends to one in the limit of zero impact energy, i.e. most of
the low energy electrons are reflected.

In this work, the SEY model is a modification of the Vaughan’s
model [VMWT05b] shown in Fig. 4.2. According to the literature,
the values of the curve at low energies (0g) have been taken as 0, 0.5
and 1, in order to assess its influence on the multipactor breakdown
levels.

Figure 4.2.

SEY model for sil-
ver used in this
work, extracted from
Ref. [VMW105b], with
non-zero SEY at low
energies (0¢). In this
case 09=0.5.

0 100 200 300
Electron impact energy (eV)

With regard to the secondary electron release velocity and angle
(with respect to the normal of the surface), vgg and sg, they are
assumed to be random variables with maxwellian and cosine law dis-
tributions, respectively [VMWT05b, VSS04, Gre02]. For instance, the
distribution of vgg is

N2
f(vsg) oc vgp exp <—(USE2U2 vo) > , (4.4)
T
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where vyg and vy are the emission velocity mean and the thermal
spread, respectively. On the other hand, the distribution of fgg is
given by

f(0sg) = sin*(05k). (4.5)

The emission angle with respect the surface tangential, ¢gp, is
uniformly distributed from 0 to 2.

4.1.4 Accumulation model

In order to investigate the charge accumulation process in the long-
term multipactor discharge, it becomes necessary to study separately
the electron multiplication and absorption processes during the ON
and OFF times, respectively. Since the shape of the multicarrier sig-
nal envelope depends on many factors, such as the number of carriers,
frequency separation and carrier phasing, it is an extremely difficult
task to study the time evolution of the electron population for the
general case. Therefore, let us consider a simplified envelope shape,
the rectangular pulsed signal v(t) = A(t) sin(2x ft), with

- 0, (l + 1)Ton + lToff <t < (l + 1)(Ton + Toff)

1=0,1,2,... (4.6)

where [ is the envelope period number, and V;; and f are the signal
amplitude and frequency, respectively. Under the pulsed signal ap-
proximation, the multicarrier-signal presents a uniform ON interval
during a time T,, = C‘}" and an OFF interval, with total absence of

2
field, during a time T},;y = C;J{f, where Cy,, and C, ¢y are the number

of cycles for the ON and OFF intervals, respectively. An example
of such an envelope for a particular combination of Cy, and Cyyy is
shown in Fig. 4.3.

The electrons are assumed to be in resonance during the ON
interval and, therefore, it is expected that they impact against the
surfaces with approximately the same energy and thus nearly the
same SEY, o,,. According to the classical multipactor theory, the
number of electrons in the k-th cycle, N(k), during the ON interval
is

N(k) = N;T(k) for 0<Fk < Cop, (4.7)
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where N; is the initial number of electrons (for £ = 0) and I'(k) is
the electron multiplication factor, defined for the ON interval as

T(k) = oonn for 0<k < Con, (4.8)

where k/n is the number of impacts for a single electron in & cycles,
being n the two-surface multipactor order. Therefore, at the end of
the ON interval the multiplication factor is

Con

Lo = D(Con) = Gon 2. (4.9)

This expression does not consider the effects of the space charge,
which is the main responsible for the saturation of the multipactor
discharge [Vau88]. However, its effects manifest for high electron
densities [Riy97] and, since a typical multipactor discharge initiates
with a low number of free electrons, space charge can be neglected at
the first stages, remaining Eq. 4.9 valid for the purpose of this work.

During the OFF interval, there is no applied field and, therefore,
after the first impact, the surviving electrons travel from side to side
of the device with a constant velocity equal to the secondary emission
velocity. The component of such velocity perpendicular to the surface
is given by v| = cos(0sg)vsg. Hence, v] is a random variable defined
by the statistics of the electron emission velocity, vgg, and angle,
fsg. Since the electrons are not accelerated, the impact energy is
equal to the emission energy, which, for typical vgp values (energies
in the range of few eV), leads to a SEY equal to oy (see Fig. 4.2).
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Under such circumstances, the electron population in the cycle k41,
N(k + 1), is given by

N(k+1) = N(k) +i(k) (o0 — 1). (4.10)

Here i(k) is the total number of impacts during the cycle k. From
Eq. (4.10), the effective SEY per cycle, sy is defined as

oepg = (N(k+1)/N(k)) =1+ <]i,((k]3>> (o0 — 1), (4.11)

being (-) the statistical expectation operator and <%> the average

number of impacts per electron and cycle.

On the other hand, an electron leaving one of the surfaces with
constant velocity v, crosses the gap, d in a time d/v;. Therefore,
the average number of cycles between two consecutive impacts, C,
can be expressed as follows.

C— <1>2fd. (4.12)

v

Notice that, in general, <i> £

(o)

Then, taking into account that i(k) > 1

NEY/ — C»

k) \ 1
<N(k)> = 2fd<i>' (4.13)

Analogously to the ON interval, the number of electrons during
the OFF interval is given by

N(k) = NyT'(k) for Con <k < Con+ Copy, (4.14)

where Ny is the number of electrons at the end of the ON interval
[N(Cop)]. Substituting Eq. (4.13) in Eq. (4.11), the electron multi-
plication factor during the OFF interval, can be written as

k—Con
L(k) = oepstCon = [1 + 2ol ]
2fd(5r)

for Con <k< Con + C’off

(4.15)
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Therefore, at the end of the OFF interval the multiplication factor is

Corr
og—1

2fa ()|
v

which manifests the role of the SEY at low energies on the absorption

rate. A o9 =0 implies the maximum absorption rate (minimum Iy ),

whereas for og =1, all impacting electrons are reflected and there is

no absorption at all (I'psy = 1), the electron population remaining

constant.

At this point (end of the OFF interval), the surviving electrons
are distributed along the waveguide with velocities following the sec-
ondary emission velocity distribution. Only the fraction of those
which have the correct combination of position and velocity, in order
to impact with favorable phase, will participate in the consecutive
ON interval. This fraction a(n) varies with the multipactor mode n.

Fig. 4.4 shows the values of a(n) for different multipactor or-
ders and og. The curve has been computed performing several runs
of electron population versus time, calculated numerically with the
multipactor simulator used in Sec. 4.1.5. There are no relevant dif-
ferences for the three values of og, although higher values of it tend
to rise the curve towards a higher a(n). The curve tends to one
for increasing mode due to the fact that higher f x d products allow
the simultaneous existence of different multipactor modes and hybrid
modes [KBST02, Gil92], which, together with the spread of the sec-
ondary emission velocity and the subsequent broadening of the range
of valid phases [SBST05], enhances the probability for each electron
to participate in the discharge. Indeed, for high values of n (above
n = 13) a can be safely assumed to be one.

Finally, in order to accumulate charge, the total electron growth
must hold I'y,I'o¢ra(n) > 1, which leads, along with Eqs. (4.9) and
(4.16), to the minimum average SEY value during the ON interval
producing accumulation, oon min (When I'p,I'orra(n) = 1), given by

Foff :F(Con+00ff) = |1+ (4.16)

—nCoff/Con

n/Con .
Gonmin = <1> 4ot C(417)
)\
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The correction factor, (1/a(n))"/c"”, of Eq. 4.17, is plotted in

Fig. 4.5 for oy = 0. Note that in most applications typically n/C,, =~
1/20 (following the 20-gap-crossing rule), which leads to values of
this correction factor very close to one. Hence, it is interesting to
see that, according to this model and neglecting the contribution of
a(n), the long-term multipactor threshold, ooy min, depends only on
oo, fxd, n, and Corf/Con = Torf/Ton, being always oonmin > 1.
The limit cases of o9 = 0 and oy = 1, yield the maximum value of
Ton,min and the minimum (equal to unity), respectively. This implies
that the higher the value of o¢, the lower the long-term multipactor
threshold, which is obvious since it also implies a lower absorption
rate during the OFF interval. Similarly, the C,zs/Coy, ratio also
affects the threshold in a very intuitive manner. The higher the
ratio, the higher the ., min, since the absorption process duration
increases with respect to the multiplication one.

Therefore, Eq. 4.17 sets the long-term multipactor threshold. If a
certain field envelope ensures oo, > 0on min, there will be charge ac-
cumulation and the subsequent multipactor discharge. However, the
SEY during the ON interval, o,y,, depends on the envelope amplitude
during the ON time, since it sets the electron impact energy, and thus
the SEY. This relationship cannot be easily established but for volt-
ages close to the multipactor susceptibility threshold it is expected
that a higher ON voltage also implies a higher o,,.

As stated before, the modelling of the general case for a multi-
carrier signal envelope is a very challenging task. However, provided

48



4.1. Long-term multipactor discharge in multicarrier systems

T T T T T T T T
3k ~=n/C,,=1/2 | 4
' ~n/C,,=1/5
4 --n/C,, = 1/10
Figure 4.5. 9] 2_‘-‘_ —n/Cy = 1720 |
Correction factor S~ '
. . 3 \
against multipactor S \
order for fixed values of [ Y
n/Con and o¢ = 0. Y
s ce L L
1 3 57 13 15 19 25 28

Multipactor order (n)

that the envelope has differentiated ON and OFF intervals within
a period with a reasonably uniform voltage for the ON time and a
very low voltage for the OFF time, this pulsed signal accumulation
model can be applied. For instance, the first two phase distributions
of Fig. 4.1 meet the conditions to be modelled by a pulsed signal,
whereas the arbitrary phasing of the third signal spreads its envelope
throughout the whole period and thus, no differentiation between ON
and OFF intervals can be done.

4.1.5 Numerical results

Several numerical simulations have been carried out using the analyt-
ical solution of the electromagnetic 3D fields in a rectangular waveg-
uide of infinite length for the fundamental mode TE;g. An X-band
waveguide with width a= 22.86 mm and height b= 2 mm has been
chosen for the testing. The working frequency (f,, for multicarrier
operation) is 10 GHz, being then f x d= 20 GHz-mm, n= 15 and
Too= 15 ns. The 3D trajectories have been determined for each indi-
vidual electron with the Velocity-Verlet algorithm, using the method
of Ref. [VMW05b].

The chosen material is silver with the SEY parameters extracted
from Ref. [ESTO03] where the SEY model of Ref. [VMW05b] has been
applied. For a maxwellian secondary emission energy with a thermal
spread of 3 eV, and a cosine law distribution for the emission angle,

the mean value <i> of Eq. (4.12) results in 2.6 x 1075 sm™1.

49



4. ARTICLE LIST

T T T 7.5 T T T T
~ - — Vi/Ve = 1.66 dB
> S --Vi/Vs = 1.75 dB
L x
E Vn T é sk ll E
= B i )
: 2 A
o — H H .
& S5t I
< B bonoon o e
z £ [ A S A T A R A
= z AR RN R AR
oF ’ ! | 0 A A AN AN AN AN \/
0 1000 c 2000 3000 4000 1000 c 2:)00 b 3000 4000
ycle number 'ycle number
(a) Pulsed signal envelope. (b) Electron growth with oo = 0.
6 T T T 3 . . .
- — Vi/Vs =0.68 dB .
o --Vo/Vs = 0.94 dB| } = —Vu/Vu =0.20 dB
< i x --Vu/Vs =0.66 dB| =
s4r HE P13 a
: vl g .
K> nood 2 /
2 P 2 — S
5] n A ° L ,-w i
g 2r “ I“\ :’ “\ 1’ b g 1 I.V‘dl'\ \’/\"\.
5 A / \ SN \ / g P/"“ﬂfl
/ \ \
2 o A // \\\ // \\',/ \,,' Z M
N AN AN SR . 0 , , X
0 1000 c I2000 R 3000 4000 1000 Cydg(:]ofmber 3000 4000
ycle number R ‘
(c) Electron growth with oo = 0.5. (d) Electron growth with oo = 1.

Figure 4.6. (a) Pulsed signal envelope, with a period T' = 25 ns,
Ton = 13.8 ns and Topp = 11.2 ns. Vj is the ON voltage. (b) to (d)
Electron population growth for different og. The curves have been
plotted for different values of V{) to breakdown voltage ratio, Vy/Vp,
expressed in dB.

The numerical tests have been run with the three possible values
of o¢ proposed by the existing literature and mentioned in Sec. 4.1.3,
i.e. 0, 0.5 and 1. Two kind of input signals have been used, rectan-
gular pulsed and multicarrier, with the parameters shown in Fig. 4.6
and Fig. 4.8, respectively.

The main reason to choose such signals is twofold. First, both
signals have equivalent ON and OFF times in order to be compared.
Second, the ON time should always be less than T in order to ensure
that the 20-gap-crossing rule is always accomplished. According to
such a rule, such signals should never develop a multipactor discharge
in a single peak.
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4.1.5.1 Single carrier signal

The multipactor breakdown voltage has been numerically computed
for the single carrier signal. Table 4.1 shows the influence of oy on the
breakdown voltage along with the fitted value from the experimental
results of Ref. [EST03].

Table 4.1. o) 0 0.5 1 Experimental *
Breakdown voltage for Vg (V) 1635 1480 1173 1400
single carrier. * Extracted from Ref. [EST03].

As it can be observed, the numerical results for o9 = 0.5 offer
the closer value to the experimental one, which agree with the results
given in Ref. [VMW™05a]. Notice that using a zero low-energy SEY
implies an overestimation of the multipactor threshold.

4.1.5.2 Pulsed signal

The simulator has been run for each oy and for a pulsed signal
with C,, =276, C,rr=224, and increasing input voltage Vp, shown
in Fig. 4.6(a). As expected, for low values of V (implies low oy,
no accumulation is observed, but beyond a certain voltage, here de-
fined as the accumulation voltage threshold V.., the time evolution
of the electron population shows a noticeable inter-period accumu-
lation. This can be seen in Fig. 4.6(b), Fig. 4.6(c) and Fig. 4.6(d),
which show the electron population growth with time for two differ-
ent levels of V, below and equal to V.. Notice that the creation
or absorption of electrons coincide with the ON and OFF periods of
the envelope, respectively. Accumulation has been observed for the
three values of og.

Table 4.2. Analytical and numerical results for pulsed signal.

g0 Oon,min Oon,min Vaee (V) % (dB)
(Eq. (4.17))  (num.)

0 1.12 1.14 2000 1.75

0.5 1.06 1.09 1650 0.94

1 1.00 1.02 1265 0.66

51



4. ARTICLE LIST

6 T T T T T
I : — Numerical

Sr , - Theoretical

Figure 4.7.

Electron growth for
a single period of
the pulsed signal for
oo = 0.5. The ON
and OFF intervals are
delimited by the vertical
dotted line.

Normalized number of electrons

0100 200 300 400 3500
Cycle number

The average value of 0, min for all impacting electrons during
the ON interval has been numerically computed for Vj = V.. and
compared with the minimum value predicted by Eq. (4.17), assuming
a(n) = 1 since the mode order of the discharge is considerably high
(n = 15). Table 4.2 shows these results for all values of op. A
good agreement between numerical results and predictions is found.
Moreover, the accumulation to breakdown margin V,../Vp reduces
as og increases, which implies that higher low-energy SEY values
increases the susceptibility of the system to develop a multipactor
accumulation process.

Fig. 4.7 shows the electron growth during a single period of the
pulsed signal envelope assuming a unique initial electron and o9 =
0.5. Both theoretical and numerical curves are plotted. The the-
oretical curve is obtained using Eqgs. 4.7, 4.8, 4.14 and 4.15, with
the value for o,, given in Table 4.2 and a(n) = 1. The numerical
simulation shows that the electrons keep on multiplicating few cy-
cles after the end of the ON interval and then the absorption process
starts. This is because at the end of the ON interval there is a high
number of energetic electrons that are able to generate secondaries
during the following cycles even if no field is present, thus maintain-
ing the growth rate. On the other hand, the electron growth at the
beginning of the ON interval in the numerical simulation is slightly
delayed with respect to the theory. This is caused by the initial non-
resonant electrons which prevent the population to grow at full pace
until complete resonance is achieved. This delay or dwell-time has
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Figure 4.8. (a) Multicarrier signal envelope (V) = 1 V in this exam-
ple). It consists of N=10 carriers, with triangular phasing [WSS00]
and A f=40 MHz, which ensures an envelope with a period of 25 ns
and a main lobe width (from zeros) equal to 13.8 ns. V;, is the mean
voltage of the envelope main lobe (V;,, = 4.9 V for V{; = 1 V), plotted
in dotted line. (b) to (d) Electron population growth for different oy.
The curves have been plotted for different values of V,,, to breakdown
voltage ratio, V,,/Vp, expressed in dB.
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been also reported in experimental multipactor tests [RW95]. Nev-
ertheless, although introducing some deviation, these effects do not
change significantly the overall agreement between theory and simu-
lations, being the electron creation and absorption rates during the
ON and OFF intervals well fitted by the theory.

4.1.5.3 Multicarrier signal

Similarly to the pulsed signal tests, the simulator has been run for the
multicarrier case and for each oy, with an input signal composed of
N=10 carrier with triangular phasing [WSS00], A f =40 MHz and in-
creasing envelope mean lobe voltage, V;, [see Fig. 4.8(a)]. Fig. 4.8(b)
to Fig. 4.8(d) show the electron population growth with time. No
accumulation has been observed for oy = 0 and V,, values up to 8
dB higher than Vp which are far above from the nominal n = 15
multipactor order limits.

Table 4.3 shows the predictions and numerical results for the min-
imum SEY. The predictions were computed using Eq. (4.17) with
a(n) = 1 and assuming an equivalent pulsed signal to model the
multicarrier envelope, with the reasonable values of T,, = %T and
Torr = %T, being T' = 25 ns the envelope period.

Table 4.3. Analytical and numerical results for multicarrier signal.

g0 Oon,min Oon,min Vace (V) % (dB)
(Eq. (4.17))  (num.)

0 1.34 — — —

0.5 1.16 1.24 2227 3.55

1 1.00 1.09 1386 1.45

Since the field is not zero during the OFF interval and the elec-
trons are accelerated out of resonance, the absorption during the OFF
interval increases. This produces a slightly higher difference between
theory and numerical results compared to the pulsed signal counter-
part. However, a good agreement among predicted and numerical
results is still observed. The fact that there is no accumulation for
oo = 0 leads to the conclusion that, with independence on the value of
the input voltage (provided that the multipactor mode order does not
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change), the mean SEY is not higher than the minimum established
by the prediction, oon min = 1.34.

It is important to remark that according to the 20-gap-crossing
rule, both the pulsed and multicarrier signals should not develop a
multipactor discharge in any case. However, the simulations show
that beyond V.., the electron population increases indefinitely to-
wards saturation due to inter-period accumulation, developing a long-
term multipactor discharge.

4.1.6 Conclusions

By taking some simplifications on the multicarrier envelope, an ana-
lytical model of the electron population dynamics under slow varying
amplitude fields has been developed. As a result, the minimum SEY
during the ON period necessary to develop accumulation has been
derived as a function of the multicarrier signal, material properties
and multipactor order parameters.

The analytical model has been verified with a multipactor numer-
ical simulator for a rectangular waveguide. Although the analytical
model assumes an on/off pulsed signal envelope shape, the numerical
results demonstrate that it is also valid for more general multicarrier
envelopes provided that they have a relatively uniform amplitude
during the ON time, and a very low amplitude during the OFF time.

It has been demonstrated that, even if the 20-gap-crossing rule is
accomplished, accumulation effect between periods of the multicar-
rier signal envelope may raise the electron population to significant
levels producing long-term multipactor. Furthermore, a zero value of
the SEY at low energies 0y = 0 overestimates the accumulation to
breakdown margin, V,../Vp, since it increases as oy approaches to
zero, reaching even infinity for the multicarrier signal used.

To the knowledge of the authors, this work provides the first theo-
retical study for long-term multipactor in multicarrier systems, which
allows to establish a SEY threshold and predict charge accumulation
for a wide variety of situations.
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4.2 RF breakdown prediction for microwave
passive components in multi-carrier
operation

4.2.1 Introduction

Nowadays, the continuously increasing number of channels in mul-
tiplexers for satellite applications forces space industry to face the
problem of power handling during the design process. This leads to
extremely high power levels within the devices and increases the risk
of RF breakdown due to corona discharge or multipactor breakdown.

The multipactor effect is an electron discharge which takes place
between dielectric or metal surfaces in the presence of a high-level
and high-frequency electromagnetic field and in vacuum conditions
[Vau88]. Multipactor is a matter of special importance in microwave
circuits for space communications and particle accelerators.

A lot is known about multipactor breakdown for the single car-
rier case and parallel plate configurations (see, for example, [WJ89]).
However, the prediction of multipactor in multi-carrier operation is
much more complex, due to the time variability of the RF ampli-
tude [EST03, AVG107].

This work presents a novel software for multipactor analysis in
multi-carrier operation, inside rectangular waveguide-based devices,
e.g. filters, combining integral equations and the method of moments
(MoM), a particle in cell code (PIC) and a finite-difference time-
domain (FDTD) scheme. Section 4.2.2 introduces some multipac-
tor basics. Sections 4.2.3 and 4.2.4 present the electromagnetic field
computation and electron trajectories and space charge modeling.
Finally, some results and conclusions are presented in Sections 4.2.5
and 4.2.6, respectively.

4.2.2 Multipactor Basics

Multipactor takes place when the electromagnetic field and the ge-
ometry of the component are such that electrons follow a resonant
trajectory, impacting consecutively from wall to wall of the device,
with the adequate impact energy to ensure a secondary emission yield
(SEY) higher than 1.
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According to the classical single carrier multipactor theory
[Vau88], in order to achieve resonance, the electron travel phases be-
tween plates must be an odd number of half-periods, i.e. nw, where
n=1,3,5,7,... is the multipactor order. The theory sets the value of
the breakdown voltage, Vg (the minimum voltage to induce a mul-
tipactor discharge), as a function of the frequency times the device
gap f x d and the SEY properties of the device material.

On the other hand, in typical communication applications, a
multi-carrier signal is composed of N carriers having the same ampli-
tude Vp, equally spaced in frequency (Af) and with relative phases
¢;, where ¢ stands for each individual carrier

V(t) = VOésin{%r [fn+ <i— <N2“>> Af] t—l—(bi}, (4.18)

V(t) being the voltage of the compound signal and f,, the mean
frequency of all carriers. Under these circumstances, the compound
signal can be treated as a single carrier signal with frequency fi,,
modulated by an envelope, whose time evolution depends on the rel-
ative phases between the carriers. The absolute value of the envelope
is periodic with a period of T'=1/Af.

The single carrier case is easy to characterize because when multi-
pactor conditions are accomplished the electron avalanche will reach
its saturation level since the single carrier signal has constant ampli-
tude [VMWT05b].

On the contrary, the amplitude of a multi-carrier signal varies
with time periodically and the multipactor discharge can be under-
stood as periodic electron avalanches, which takes place whenever
the signal envelope is higher than Vz ("ON” intervals), with interca-
lated periods of inactivity when the amplitude is too low to hold a
discharge (”OFF” intervals) [AVGT07].

The European Space Agency (ESA) employs the 20-gap-crossing
rule as the standard for multipactor design and test [EST03], which
establishes that multipactor takes place if the ON interval is longer
than the 20-gap-crossing time, Thy = 10n/ fp,.

However, the 20-gap-crossing rule only covers single-period dis-
charges and does not offer a good understanding of the real processes
that lay underneath. In this scenario, multipactor numerical sim-
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ulations taking into account the electronic space charge give very
valuable information and ultimately may lead to the redefinition of
the criterion.

4.2.3 Field Analysis of Microwave Devices

Microwave devices such as filters and multiplexers are typically op-
erated in a narrow frequency range. For this reason, the electro-
magnetic field distribution needed to simulate the RF breakdown is
most efficiently computed in the frequency domain. Assuming a time-
harmonic excitation, spatial and time dependency can be separated:

E(F,w,t) = E(F,w)e’™! and H(Fw,t) = H(F,w)e™  (4.19)

The phasors E(7,w) and H(7,w) are computed inside the device
under test for the frequency w of interest.

To analyse a certain structure a divide-and-conquer approach is
applied [Mat03]. For this, the device is separated into pieces of canon-
ical shape, e.g. rectangular waveguides, as in Fig. 4.9. Then the
response of each transition between two different waveguides is com-
puted and characterized by means of an impedance matrix. The
individual impedance matrices are then connected using microwave
network theory [Oli84] to obtain the overall response of the device.

In order to obtain an impedance matrix representation, an inte-
gral equation is settled. This is done by imposing the continuity of
the magnetic field in the aperture (see, for instance, the first discon-
tinuity in the upper right picture in Fig. 4.9)

7l x (E(” - 3(2)) ~0. (4.20)

Then, incident and scattered fields are separated and the latter is
expressed by means of the waveguide Green’s function

7% (E(l) _E@)) _ —ﬁx/

aperture

(Gar + Gy ) - ids, (4.21)

where G%\/l is Green’s function of waveguide k relating a magnetic
source (tangential electric field) with the magnetic field. M=ixE
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Figure 4.9. Divide-and-conquer approach to model complex devices
based on waveguides. D1-D4 are the four discontinuities between the
five waveguides. ﬂ =7 X E denotes the tangential electric field in
the aperture and is used to set up an integral equation to characterize
the discontinuity

is the tangential electric field in the aperture (see Fig. 4.9 upper right
picture).

The integral equation (4.21) is solved by means of the method of
moments expanding ﬂ with an appropriate basis and testing (4.21)
with suitable test functions.

The impedance matrix of each discontinuity is then connected
by transmission lines representing the waveguide between two tran-
sitions, to obtain the frequency response of the device.

To compute the electromagnetic field, it is expressed using the
eigensolutions (modes) associated with the waveguides. For example,
the electric field can be written as (see, e.g. [Mar51])

E(fw) =) Vi(w) - &(), (4.22)
k=1

where €} (7) is the kth mode of the electric field of the waveg-
uide and Vj(w) its amplitude, available after having simulated the
response of the device. Similar expression holds for the magnetic
field. Equation (4.22) is the field distribution for a harmonic exci-
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Figure 4.10. Multi-carrier signal: The left picture shows the electric
field strength in the centre of one of the cavities and the right figure
visualizes the normal component of the electric field on the walls of
the band-pass filter

tation of angular frequency w. For a multicarrier signal, the field
distribution is obtained by the superposition principle, i.e. summing
the field distribution associated with the individual carriers

n
E(T_", w1, ...,wn) = ZE(F, wl) (4.23)
=1

n being the number of carriers. Fig. 4.10 shows an example of a
multi-carrier signal inside a band-pass filter obtained with the method
outline here above.

4.2.4 Electron Motion and Space Charge
Computation

The diagram of the implemented PIC method is depicted in Fig. 4.11.

Assuming that the initial position and velocity of each electron
is known, as well as the initial electric and magnetic fields, the PIC
procedure can be summarized as follows (more details on PIC codes
can be found, e.g. in [BL05]):

e Particle-to-grid weighting: The charge, position and ve-
locity of each particle are used to interpolate the charge and
current densities at the mesh nodes.
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e Integration of field equations: The values of the electric
and magnetic fields are computed for the next time step using
FDTD of the Maxwell equations.

e External fields: Calculated with the method of Section 3 are
added to the space charge fields in order to calculate the total
force on the particles.

e Grid-to-particle weighting: The fields at the mesh nodes’
locations are interpolated to each one of the particle locations.

e Integration of the equations of motion: The next time
step position and velocity are computed employing a leap frog
algorithm.

e Secondary Electron Emission (SEE): The SEY is modelled
by a modification of the Vaughan’s model [VMW05b].

4.2.5 Results

The presented method outlined above has been implemented in a
software [AVRT08, FES]. In a first step, simple rectangular waveg-
uides have been used to asses the tool, since, only for these structures,
results can be found in literature. Moreover, comparisons with the
traditional parallel plate case are possible for which a lot of data are
also available.

Two kinds of simulation have been carried out: First, the results
of a single-event multipactor discharge are presented and, next, an
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Table 4.4. Frequency and phases of carriers

Freq. 9.46 9.58 9.70 9.82 9.94 10.06 10.18 10.30 10.42 10.54

(GHz)
Phase 0 0 0 0 0 0 0 0 0 0
)
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Figure 4.12. RF signal and the number of electrons evolution in
time (left) and power spectrum of the fields at output port (right)

inter-period charge accumulation process simulation, which ends up
in a long-term multipactor discharge [AVGT07], is shown.

For the single event simulations, a multi-carrier signal composed
of 10 carriers of equal amplitude (12 V or 16.5 W) was used with
the frequencies and phases of Table 4.4, where the voltage is defined
as the value of the vertical electric field at the centre plane of the
waveguide multiplied by the waveguide height d. The resulting signal
has a multipactor ON time, T,, = 1 ns. The test has been run on
a silver-plated waveguide of dimensions a = 22.86 mm, d = 0.1 mm,
with f x d =1 GHz-mm.

The RF applied signal and the evolution of the number of elec-
trons can be seen in Fig. 4.12. As expected, two different behaviours
are observed. First, when the envelope is higher than the multipactor
threshold Vg (47 V from standard susceptibility charts), the number
of electrons grows exponentially; next, when the amplitude of the
envelope goes below Vg, the avalanche stops and the electrons start
to be absorbed decreasing its population. If the maximum electron
density during this period is high enough in order to be detected,
we say that a single-event multipactor discharge occurs. In order
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Table 4.5. Frequency and phases of carriers

Freq. 9.46 9.58 9.70 9.82 9.94 10.06 10.18 10.30 10.42 10.54
(GHz)

Phase 0 41.02 82.04 123.06 164.08 164.08 123.06 82.04 41.02 0
)
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Figure 4.13. RF signal and the number of electrons evolution in
time (left) and power spectrum of the signal for three different stages
of the discharge (right)

to determine if such number of electrons are significant, the power
spectrum of the signal was computed, which is shown in Fig. 4.12. It
can be seen, in fact, the presence of the third harmonic generated by
the discharge [SAG108], located to the right of the RF carrier at a
frequency of 30 GHz having an amplitude of about -30 dBm. Consid-
ering a typical sensitivity of -60 dBm for a multipactor experimental
set-up [WJ89] , this discharge would be quite well detected in the
laboratory.

Table 4.5 shows the phase distribution for the long-term discharge
simulation. In this case, a waveguide of dimensions a = 22.86 mm,
d =2 mm, with f x d =20 GHz mm and n = 15, has been chosen.
The carriers have equal amplitude of 600 V each (2 kW) and follow
a triangular distribution which assures enough width and flatness of
the main lobe of the multi-carrier envelope to ensure accumulation
[AVGT07].

It is important to remark that this specific case ensures a T,
time lower than the time Ty (7}, = 12 ns against Thy = 15 ns) and
that, according to the standards, there should not be a multipactor
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discharge. However, as shown in Fig. 4.13, in this case inter-period
accumulation makes the electron population rise to the saturation
level producing a multipactor discharge.

The power spectrum of the signal at three different time instants
of the discharge is also presented in Fig. 4.13. At initial stages of the
discharge, the number of electrons is so low that the harmonics, if
present, are not noticeable. But for longer times and higher number
of electrons the noise level increases until the third harmonic appears
once after reaching saturation.

4.2.6 Conclusions

A novel tool for multipactor analysis in passive microwave structures
using multi-carrier signals has been presented. It implements a fast
and accurate electromagnetic field using a divide-and-conquer strat-
egy. The electron avalanche for multipactor simulations is modelled
with a PIC-FDTD code allowing for monitoring the electronic charge
density time evolution and the transmitted power spectrum of a mul-
tipactor discharge. The simulation results show that discharges also
can occur when inter-period discharges are present.

Future enhancements of such a tool, combined with experimental
evidences, may help to define a multipactor criterion for multi-carrier
signals in order to cover a wide range of cases.
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4.3 Non-stationary Statistical Theory for
Multipactor

4.3.1 Introduction

Multipactor [Far34, GvE48, Vau88] is a resonant nonlinear effect that
may occur in high power microwave devices at very low pressures,
such as those operating in particle accelerators and satellite subsys-
tems. A multipactor discharge is an electron avalanche in which
electrons are accelerated by the electromagnetic fields, successively
impacting against the device walls in synchronism with the rf sig-
nal frequency. After each impact electrons are released due to sec-
ondary emission on the device walls, developing an exponential charge
growth and ultimately an electron discharge. Its effects range from
signal degradation to the complete destruction of the component. As
a consequence, the design of multipactor-free components is a key
issue for the space telecommunications industry.

The classical Multipactor theory was first developed by Gill and
Von Engel in 1948 [GvEA48]. Since then, the theory has evolved in two
main branches. The constant-k theory [GvE48 HW54 HW58] and the
constant-v theory [Wac64, Vau88]. The former assumes that the emis-
sion energy of the secondary electrons is proportional to their impact
energy with the proportionality constant k. The latter assumes that
the emission energy of the secondary electrons is independent from
the impact energy. Both the theories are restricted to single carrier
continuous wave (CW) operation (the rf signal is composed of only
one sinusoid), one dimensional electron motion, parallel plates ge-
ometry (homogeneous electrostatic field) and a deterministic energy
emission of secondary electrons.

It is known that the emission velocity of secondary electrons does
not depend on the primary impact energy [FP02], which is contrary to
the constant-k assumption. However, the Secondary Emission Yield
(SEY) parameters and the k constant can be easily tuned to adjust
the predicted breakdowns to the experimental results [WJ89]. There-
fore, the space industry has adopted this theory for the past years
and has applied it to the current multipactor standards [EST03].

On the other hand, although the constant-v theory fails to pro-
vide reliable breakdown levels [WJ89], it is aligned with the physics

67



4. ARTICLE LIST

of secondary emission. For this reason, the constant-v theory has
prevailed in the scientific community, and more recent works have ex-
tended it in order to cover single surface multipactor with magnetic
transversal fields [RCD95] and dielectrics [KLAT98], more compli-
cated resonances such as even and hybrid modes [Gil92, KBST02]
and more complex geometries, such as irises [SRUT08], rectangular
waveguides [SRAT07] and coaxial structures [Woo68]. However, the
core of these developments remains that of the classical theory and
therefore, they fail to predict experimental multipactor breakdown
levels.

Recent studies on statistical multipactor describe a more realistic
scenario where the random nature of the electron emission velocity
is considered [VSS04, VSSS06,SSV08]. In fact, if the velocity spread
becomes large enough, the flight time of electrons can strongly vary
from impact to impact, even intercalated with single surface impacts,
and still have an overall SEY higher than one. This description of
the multipactor phenomenon is known as non-resonant multipactor
or polyphase multipactor, giving results which are closer to the ex-
periments [VSS04, SBST05, KLST08].

This work presents a new non-stationary statistical multipactor
theory for single carrier operation, based on the previous work of
Vdovicheva et al. [VSS04]. The non-stationary theory accurately
predicts multipactor breakdown levels and models electron multipli-
cation and absorption processes experienced during the multipactor
discharge. This theory is valid for both stationary and non-stationary
situations, giving a more general and reliable theory to explain the
complete multipactor physical process.

First, in order to depict a general view, the status and main lim-
itations of the current multipactor theories are briefly summarized
in section 4.3.2. Then, the new non-stationary theory is presented
in section 4.3.3 and finally verified with numerical and experimental
results in sections 4.3.4 and 4.3.5.

4.3.2 Limitations of the current theories

Among the classical theories, the multipactor breakdown levels are
typically represented through the multipactor susceptibility curves,
firstly introduced by Hatch and Williams [HW54]. These curves spec-
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ify the combination of applied voltage, rf frequency (f) and separa-
tion between plates or gap (d), needed to start a multipactor dis-
charge. The curves are calculated using the 1D analytical equations
of motion of an electron and imposing the conditions of resonance
and impact energy, in order to ensure a SEY higher than one (and
thus an electron exponential growth). The kind of resonance is set
by the multipactor order (or mode), which specifies the number of
semi-periods (or cycles) between consecutive electron impacts. The
result is a voltage versus f x d plot, where the regions of multipactor
breakdown are delimited for each multipactor order. The susceptibil-
ity curves are specific for each material and its respective SEY curve
(the SEY depends in turn on the electron impact energy).

Figure 4.14.
(Color online) Compar-

ison of constant-k and 3 _Sgﬁszﬁ
constant-v plots for k = ® Experimental
5, electron emission en-
ergy Wo = 1.5 €V,
and first and second
crossover energies (en-
ergy at which the SEY
is equal to 1) W7 = 30 [
eV and Wy = 2000, re- I n=1
spectively. Experimen-
tal results for silver coat- 1077777 1o
ing [WJ89] are included. fX'd (GHz mm)

T

Voltage (V)

Fig. 4.14 shows an example of multipactor susceptibility curves
for silver of Ref. [EST03] whose SEY curve is shown in Fig. 4.15.
The susceptibility curves are similar for the constant-k and constant-
v theories, but they considerably differ for the upper voltage limit
of the multipactor zones. The experimental breakdown levels of re-
port [WJ89] are superimposed on the susceptibility curves. Whereas
breakdown levels are well predicted for multipactor order n = 1 (first
three experimental points), for higher orders, breakdown levels are
underestimated. Therefore, although the constant-v theory is widely
accepted as the real physical explanation of multipactor phenomenon,
it does not provide accurate multipactor susceptibility curves. This
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is not the case for the constant-k theory, since the aforementioned
parameter fitting allows for independently shifting each multipactor
order region in order to perfectly match experimental results [W.J89].

Figure 4.15.
(Color  online) SEY
curve of silver with
parameters W; = 30
eV, W,, = 165 eV,
om = 2.22 and o9 = 0.5,
where eW = %mwQ
and v is the electron
impact velocity. It uses
the parametric model
W 1 of Vaughan [Vau89]
mj . modified by Vi-

o 00 vy 20 300 cente  [VMW'05a).

2.5

2

However, even if the constant-k theory is able to match the ex-
perimental results through the parameter fitting, it has been severely
criticized by some authors [KLAT98], due to its apparently lack of
physical basis. Moreover, it seems rather contradictory that a pre-
diction method rely on previous experimental results.

In addition to this, the classical theory models the electron growth
for a specific multipactor order as

N(t) = Noo(fd, Vo), (4.24)

where Ny, o(fd,Vp) and n are the initial number of electrons, the
SEY and the multipactor order, respectively, for a specific f x d
product and applied voltage V.

In Fig.4.16, a band structure of the SEY values can be observed.
This implies that there are some regions where the value of the SEY
is much higher than one at the breakdown boundary. For instance,
for a f x d =2 GHzmm, the SEY value at the breakdown boundary
would be close to 2. According to (4.24), this leads to a sudden and
discontinuous change in the behavior of the electron growth in the
neighborhood of the boundary. This seems quite unrealistic since one
would expect a SEY equal to one at the boundaries (neither growth
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nor absorption) and a progressive increment of it as the boundary is
exceeded.

Figure 4.16.
Constant-v multipactor
chart for the first eleven 10°F
modes and energies :
Wo = 1.5 eV, Wi = 30
eV and Wy = 2000 eV.
The dotted lines repre-
sent the contour plot Sl
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to the electron impact 10
energies.
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Furthermore, whilst the experimental measurements show a smooth
variation of voltage versus f x d, constant-v curves (also constant-k
ones but in a lesser extent) present discontinuities between regions
of different multipactor modes. This effect is even higher if the sta-
bility condition is also considered, which restricts the multipactor
regions to the stable phases where the phase-focusing mechanism is
enabled [Vau88, Gil95]. Different explanations have arisen for this
mismatching. One of those claims that the presence of hybrid modes
“fill” the discontinuities between the main modes [Gil92, Kry02].

Later, Vdovicheva et al. proposed a new statistical theory for
multipactor [VSS04] which is also restricted to single carrier and
parallel plates. But, for the first time, this theory models the ran-
dom nature of the emission energy of secondary electrons. Through
the statistical theory, the authors justify the broadening, overlap-
ping and suppression of the multipactor regions, and the differences
between the classical theory and the experimental results. Subse-
quently, the statistical theory was extended to study the influence of
angular anisotropy electron emission velocity [VSSS06] and then par-
ticularized for the electromagnetic field distribution of a rectangular
waveguide [SSV08].

However, the main limitation of the statistical theory is the as-
sumption of stationarity [VSS04]. Stationarity implies that only the
electrons being emitted with a certain emission phase distribution ex-
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perience an exponential growth. As a consequence, as time increases,
such distribution is favored over the others, the statistics of the mul-
tipactor process converging to a stationary solution. Therefore, the
statistics of such a situation can be studied within one single period
of the rf signal. Unfortunately, the stationarity assumption limits the
validity of the results to the regions in which there is electron expo-
nential growth (above the multipactor breakdown level). Hence, the
current statistical theory does not model the electron absorption pro-
cess which occurs below the multipactor breakdown level. This can be
of great interest in some applications in which the rf signal presents a
nonstationary behavior, such as multicarrier operation [AVG107], or
modulated signal transmission [ZGPdD03]. Moreover, the stationary
theory is only able to delimit the multipactor breakdown regions but
does not provide information on the rate of electron growth in time.

Finally, the stationary theory only takes into account double sur-
face interaction. It completely neglects single surface impacts, which
indeed may represent a high fraction of the total impacts in the mul-
tipactor discharge for increasing voltages above the breakdown level.
As a consequence, the stationary theory does not provide a full frame-
work for polyphase multipactor.

4.3.3 Non-stationary Statistical Multipactor

The non-stationary statistical theory presented in the following cov-
ers the multipactor phenomenon for one-dimensional, parallel plates,
electrostatic problems. It is based on the previous and original work
on statistical multipactor by Vdovicheva et al. [VSS04].

The key point in the statistical theory (stationary and non-statio-
nary) is to assume that the initial velocity of secondary electrons is
a random variable, instead of the deterministic value of the classical
theory. This simple difference implies a change of paradigm. In the
classical theory, an electron in resonance with the electric field would
always start with the same phase relative to the field. It would reach
the opposite plate in the same transit time, and would be released
again with the same starting phase, repeating the trajectory indefi-
nitely in time. On the contrary, if the emission velocity is a random
variable, each time an electron is released, its velocity and corre-
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sponding transit time will be different, according to its probability
density function.

Therefore, within the statistical theory it makes no sense to talk
about absolute (and deterministic) resonant phases, multipactor or-
ders or impact energies, but rather about probabilities: The proba-
bility of an electron to be emitted at a certain phase, probability of
an electron to reach the opposite plate in a certain transit time or
probability to impact with a certain energy.

The main difference between the stationary and this new non-
stationary theory is that the latter does not impose stationarity and,
therefore, overcomes the current limitations of the former. As a re-
sult, the non-stationary theory is valid for all multipactor regions
(exponential growth and absorption) and models both double and
single-surface impacts.

4.3.3.1 Equations of motion

First, we start from the one-dimensional equations of motion of the
classical theory. Let us consider the motion of an electron with charge
—e and mass m, between two infinite parallel plates located at x =0
and x = d. The sinusoidal electric field of rf frequency f is F =
—FEysin(wt), where w = 27 f. Notice that, for notation purposes, a
negative sign has been added to the electric field expression in order to
have a positive acceleration. This yields a one-dimensional problem
where the electron is accelerated by the Lorentz force, which is equal
to —eE. The electron maximum speed is considered to be low enough
to neglect relativistic effects and, therefore, the acceleration exerted
on the electron is given by

met = eEp sin(wt), (4.25)

where the rf voltage Vjy can be expressed as Vy = Fyd.

The initial conditions at starting time ¢ = ¢4 are z|;—;, = 0 and
&|t=t, = vo. From (4.25) the rest of the equations of motion can be
derived. Concretely, the position of the electron is

x = [vg + vy, cos(wts)|(t — ts) + %[Sin(wts) — sin(wt)], (4.26)
where v, = eV, /(mwd).
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In order to work with dimensionless variables, the equation (4.26)
is normalized dividing by v, /w. The following notation is used

£ =wx/v,, @=wt, Ys=uwts,
wi =wt;, u=1v/Vy, \=wd/v,, (4.27)

yielding

§(@, s, u) = (u+ cosps)(p — @s) + sinp, — sin . (4.28)

The phase ¢; = wt; at which the electron impacts with the op-
posite side is the least root of equation (4.28) setting the normalized
electron position equal to the normalized gap, i.e £ = A. This yields

A = (u+ cosps) (i — s) + sin s — sin p;, (4.29)

Note that the equation (4.29) is derived from the classical constant-
v theory and establishes the condition for an electron to reach the
opposite plate, £ = A at impacting phase y;, with starting phase g,
and initial velocity wu.

4.3.3.2 Definitions and conventions

Contrarily to the stationary counterpart, the non-stationary theory
is not restricted to the study of the probabilities over a period of
the rf signal, but rather extends the time window from ¢t = 0 to
infinity. It imposes initial conditions and calculates the time evolution
of the different probabilities indefinitely in time. Let as denote each
plate as “D” and “U” for the boundary conditions £ = 0 (Down)
and & = X (Up), respectively. Thus two kinds of interactions are
considered: double surface (D — U or U — D trajectories) and single
surface (D — D and U — U trajectories). All their related parameters
are properly labelled as “ds” and “ss”, respectively. Fig. 4.17 depicts
these concepts.

Table 4.6 introduces the most relevant definitions of the non-
stationary theory which constitute the basis of its development. In
the next sections we will derive the analytical expressions for all of
them.
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Figure 4.17.

Non-stationary  defini-
tions and conventions.
Some possible electron
trajectories are depicted
and labelled with the
corresponding type
of interaction, double
surface (dd) and single

102
surface (ss). \/ \/ \/

Table 4.6. Non-stationary theory definitions.

Impact rate (electrons / radian) in plate U/D

at phase ¢ Ty/p(¢)
Emission rate (electrons / radian) in plate c

U/D at phase ¢ v/p(¥)
Number of electrons at time ¢ N(p)

Probability density that an electron starting
at plate U/D, with starting phase ¢, expe-
riences a double/single surface impact in a
transit phase 7

SEY of an electron starting at plate U/D,
with starting phase ¢ which experiences a
double/single surface impact in a transit
phase 7

Gds/ss,U/D(T’SO)

Uds/ss,U/D(T’SO)

4.3.3.3 Statistical development

The joint probability density G(7|¢s; A) is defined by Vdovicheva et
al. as the probability that an electron released at phase ¢, impacts
with the opposite wall, separated by A, in a transit phase 7 [VSS04].

In order to construct G(7|ps; A) one departs from the known prob-
ability density function of the electron emission velocity u, namely
fu(u). According to the theorem of transformation of Univariate
Random Variables, of the statistical theory, G(7|¢s; A) can be writ-
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ten as
dg(Tles; A)
dr

where u = g(7|¢s; A) must be a monotonic function which expresses
u as a function of 7.

From (4.29), u can be easily worked out, obtaining a candidate
function go(7|ps; ).

Grlpsi \) — \

fu(g(7—|(ps§)‘))) (430)

A — sinws + sin +7
u=go(T|ps; A) = Ps . (pst7) _ COSps, (4.31)

being 7 = p; — @s.

By definition, ¢ must be monotonic with 7. But, unfortunately,
the candidate gy is a non-monotonic function due to its sinusoidal
behavior. The non-monotonicity of gy denotes many solutions of T
for a single release velocity w. This implies that the trajectory of an
electron crosses the boundary & = A more than once, which is phys-
ically impossible (each crossing implies an impact and there cannot
be more than one for a trajectory). Therefore, the non-monotonicity
of go can (and must) be removed to obtain g and solve (4.30). This
forces G(T|gs; A) to be 0 in the non-monotonic intervals of go. In ad-
dition, g must be greater than a minimum starting velocity (greater
than 0) to reach the opposite plate. Vdovicheva et al. gives a detailed
derivation of G(7|ps; A) and such minimum velocity [VSS04].

The function G(7|ps; A) is the basis of the statistical theory. From
it, Vdovicheva et al. formulate the problem by imposing stationarity
and find the multipactor breakdown boundaries by solving a homo-
geneous Fredholm integral equation of the second kind [VSS04].

The non-stationary theory presented in this work also starts from
G(7|ps; ), but follows a different approach, which is detailed next.
First, we introduce another definition. G(7|ps;0) is the probability
that an electron released at phase ¢s impacts back to the emission
surface in a transit time 7 (single surface impact). It is constructed
in a similar way to (4.30).

Glrlpi0) = | 22D fgtrlpio). (aa2)

where u = ¢(7|ps;0) is derived applying & = 0 at impact time
i = wt; to (4.28), and working out the velocity u. This yields the
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candidate function

—sinps + sin + 7
u = go(T|ps; 0) = Ps = (ps ) — COSPs. (4.33)

The g(7|¢s; 0) function can be obtained removing the non-monotonic
intervals of (4.33). The minimum ejection velocity for double sur-
face is equal to the maximum ejection velocity for single surface, i.e.
min(ugs) = max(uss), where ugs = g(7|ps; A) and ugs = g(7|ps; 0).
Fig. 4.18 shows an example of ugs and ugs. For this specific case
min(ugs) = max(uss) = 0.55. Therefore, if the emission velocity u
is higher than 0.55 there will be a double surface impact. For lower
emission velocities, the electron will suffer a single surface impact.

Figure 4.18.

(Color online) Example
of ugs and wuss for Vo =
120 V, f = 1.64 GHz,
d = 1 mm and ¢, =
122°.

0 ‘ 50 ‘ 100

The G(7|p) functions of Table. 4.6 are defined as

Gas,p(Tlp) = G(Tlps;€) £=\
s = mod (¢p; 27)

Gasu(Tle) = G(7lps; ) £=\

vs = mod(p + 7; 27)
Gronlrl) = Glrlosi®)| ¢ _ g

s = mod (y; 27)
Goo(rle) = Glrlosi€) | ¢ _ g SECEn

vs = mod(p + m; 27)
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The G(7|¢) functions are periodic with respect to ¢ with a period
of 2. Note that the direction of the electron normal emission is
reversed for opposite plates, and that the rf field changes sign every
m radian. Therefore, the G functions for the U and D plates are
related by a relative shift of 7 radians.

The double surface interactions imply that the electron crosses
the gap, and therefore £ = A, whereas single surface interactions
means that the electron impacts back to the emission surface, £ =
0. Therefore the subscripts ds or ss indicate that the solution of
G(T|gs; &) is particular for £ = X or £ = 0, respectively.

The Gg4s and G functions corresponding to the example of
Fig. 4.18 are presented in Fig. 4.19. In this case, a Maxwellian dis-
tribution for the initial velocity is taken.

2 2,2
uv uvg
= 2 oxp(— : 4.35
fu = exp(~2) (4.35)
where v; is the velocity thermal spread. A value of W; = 1.5 eV has
been taken for this work, where W; = <07 is the thermal emission

energy spread. The possible electron transit times are restricted to
the regions where the G4s; and G, are not zero. For this specific
example, the Gss plot (bottom) shows that the transit time for a
single surface impact must lie somewhere in between (approximately)
7 =m and 7 = 7r/4. In contrast, all double surface impacts (top)
have a transit time higher than 7 = 37/2. There is a small overlap
of both functions in the interval [37/2 — 77 /4], which means that the
electrons impacting with such a transit time could have suffered either
a double surface interaction or a single surface one, with different
probability.

The noticeable difference in amplitude comes from the fact that
each function obeys

/ Gus(7l0)dr = Puy(p) and / Guaslrl0)dr = Pus(9),
0 0

where Pys(p) and Pgs(p) are the probability that an electron emitted
at  suffers a double or single surface impact, respectively. Note that
Pus(p) + Pss(p) = 1.

Once the G(7|¢) functions are obtained, the rest of the definitions
given in Table 4.6 can be derived in the following manner. Let us
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take the rate of emission at the plate U, Cyr(p). At a certain ¢, the
number of impacting electrons is the result of two contributions: the
electrons released from the opposite plate, D, that followed a double
surface interaction, and those emitted from the same plate, U, which
suffered a single surface interaction (see Fig. 4.20).

The emission rate at phase ¢ due to double surface interaction of
an electron emitted at phase ¢’ from the plate D, where ¢’ < ¢, is

Cp(¢")Gas,p(e — ¢'|¢")oas,p(e — ¢'|¢),

Cp being the rate of emission at the plate D.

On the other hand, the emission rate at phase ¢ due to single
surface interaction of an electron emitted at phase ¢’ from the plate
U, where ¢’ < ¢, is

Cu(¢)Gssu(e — 'l )ossu(e — ¢'¢').
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Figure 4.21.

lum (ns)

time (ns)

(Color online) Time evolution of the electron popula-

tion and emission and impact rates for both plates for V) = 120 V
(left) and Vp = 10 V (right), with f = 1.64 GHz and d = 1 mm.
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¢ = 0 to the current time ¢’ = ¢, yielding
Culyp) =

©
_ /0 Co(¢)Gasp (¢ — | )oas. (9 — | YA+
(4.36)

©
+/0 Cu(¢)Gssu(p — ¢l )ossu(p — ' |¢")de' +

+VUy(p),

where W7 (¢) is the external source of electrons from the plate U.
The rate of emitted electrons at the plate D, Cp(y), can be de-
rived in a similar way yielding

Cp(p) =

©
- /0 Cp()Gonn (@ — 10 )oss.n( — o]+
(4.37)

©
+ /0 Cu(¢)Gas,u (e — ¢'|¢")oas,u (e — ¢'|¢")de'+

+¥p(p),

Equations (4.36) and (4.37) constitute a system of Volterra inte-
gral equations of the second kind with difference kernel. This sys-
tem has a non-trivial solution only when Uy () + ¥p(¢) > 0 and
Uy(p) > 0,Up(p) >0 (see chapter 9.3 of Ref. [PM98]). These func-
tions set the initial conditions of the problem. From a physical point
of view this implies that electron emission is only possible when there
is an external source of electrons, which makes sense, since electrons
cannot appear “spontaneously”.

Analogously to (4.36), the remaining definitions of Table 4.6 can
be expressed as follows

@
Iy (p) :/ Cp(¢)Gas, (e — ¢'|¢")de'+
(4.38)

0
s / / / /
+ / Cu () Cas (e — &10)de,
0
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and

%)
In(p) = /0 C () Cas.p(e — o] )+
(4.39)
2
+ / Cur(¢)Gasur(p — &10)dy'
0

Finally, the number of electrons at time ¢ is the integration over
time of all emitted electrons minus the impacting electrons for both
U and D plates, i.e.

N(g) = /0 ") + Colel) — Tu(¢) — In(@)de. (4.40)

4.3.3.4 Theoretical Analysis

For a given gap, d, signal parameters F and f, SEY function o (char-
acterizing the material), and seeding function W¥(yp), it is possible to
compute all above functions. First, d, £ and f are substituted in
the equations of motion given in (4.27) and (4.28). The Ggs(7|p)
and Gs(7|p) functions are computed using (4.31), (4.30), (4.33) and
(4.32). Later, the system of Volterra integral equations constituted
by (4.36) and (4.37) is solved (in most cases with standard numerical
techniques [PTVFO07]) finding the electron emission functions Cyy and
Cp. Then, Iy and Ip are obtained by simple integration of (4.38)
and (4.39) and finally, N is given by (4.40).

Fig. 4.21 shows an example for the Maxwellian emission velocity
distribution given in (4.35). The SEY model is taken from paper
[AVGT07], with the SEY parameters of silver given in Ref. [ESTO03]:
oo = 0.5, oy, = 2.22, W} = 30 eV and W,,, = 165 eV (see Fig. 4.15).
The external seeding has been set to

W) = Unle) = 23(0),

where §(p) is the Dirac delta function. This means that seeding
electrons are only injected at ¢ = 0.

In both cases, a repetitive pattern can be appreciated. Notice
how, after a transitory interval at the beginning, the curves associated
to the U and D plates evolve to adopt a similar shape but shifted in
time (exactly 7 radians). The electron population, N(t), is altered
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whenever there is an impact in any of the plates. Therefore, the
variation of the electron population curve perfectly agrees with the
peaks of the emission and impact curves (Cy and Cp for the former
and Iy and Ip for the latter).

This can be better appreciated in the Vp = 120 V case
[Fig. 4.21 (left)] where the rf voltage is above the breakdown level.
In general, the rate of electron emission is higher than the electron
impact (or absorption), and therefore there is an overall increase of
charge with time, following an exponential trend.

The Vo = 10 V case [Fig. 4.21 (right)] shows a situation where
the rf voltage is below the breakdown level. In this case the impact
curves are always higher than the emission ones and therefore there
is an overall destruction of charges. Hence, the electron population
decreases in time.

It may be also useful to define SEY and multipactor order param-
eters equivalently to the classical Theory. The instantaneous SEY is
the ratio between the total emission rate divided by the total impact
rate, thus

oi(p) = - (4.41)

where C(p) = Cu(p) + Cp(p) and I(p) = Iy(p) + In(p). On the
other hand, the instantaneous order is computed as the statistical
expectation of the flight time for all kind of interactions divided by
the total impact rate.

%)
[ /0 (6 — () Gasn(o — 1)+
s / / / / /
+/ (0o —NCUu(P)Gasu(p — ¢’ )de'+ . (4.42)
0
s / / / / /
+ / (0 — )CD()Gaon (o — & )d +

%)
4 /0 (0 — ) () Cosr (9 — 1)
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Finally, in an interval A, average quantities are defined as

JER o) (¢ dy!
Oav(p) = ‘ f(p_,_ALp 1(¢)dy! (4.43)
©
and
JEA (D)) dy!
Naw(p) = =5 T (4.44)
®w

for the SEY and multipactor order, respectively. These two parame-
ters characterize the electron growth, since, although the exact solu-
tion can be found integrating (4.40), an easier and faster approxima-

tion for an interval At = % is given by

2fAL

N(t+ At) ~ N(t)ogs . (4.45)

4.3.4 Numerical Simulations

The numerical results have been obtained with the full-wave electro-
magnetic solver tool FEST3D [VMWT05a, AVR08] which also in-
corporates a 3D Particle-In-Cell (PIC) multipactor module. FEST3D
is able to simulate arbitrary 3D structures with inhomogeneous elec-
tromagnetic field distributions. However, in order to compare the
results with the present theory, the simulations have been restricted
to 1D electron motion and homogeneous electric field. The FEST3D
multipactor module computes the electron trajectories, determines
all electron impacts (both single and double surface) and records the
associated flight time and SEY for each one. The simulations have
been done for a number of 50000 initial particles, to have enough
samples for a good statistical analysis. During the simulation, the
particles can be created or destroyed depending on the impact en-
ergy. The results have been normalized to have one initial electron,
in order to compare with the analytical results.
The numerical equivalent SEY is the average SEY for all impacts.
Z::Nt o;
Oeq = 217\/1} - (4'46)
where N, is the total number of impacts, and o; is the secondary
emission yield at impact ¢, respectively. The numerical equivalent
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multipactor order is defined as the average travel time, divided by
half period of the rf signal.

where t; is the flight time for impact 1.

Num. of electrons

Rate (electron/ns)

Figure 4.22.

Neq = 2f

ZZ Nt tz
Ny

(4.47)
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(Color online) Time evolution of electron population

and emission and absorption rates for Vp = 120 V (left) and Vj = 10

V (right), with f = 1.64 GHz and d = 1 mm.
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4.3.5 Results

All the simulations and analytical results have been carried out as-
suming the Maxwellian distribution of (4.35) for the electron initial
velocity and W; = 1.5 eV. The SEY model is that of Ref. [VMW05¢].
The SEY parameters are for the silver given in paper [ESTO03], i.e,
Om = 222, Wi = 30 eV and W,,, = 165 eV with o9 = 0.5 (see
Fig. 4.15).

Fig. 4.22 shows the time evolution of a multipactor discharge.
Two different scenarios are considered. First, a case with a voltage
above the breakdown level in which there is an electron exponential
growth (left); and a non-resonant, non-stationary situation below
breakdown, in which there is an overall electron absorption (right).
The analytical evolution in time of the electron population N, to-
tal rate of impact I and total rate of electron emission C, given by
(4.40) and (4.36)-(4.39), respectively, are plotted and compared with
numerical simulations, with identical initial conditions. Besides the
inherent numerical noise of the simulator due to the limited num-
ber of samples (electrons), it can be observed an excellent agreement
between numerical simulations and the non-stationary theory.

The instantaneous SEY and order defined by (4.41) and (4.42)
have been also compared with numerical simulations in Fig. 4.23.
Again, a very good agreement between theory and numerical results
is observed. Here, the stationarity of the above-breakdown case is
evidenced (left). After an initial transitory, both the SEY and or-
der evolve towards a periodic structure. Nevertheless, in the below-
breakdown situation (right), although the SEY keeps constant (due
to the low impact energy of the electrons), the multipactor order
diverges and indefinitely increases in time, which implies a clear non-
stationary condition. This occurs because electrons with higher emis-
sion energy impact earlier and get quickly absorbed. Therefore, as
time increases, the surviving electrons are those with lower emission
energies and higher transit times, which implies an increasing multi-
pactor order with time. The current stationary theory cannot model
this situation, whereas the new non-stationary one matches the nu-
merical simulations with extremely good agreement. Notice that the
random dispersion on the numerical simulations for increasing time
is due to the fact that a large amount of electrons have been already
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absorbed and therefore there are less samples available to produce
smooth averages.

The multipactor boundaries calculated with stationary (repro-
ducing the formulation of Ref. [VSS04]) and non-stationary theories
together with numerical simulations are plotted in Fig. 4.24. The

. 1000
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analytical boundaries are delimited by o4, = 1, given by (4.44). The
numerical ones are set by o, =1 (4.46).

The non-stationary theory curve shows a better agreement with
numerical simulations than the stationary one, concretely for the up-
per boundary regions and high f x d product, where the influence of
single surface impacts is higher. The three curves are coincident for
the regions close to the breakdown level. The experimental break-
down levels from report [W.J89] are also plotted, showing an excellent
agreement with the theory. This evidences the capability of the sta-
tistical theories to predict the multipactor breakdown level in the
whole f x d range, in contrast with the classical theories which are
restricted to the first multipactor order.

SEY contour plots can be represented in Voltage versus f X d
maps using (4.43). The isoline of ¢ = 1 represent the multipactor
breakdown boundary. Fig. 4.25 shows such representation for a o > 1
(top) and o < 1 (bottom). The isolines are plotted with a 0.2 and
0.1 step, respectively, starting from 1.

In Fig. 4.25 (bottom), while the results for the region below the
breakdown boundary perfectly agrees with numerical results, the re-
gions above show a dissimilar trend. This is due probably to the
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numerical noise of the simulations for very high fields, and the lim-
ited number of time samples in the electron trajectory computation.

These multipactor maps, coming from the non-stationary statis-
tical theory, show a different structure of the SEY compared with the
classical theory (see Fig 4.16). In contrast to the discontinuous band
structure of the classical theory, the non-stationary theory shows a
constant SEY value of 1 at the breakdown boundary which varies
smoothly with the rf voltage. This is successfully contrasted with
numerical simulations.

Finally, the contour plot for the equivalent order of the non-
stationary theory (4.44) is shown in Fig. 4.26. The non-stationary
theory is valid for any kind of material, provided that its SEY pa-
rameters are available. In this case, a custom material with SEY
parameters og = 0.5, 0, = 2.12, W7 = 25 eV and W,,, = 364 eV is
used. The contour lines are plotted for odd integer values starting
from 1. In the multiplication region, the traditional band structure
is observed, whereas for the region below breakdown the lines deflect
to almost get vertically aligned with the plot. This is because for
decreasing voltages, the transition time depends almost exclusively
on the gap d and the thermal spread v, and thus, the dependence
on f x d is broken. The theory and numerical results match quite
good in the multiplication region. Below that, the definition of a
multipactor order is not valid anymore, because the process is then
not stationary and the instantaneous multipactor order indefinitely
increases in time.

4.3.6 Conclusions

A new non-stationary statistical multipactor theory has been pre-
sented. It is based on previous works on statistical multipactor but
overcoming some of its limitations. Specifically, the stationarity as-
sumption has been removed and single surface interactions have been
incorporated to the model. In consequence, this new theory is able to
accurately predict the time evolution of the most relevant parameters
characterizing the multipactor process.

This theory provides realistic multipactor susceptibility charts in-
cluding SEY and order contour plots for the whole V' versus f x d
region, characterizing the dynamics of the discharge. These plots
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reveal a different SEY structure than the one predicted by the cla-
ssical theory. Instead of a discontinuous sharp band structure, the
SEY shows a smooth transition at the breakdown boundaries, where
it has a value of 1. This result is radically different from the one
given by the classical theory and depicts a progressive and continu-
ous change in the electron growth as the boundary is exceeded. This
constitutes a much more realistic scenario of the electron dynamics.

The theory has been verified with numerical results coming from
a PIC multipactor simulator and experimental results available in
literature. The agreement between the theory, the numerical and the
experimental results is excellent.

To the knowledge of the authors, this is the first theory which
provides a framework for the study of a full polyphase electron inter-
action for both an exponential electron growth and a non-stationary
electron absorption (when multipactor conditions are not met). This
is of particular importance in non-stationary multipactor processes
such as multicarrier operation and signal modulation. Therefore, this
theory may constitute the basis for further study of multipactor in
more complicated geometries and signals.
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4.4 Multipactor theory for multi-carrier
signals

4.4.1 Introduction

Multipactor effect [Far34, GvE48, Vau88] is a high power RF break-
down occurring in vacuum or near vaccum microwave systems. In
the multipactor discharge, electrons are accelerated by the electro-
magnetic fields, impacting against the device surfaces in synchro-
nism with the rf signal frequency. Secondary electrons are released
after each impact, due to secondary electron emission, developing
an exponential charge growth which ultimately produces an electron
discharge. Its effects range from signal degradation to the complete
destruction of the component. Hence, the design of multipactor-free
components is essential for the microwave industry, especially for RF
space systems and particle accelerators.

Multipactor with multi-carrier signals is a key issue in space com-
munications. Modern satellite payloads, for either defense or com-
mercial communication applications (such as Digital Broadcast Satel-
lite - DBS - Systems), tend to operate with an increasing number of
communication channels and increasing power levels per carrier. This
leads to extremely high peak power levels in the multi-carrier path of
the spacecraft, which results in an ever increasing risk of multipactor
discharge [SK01, GW96, RLR"94].

The classical Multipactor theory [GvE48, HW54, HW58, Vau88]
covers single-carrier continuous wave (CW) signals with parallel
plates geometry (homogeneous electrostatic field). During the last
50 years, other works have extended it in order to cover more com-
plex situations, such as single surface multipactor with magnetic
transversal fields [RCD95], single surface multipactor with dielectrics
[KLAT98], even and hybrid modes [Gil92, KBST02], other geome-
tries, such as irises [SRU'08], rectangular waveguides [SRAT07] and
coaxial structures [Woo68], as well as non-resonant or polyphase mul-
tipactor [VSS04,KLS"08]. However, all of them remain restricted to
the single-carrier case.

A typical multi-carrier signal is composed of several modulated
carriers with small frequency separation. As a result, the multi-
carrier signal is a modulated rf signal with a time varying periodic
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envelope. Such a modulation adds a dynamical non-stationary be-
havior to the multipactor process which is not well understood yet.

There are few works dealing with multipactor in multi-carrier
systems, and most of them are based, either on experimental results,
or in Particle-in-Cell (PIC) codes and Montecarlo simulations. A
specific multipactor theory for multi-carrier signals is not presented in
any of them. For instance, the standard for multi-carrier multipactor
design of European Space Agency (ESA) [EST03] is based on the “20-
gap-crossing rule”, which states that multipactor takes place only
if the multi-carrier signal envelope exceeds the breakdown voltage
for a time equal or higher than the time that an electron takes to
cross the gap 20 times (T%0). This rule establishes a multipactor
criterion for a single envelope peak. However, in Ref. [AVG107], a
new mechanism of long-term multipactor in multi-carrier applications
is addressed, in which, contrarily to the “20-gap-crossing rule”, the
charge accumulates between consecutive periods of the envelope. In
Ref. [SVBT03], numerical results of electron population growth for
multi-carrier signals and infinite parallel plates are presented. Finally,
a numerical study of multipactor with a two carrier signal is given by
Semenov et al. in Ref. [SKO1].

When seeking for a multipactor theory with multi-carrier sig-
nals, the main obstacle to overcome is its inherent non-stationarity.
The non-stationary theory for single-carrier signals published in Ref.
[AVGT10] belongs to the family of statistical multipactor theories
[VSS04]. It performs an statistical analysis of the multipactor dis-
charge working with probabilities rather than deterministic values (as
the classical theories do). The key feature of the non-stationary the-
ory is that it separately characterizes the dynamics of single surface
and double surface interactions for each of the two metal plates. On
the other hand, it is not restricted to the study of the probabilities
over a period of the rf signal, but rather extends the time window
to infinity. As a consequence, the theory is able to model the com-
plete electron dynamics for stationary and non-stationary situations.
Although the theory was initially formulated with a monochromatic
time-harmonic function as the driving electric field, by definition it
should not be limited to such simple trigonometric function. In fact,
we will show that the non-stationary theory accepts arbitrary func-
tions for the driving electric field signal, as long as they are periodic.
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Consequently, this theory is the best candidate for a general multi-
pactor theory for multi-carrier signals.

In this work we present a generalization of the non-stationary sta-
tistical theory for multipactor with single-carrier signals presented
in Ref. [AVGT10]. We will show how, by redefining the equations
of motion, in order to incorporate an arbitrary number of carriers,
and some key changes in the basic formulation, the non-stationary
theory can be generalized to deal with multi-carrier signals with-
out loosing or degrading any of its previous potential. This theory,
following the original work of Ref. [AVG110], assumes an infinite
parallel-plate geometry, since it implies a uniform field distribution
and, therefore, admits a one-dimensional solution for the equations
of motion. Most of the publications in multipactor theory are based
on parallel-plate geometries (see for example Refs. [GvE48 HW54,
HW58, RCD95, KLAT98, Gil92, KBST02, Vaus8, AVG™10, SVBT03,
SKO01, VSS04, KLST08]) and, in spite of its simplicity, it is gener-
ally accepted as a valid framework for understanding the physics of
the process. Extensions of this theory to other geometries and more
particular field distributions may be subject of further studies.

First, the multi-carrier signals and its properties are summarized
in Section 4.4.2. Then, the new theory for multi-carrier signals is
presented in Section 4.4.3 and finally verified with numerical results
in Sections 4.4.4 and 4.4.5.

4.4.2 Multi-carrier signal analysis

A multi-carrier signal E(t), composed of K carriers with amplitudes
FE; € E, angular frequencies w; € €0, and phases ¢; € ®,1=1,..., K,
has the form

K
E(t) =) Ejcos(wit + ¢;). (4.48)

i=1
Without any loss of generality we assume that wy < we < ... < wg.
The sets of amplitudes E; € E, angular frequencies w; € {2 and phases

¢; € ®, completely characterize a specific multi-carrier signal.

Let ET(t) be the analytic signal of E(t), defined as E*(t) =
1/ [ U(w) exp(jwt)dw, where U(w) is the Fourier transform of
E(t), defined as U(w) = [ E(t) exp(—jwt)dt. From (4.48), E*(t)
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is simply
K
ET(t) =) E;explj(wit + ¢;)]. (4.49)
=1

An alternative representation of the analytic signal, often used
for narrow-band signals, is done by using the envelope, A(t), and
instantaneous phase, P(t),

ET(t) = A(t) exp(j P(t)), (4.50)
where
A(t) = |ET(t)| = VR2(t) + I3(t), (4.51)
and
tan~1 (A0L) R(t) >0
P(t) = arg(E* () = - Z{?; n R <0 (4.52)

These expressions use the real and imaginary parts of the analytic
signal

K
R(t) = Z E; cos(wit + ¢;) (4.53)
=1
and P
I(t) = Ejsin(wit + ¢;), (4.54)
i=1

respectively. Note that (4.52) is undefined for R(t) = I(t) = 0, which
also implies A(t) = 0.
In turn, the instantaneous frequency is defined as
F(t) = 1dP@t) 1 I'(H)R(t) - IH)R(t)
C2m dt 2 RE(t)+I2(t)

(4.55)

R'(t) and I'(t) being the time derivatives of the real and imaginary
parts of the analytic signal, respectively. In the same way as (4.52),
the instantaneous frequency is undefined when R(t) = I(t) = 0.

The period T of the multi-carrier signal is found by solving the
following relationship

K
Et(t+T)=EY(t) =) Eiexplj(wit + ¢:) exp(wiT)],  (4.56)
=1
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which leads to the Diophantine equations
T=mT =nTr=..=ngTxk n; €N, (4.57)

with T; = 27 /w; = 1/ f;, where 27 f; = w;. The solution exists only if
fi € Q, Vi. Otherwise, the multi-carrier signal is non-periodic. If f;
are integers, the solution is obtained by finding the greatest common
divisor, ged() of the set of frequencies

T=1/f, f=gcd(f1, f2,-fn) (4.58)

In practical situations, the precision of the carrier frequencies is lim-
ited to a certain number of decimals. Therefore, it is always possible
to normalize such quantities to obtain integer frequencies and solve
(4.58).

The above condition is very restrictive and forces an absolute
periodicity of both envelope and phase of the signal. However, a
relative periodicity only for the amplitude may be forced, i.e. after a
period T' < T the signal has the same amplitude but different phase
a € 0,27,

ET(t+T) = Et(t)exp(ja)=

- 4.59
iy Eiexplj(wit + ¢i)] exp(jwiT), (4.59)
or equivalently
At +T) = A1),
P(t+T)=P(t) +a, (4.60)

F(t+T) = F(t).

This reveals that the relative period T is actually the period for
the envelope and instantaneous frequency, which may be shorter than
the absolute one. This period can be solved by factoring out one of
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the frequencies from (4.59), for instance the first one:

Et(t+T)=E*(t)exp(ja) =

explj(w1T)] { E1 explj(wit + é1)]+ (4.61)
+ ZfiQ E; exp[j(wit + ¢i)] explj(w; — wl)T]} .
This leads again to the Diophantine equations
T=npTy=..=nxTx €N, (4.62)

with Ty = 1/(f; — f1), i=2,...

period, T = kT,
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Analogously to (4.58), the solution needs to find the greatest com-
mon divisor of the differences between the signal frequencies and the
lowest one.

T=1/f f=ged(fo— f1,f3— f1,er fu — f1) (4.63)

Thanks to the inherent properties of the ged function, it can be
demonstrated that the solution is the same independently on the fre-
quency chosen for factoring out. It is obvious from (4.56) and (4.59)-
(4.61) that the absolute period must be a multiple of the relative

Amplitude (V)

8 T T

I——- Envelope

I
— Signal

time (ns)

k € N and that the phase is o = wiT = wiT/k.

Figure 4.27.
(Color  online)  Uni-
formly frequency

spaced, 5 carrier signal
with  parameters of
Table 4.7 and zero
phase condition.

Figures 4.27 and 4.28 show the signal, envelope and instantaneous
frequency of a uniformly spaced 5 carrier signal, with two different
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phase conditions. The phase 1 is the zero phase condition (all phases
are set to 0), whereas the phase 2 is a triangular phase condition. All
carriers are 330 MHz spaced. The amplitudes are set to 1 V/m for
all carriers. Table 4.7 details the frequency and phase for all carriers.

Table 4.7. 5 carrier signal parameters. Amplitude is 1 V/m for all
carriers

carrier frequency (GHz) phase 1 (deg) phase 2 (deg)

1 2.20 0 0
2 2.53 0 75.35
3 2.86 0 150.7
4 3.19 0 75.35
5 3.52 0 0

The absolute and relative periods of this signal (which is indepen-
dent of the phase scheme) can be computed with (4.58) and (4.63),
respectively. The frequencies are such that T = 9.09 ns, being the re-
lationship between the periods T = 37T. This can be appreciated in
Fig 4.27, in which one period of the multi-carrier signal is plotted.
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The period of the signal (4.48) contains three periods of the envelope
(4.51).

In Fig. 4.28 the effect of the different phase schemes can be no-
ticed in both the envelope (a) and the instantaneous frequency (b).
Although both have the same period, the zero phase signal presents a
higher and narrower main lobe of the envelope, whilst the triangular
phase signal shows a flatter behavior. With respect to the instanta-
neous frequency, the zero phase scheme, with the uniform frequency
spacing and equal amplitude conditions, has a constant instantaneous
frequency equal to the average frequency, f,, = 2.86 GHz. On the
contrary, for the triangular case, the instantaneous frequency oscil-
lates around that value with considerable peaks above and below such
value.

Fig. 4.29 shows the envelope and instantaneous frequency of an-
other example of multi-carrier signal, i.e. a 10 carrier signal with
non-uniform frequency spacing and arbitrary amplitudes and phases.
Table 4.8 shows the parameters of the signal. The spacing is of 80
MHz for the first five carriers and 120 MHz for the others. This com-
bination of frequencies makes that T = 40T, being T = 1 ps. This
means that a period of the signal contains 40 periods of the envelope.
In Fig. 4.29, only a relative period is plotted since it is enough for
representing the envelope and the instantaneous frequency. As it hap-
pens in the previous example, the instantaneous frequency oscillates
around the average frequency, f,, = 5.947 GHz.

Table 4.8. 10 carrier signal parameters.

carrier frequency (GHz) amplitude (V/m) phase (deg)

1 5.527 1 0

2 5.607 1.25 15
3 5.687 0.8 45
4 5.767 0.5 123
) 5.847 2 7.5
6 5.967 1 0

7 6.087 1.1 240
8 6.207 0.95 180
9 6.327 0.95 315
10 6.447 1.12 240
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Figure 4.29.
Arbitrary 10 carrier sig-
nal with parameters of
Table 4.8. a) Enve-
lope, b) Instantaneous
frequency.

O = N W s Ut

Freq. (GHz)

time (ns)

This analytical study of the multi-carrier signal allows to obtain
two interesting conclusions. First, in general, the period of the sig-
nal and the period of the envelope are different (they may be equal
for certain frequency combinations). More specifically, the period of
the signal is an integer multiple of the envelope period, which has
to be considered in any analytical development employing a multi-
carrier signal. Second, in general, the instantaneous frequency is
not constant with time and may differ considerably from the aver-
age frequency. This fact limits the validity of previous multipac-
tor approaches for multi-carrier signals, such as the 20-gap-crossing
rule [EST03], which apply the multipactor single carrier theory con-
sidering a fixed frequency equal to the lowest frequency among all
carriers.

4.4.3 Multipactor theory for multi-carrier signals

4.4.3.1 Equations of motion

The formulation of the non-stationary theory starts from the one-
dimensional equations of motion of an electron between two infinite
parallel plates located at x = 0 and x = d. The electron mass and
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charge are m, and —e respectively. The electron is subject to of a
uniform electric field in the z direction, E(t). The force acting on
the electron follows the Lorentz law f(t) = —eE(t).

The main innovation with respect to the existing multipactor the-
ories is that, here, the driving electric field is an arbitrary multi-
carrier signal of the form given in Section 4.4.2, instead of the classical
monochromatic time-harmonic function. The acceleration exerted on
the electron is then

K
med = e Ejsin(wit + ¢;). (4.64)
i=1
The voltage between plates is simply V; = E;d and V (t) = E(t)d.
In (4.64) the multi-carrier signal is taken as

K
E(t) =) —E;sin(wit + ¢;).
i=1

which is equivalent to (4.48) and only supposes an absolute temporal
shift of —7/2 which does not imply any loss of generality. This has
been done to preserve the existing formulation of the non-stationary
theory [AVGT10].

The electron velocity and position can be derived by simple inte-
gration of (4.64). For an electron released from x = 0 at time t5 with
initial velocity vg, we have

K

T =+ mie Z f: [cos(wits + ¢;) — cos(wit + ¢;)], (4.65)
and
e < (B
x = wvo(t—ts)+ p— ; {wz cos(wits + ) (t — ts) +
+ % [sin(wits + ¢i) — sin(w;t + qﬁz)]} , (4.66)

for the velocity and position, respectively.
The equations must be normalized in order to work with more
useful expressions with adimensional quantities. The frequency of
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the multi-carrier period, w = 27 /T [see (4.56)-(4.58)] , and the am-
plitude of the first carrier, Fq, have been arbitrarily chosen for nor-
malization, although the following development could be reproduced
for any other with the same results. Thus, both sides of (4.66) are
multiplied by w/v,,, where v,, = eE;/(mew). The following notation
has been employed

E=wr/v,, p=uwt, ps=uwts,
u=09/Vy, \=wd/v,
AE,L == El/El Awi == wi/w, (467)

Note that A represent the normalized distance between plates. This
yields the following equation for the normalized position

K (AR
E=ur+ Z {Awl cos(Aw;ps + ¢i)T +
= (4.68)

+ S BB, + ) = sin( @i+ ) + 6]

(2

and the normalized velocity & = d¢ /dt

é = u+ Zfil 25: [cos(Aw;ps + ¢i)—

— cos(Aw; (T + s) + ¢3)]

where 7 = ¢ — 5 is the transit phase.

With this normalization, it is remarkable that the range s €
[0,27] covers one period of the multi-carrier signal, since for t; =
T — ¢s = 2m. Hence, the electron trajectory given by (4.68) is
periodic with respect to g, i.e.

E(ps +2m) = E(ps)- (4.69)

4.4.3.2 Multipactor theory for multi-carrier signals

The original notation of Ref. [AVGT10] is kept. Each plate is denoted
as “D” and “U” for the boundary conditions £ = 0 (Down) and £ = A
(Up), respectively. Thus two kinds of interactions are considered:
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double surface (D—U or U — D trajectories) and single surface (D—D
and U — U trajectories). All their related parameters are properly
labeled as “ds” and “ss”, respectively. ¢ = wt represents the absolute
phase. Fig. 4.30 depicts these concepts.

Figure 4.30.

Non-stationary  defini-
tions and conventions.
Some possible electron
trajectories are depicted
and labeled with the
corresponding type
of interaction, double
@ surface (ds) and single

U U \/ surface (ss).

The statistical multipactor theories [VSS04, AVGT10] are con-
structed upon the Transit Time Probability Density (TTPD) func-
tion, namely G. Originally, G(7|@s; A), is defined as the probability
density function of the transit phase 7 for an electron traveling from
0 to the opposite plate, & = A, being released at phase ¢, € [0, 27].

In this work, we propose a generalization of the TTPD to con-
sider arbitrary positions x € [0,A] and to include the parameters
E,Q, ®, in order to handle arbitrary multi-carrier signals. Therefore,
G(7|ps; x, E, Q, ®@), is defined as the probability density function of
the travel phase 7 = ¢ — @, for an electron traveling from £ = 0
to & = x, being released at phase ¢, and for a multi-carrier signal
defined by the sets E, 2, and ®. If y = A, the TTPD is particularized
for a transit between opposite plates and thus a double surface inter-
action is considered. On the contrary, if x = 0, the TTPD represents
all the interactions coming back to the emission surface, i. e. single
surface impacts.

In order to construct G(7|ps; x, E, Q, ®) the theorem of transfor-
mation of Univariate Random Variables is employed. It starts from
the known relationships between w and 7, given by the equations
of motion (4.68), (4.69), and the probability density function of the
electron emission velocity u, namely f,(u), which is known a-priori.
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A variety of models are available in the literature [Ver05, AVR ™08,
FP02,CE74]. According to this theorem, G(7|ps; x, E, Q, ®) can be
written as

dg(7]ps; X)

Glrlpir) = | U2 gt @10

where u = g(T|ps; x) must be a monotonic function which expresses
u as a function of 7. From now on we will consider a general multi-
carrier case, and therefore the terms E, 2, ® are omitted for the sake
of brevity, except when needed.

By setting £ = x in (4.68), u can be easily obtained, yielding the
candidate function go(7|ps; x)

u = go(T|ps; x) =

SOAE; _
X+ Y 1o (sinlAwi(r + o) + 6] — sin(Awips + ¢i))
=1 ?

(4.71)

- Z — cos(Awips + i).

The candidate gg is, in general, a non-monotonic function. There-
fore, such a non-monotonicity must be removed to obtain g and solve
(4.70). This forces G(7|¢s; X) to be 0 in the non-monotonic intervals
of go-

From the equations of motion of Section 4.4.3.1 and the above
definitions, it is obvious that the single carrier non-stationary theory
of Ref. [AVG110] is a particular case with K = 1 of the multi-carrier
theory presented in this work.

The above equations assume a starting position 0 and are valid
for an arbitrary final position y € [0, A], but two specific solutions
are of particular interest: y = A, corresponding to double surface
interactions and x = 0, for single surface interactions. Therefore, the
double surface and single surface emission velocities are defined as
ugs = g(7|ps; A) and ugs = g(7]@s;0), respectively. The minimum
ejection velocity for double surface is equal to the maximum ejection
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velocity for single surface, i.e. min(ugs) = max(uss) = ug, > 0. When
s is such that us, = 0, no single surface interactions can occur for
that specific emission phase.

Fig. 4.31 shows a plot of ugs and ugs for a 6 carrier signal with
uniform frequency spacing of 100 MHz, equal amplitude V5 = 30 V
and zero phase. Table 4.9 shows the frequencies for all carriers. The
gap and starting phase are d = 0.43 mm and s = 0.27°, respectively.
The inner plot shows that both functions present local oscillations
which are related to the periodic variations of the envelope.

x1073
5

Figure 4.31.

(Color online) Example
________ — of ugs and wuss for the
6 carrier signal of Ta-
] ble 4.9, equal amplitude

‘ “di‘/‘l”\’\/‘ﬁ/v-w' i V=30 V, zero phase,
NP S——— 7.1 p—— d=0.43 mm and ¢, =
Uss — 90 4 0.27°.  The inner win-
Of()’ 0f7 dow represents the en-
! largement of the shaded
2.0 2.5 area.
carrier frequency (GHz) Table 4.9.
1 3.57 6 carrier signal parame-
2 3.67 rers:
3 3.77
4 3.87
) 3.97
6 4.07

Table 4.10 introduces the most relevant definitions of the non-
stationary theory, which constitute the basis of its development. Next,
we will derive the analytical expressions for such definitions.

Firstly, we need to particularize G(7|gs; x) for each kind of inter-
action and starting plate to obtain the TTPD functions defined in
Table 4.10. As it was stated above, G(7|¢s; x) is defined only for the
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Table 4.10. Non-stationary theory definitions.

Impact rate (electrons / radian) in plate U/D

at phase ¢ Ty/p(¥)
Emission rate (electrons / radian) in plate c

U/D at phase ¢ v/p(#)
Number of electrons at phase ¢ N(p)

TTPD of an electron starting at plate U/D,
with phase ¢, which experiences a dou-
ble/single surface impact in a transit phase
-

SEY of an electron starting at plate U/D,
with starting phase ¢ which experiences a
double/single surface impact in a transit
phase 7

Gds/ss,U/D(T’SO)

Ods/ss,U/D (T’SO)

transitions starting from the plate D (£ = 0) and for s € [0, 27].
However, since the electron trajectory is periodic with ¢¢ having a
period of 27 [see (4.69)], the function G(7|¢s;x) is also periodic,
G(7|ps +2m;,x) = G(7|ps; x)- This allows us to express the function
in terms of the absolute phase ¢, G(7|p;x) = G(Tlps;x), s =
mod (¢;2m). On the other hand, an electron starting from the plate
U at phase ¢, will follow the same trajectory (in opposite direction)
as if it started from plate D but with reversed field. Therefore, the
TTPD of an electron starting from the plate U is Gy (7|ps;x) =
G(T’%; X _E7 Qa Q))
Summarizing, the TTPD functions of Table 4.10 are

Gasp(Tlp) = G(7|ps; X, E, Q, @) Y=
s = mod (p; 27)

Gasu(Tle) = G(Tlesix, —E,Q,@) | )
ps = mod (p; 27)

Gusp(tle) = Grles . EQ.®) 1
¢s = mod (y; 27)

Gssu(tlp) = G(7lpsix, —E, Q, @) =0 - (4.72)
@5 = mod (y; 27)

105



4. ARTICLE LIST

where the subscripts ds/ss, U/D indicate the particularization for an
specific interaction and plate, and ¢ € [0, 00] is the absolute phase.
Note that although the parameters E, 2, & have been omitted for
brevity, the above definitions of the TTPD functions are valid for a
general multi-carrier case.

The functions are normalized (independently for D and U plates)
such that

/ Gas(7lp)dr = Puy(p) and / Guslrl)dr = Pus(9),
0 0

where Py,(p) and Pss(¢) are the probability that an electron emitted
at o suffers a double or single surface impact, respectively. Note that
Pus(p) + Pss(p) = 1.

It is remarkable that, although the theory presented in this work
is particularized for multi-carrier signals, it can be deduced from the
above reasoning that the formulation is still valid for any signal which
satisfies (4.69), for which the only condition of periodicity is required.

These definitions are valid for any probability distribution func-
tion of the electron initial velocity, f,(u). There are different models
of such secondary electron emission energy in the literature. In this
case, a typical Maxwellian distribution for the initial velocity is taken,
since it is simple and fits reasonably well with experimental measure-
ments [VSS04,DS05]. The Maxwellian distribution is given by

2 2,,2
uv, u-v
Ju= Tw exp(—

— 4.73
; 307 ) (473)

where v; is the velocity thermal spread. A value of W; = 1.5 eV has
been taken for this work, where W; = ’;—e@vtz is the thermal emission
energy spread.

The Ggs and Gz functions corresponding to the example of
Fig. 4.31 are presented in Fig. 4.32. The possible electron transit
times are restricted to the regions where the G4s and Ggs are not
Zero.

This specific example shows that the G, is delimited to a re-
gion approximately between 7 € [1.1,1.6] - 1072, which means that
no single-surface impacts can take place outside this interval. On the

other hand, the (G4, function is also limited to certain intervals but
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Figure 4.32. 140 A—— . . . .
] T T T I
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the enlargement of the 05 Lo L5 20 5 3'91
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shaded area.

which spread to higher values of 7. A value of 7 = 27 represents one
period of the multi-carrier signal, and both functions are practically 0
for a 7 > 0.3. This implies that the impact will occur most probably
at the beginning of the period (starting from ). There is no overlap
between both functions, but it may happen for certain combinations
of starting phase, amplitudes, phases and frequencies of the multicar-
rier signal, ¢, E, Q. ®, respectively. An overlap of both functions at a
certain interval implies that the electrons impacting at such transit
time could have either experienced a single surface impact or double
surface impact with different probability [AVG110].

Once the TTPD functions are obtained, the rest of the definitions
given in Table 4.10 can be derived in a similar way to the original
non-stationary theory [AVGT10]. Therefore, we have

Cu(p) =

%)
- /0 Cp()Gas.p(¢ — &1 )ous.n (o — | )dg'+
(4.74)

%)
+ /0 Cur () Gasr(p — @16 )Tasir(p — |+

+Py(p),
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where W7 (¢) is the external source of electrons from the plate U.

Cp(p) =

©
= /0 Cp(¢)Gss.p(p — @@ )oss.ple — ¢l )de'+
(4.75)
©
+/ Cu(¢")Gas,u (e — €' oas,u (e — ¢'|¢")de'+
0

+VUp(p),

where Wp(p) is the external source of electrons from the plate D.
The functions o(7|p), with 7 = ¢ — ¢ are equal to the SEY

function at impact velocity v;(7, ¢s), thus o(7]ps) = o[vi(7, ¢s)]. The

impact velocity is given by v;(7, ps) = v,&(T, ps), using (4.65) with

initial velocity u given by (4.71). Again the o(7|ps) functions need

to be particularized for each kind of interaction and starting plate

O-ds,D(T‘SO) = U[Ui(T7 ¢87X7E7Q7q))} X = A
s = mod(p; 2m)

0asu(Tle) = olvi(T, ¢, X, B, Q@) )  _
s = mod (¢p; 2m)
0s5,0(7l¢) = olvi(T, 05, X, B, 0 @)] | _
(s = mod (; 2)

Uss,U(T’SO) = U[vi<T7 Psy X5 —E, Qv (I))] X = 0

s = mod (ip; 2m).
(4.76)

The SEY function with respect to the impact velocity, o(v;), can
be any of the available ones in literature. Here, the widely used
Vaughan model [Vau89] has been used, with a modification to take
into account low energy electron interactions [VMWT05b].

Equations (4.74) and (4.75) constitute a system of Volterra inte-
gral equations of the second kind with difference kernel, similar to
those of Ref. [AVG'10]. This system has a non-trivial solution only
when Uy (p) + Up(e) > 0 and Yy(p) > 0,¥p(p) > 0 (see chapter
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9.3 of Ref. [PM98]). These functions set the initial conditions of the
problem.

The remaining definitions of Table 4.10 can be derived as done in
Ref. [AVGT10]. The impact rates are

@
Iy(p) = / Cp(¢)Gasp(p — &' )dg'+
(4.77)

0
s / / / /
+ / Cu () Cas (e — &10)dg,
0

and

%)
In(p) = /0 Cp(¢')Gasp(p — @'l )dg'+
(4.78)

®
+/0 Cu(¢")Gasy (o — ¢'l)de'.
Finally, the number of electrons at phase ¢ is
©
Nig) = [ Cute)+ Cold) = Iole) ~ Il (479)
The definitions of the instantaneous SEY and order given in Ref.

[AVGT10] are also very useful to characterize the multipactor dis-
charge. The instantaneous SEY is defined as

Q

oi() = g;f)) (4.80)
(

T
where C(p) = Cuy(p) + Cply) and I(p) = Iy(e) + Ip(p). The
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instantaneous multipactor order is in turn

Y
[ | 6= 100Gt - #1415+
v / / / / /
+/ (0 —¢")Cu(¢)Gas,u(p — ¢'|¢")de'+ (4.81)
0
s / / / / /
+/0 (0 —"Cp(¢")Gss,p(¢ — ¢ )de'+

%)
4 /0 (0= &) () Cos (6 — 1) |

4.4.4 Numerical Simulations

The full-wave electromagnetic solver tool FEST3D [VMWT05a,
AVR™08] has been employed for the numerical simulations. FEST3D
incorporates a multipactor module consisting of a full-3D particle
tracker which solves the electron paths with the leap-frog algorithm.
The fields are computed over unstructured 3D tetrahedral meshes,
with the integral equation technique and the Method of Moments.
Therefore, FEST3D is able to simulate arbitrary 3D structures with
inhomogeneous electromagnetic field distributions including multiple
carrier excitation. It uses the SEY model of Ref. [Vau89, VMW T05b]
and allows the user to introduce custom SEY parameters.

However, in order to compare the results with the present theory,
the simulations have been restricted to 1D electron motion and ho-
mogeneous electric field. the time step has been chosen in order to
have 240 discrete time points per period of the rf signal (consider-
ing the average frequency of the multi-carrier signal). The gridding
ensures 10 divisions along the gap between the plates.

The FEST3D multipactor module computes the electron trajec-
tories, determines all electron impacts (both single and double sur-
face), and records the associated flight time and SEY for each one.
The simulations have been done for a number of 50000 initial parti-
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cles, to have enough samples for a good statistical analysis. During
the simulation, the particles can be created or destroyed depending
on the impact energy. The results have been normalized to have one
initial electron, in order to compare with the analytical results.

The numerical equivalent SEY is the average SEY for all impacts:

i=N; _
_ izl T (4.82)

where N, is the total number of impacts, and o; is the secondary
emission yield at impact i, respectively. The numerical equivalent
multipactor order is defined as the average travel time, divided by
half period of the rf signal,

i=N¢
Neg = 2 lej\i (4.83)

where t; is the flight time of the electron corresponding to impact 4.

4.4.5 Results

In order to validate the theory in the most general possible way, a
wide range of combination of parameters has been conceived, result-
ing in three set of results with three different phase configurations:
zero phase, triangular and arbitrary phasing.

All the simulations and analytical results have been carried out
assuming a Maxwellian distribution for the electron initial velocity
and W; = 1.5 eV (see 4.73). The SEY model in Ref. [VMW05b]
has been used. The single carrier threshold Vg¢ has been calculated
in all cases for the average frequency of the train of carriers, using
the single carrier non-stationary theory [AVGT10]. In all cases, the
results have been plotted not for the whole signal period T" but for few
relative periods of the envelope, 7. This has been done for the sake
of clarity and because the results have shown a repetitive pattern of
period T and, therefore, few relative periods are representative of the
full discharge behaviour.

4.4.5.1 Zero phases - uniform frequency spacing

Simulations have been performed for a 6 C-band carrier signal with
uniform frequency spacing of 100 MHz, zero phase, gap of d =
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0.43 mm, equal amplitude Ey, and assuming ECSS [EST03] Silver
parameters for the material. The signal parameters are those em-
ployed in Table 4.9 of Section 4.4.3.2 and the SEY parameters are
given in Table 4.11. The multi-carrier signal employed in these tests
have a period of T'= 100 ns and T = 107

Wi (eV) Wy, (eV) op (eV) oo (eV) Table 4.11.

30 165 2.22 0.5 SEY parameters for
ECSS Silver [EST03].
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Fig. 4.33 (a) shows the time evolution of a multipactor discharge
given by (4.79), whereas Fig. 4.33 (b) depicts the envelope of the
multi-carrier signal given by (4.51). Two different scenarios are con-
sidered. First, a case with an amplitude per carrier of Vy = Eypd =
30 V, and second a case with an amplitude per carrier of V; = 20 V.
As it can be seen, these two values have been chosen, for this particu-
lar case, to illustrate an overall electron growth (causing a multipactor
discharge) and an overall electron absorption, respectively.

It is remarkable that, as expected, in both scenarios the electron
population increases when the envelope is above the single carrier
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threshold, Vsc, and decreases when it is below (see the correspon-
dance in time between plots (a) and (b) of Fig 4.33). However, the
Vo = 30 V case ensures a higher electron creation than absorption (in
Fig. 4.33 (a) the peaks are higher than the valleys), and therefore the
electron population increases indefinitely in time, in what is called a
long-term multipactor discharge [AVGT07]. In the second scenario,
Vo = 20 V, even if its respective envelope is above Vo during a short
interval, the absorption of the electrons is higher than their creation
(in Fig 4.33 (a) the peaks are lower than the valleys), and there-
fore the number of electrons decreases in time. The theoretical and
numerical results match so precisely that they practically overlap.
Figures 4.34 and 4.35 show other statistics predicted by the the-
ory: impact rate (4.77 - 4.78), instantaneous SEY (4.80) and instanta-
neous order (4.81), showing an excellent agreement as well. Only one
period of the V[ = 30 V envelope is represented. It can be seen that
the results are synchronized with the multi-carrier signal, following
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both the faster oscillations corresponding to the instantaneous fre-
quency and the slower periodic variations of the envelope. The end
of each period of the envelope (around ¢t = 9 ns in this example) cor-
responds to a low value of the amplitude and, therefore, to a valley
in the electron population. Thus, in the numerical simulations done
with FEST3D, at the end of each period, the number of available
electrons to perform the statistics is lower than at the beginning.
This explains the higher dispersion of the numerical results at the
end of the period, present in both figures. This is not the case for
the non-stationary multipactor theory, where no dispersion is seen.
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4.4.5.2 Triangular phases - uniform frequency spacing

Simulations have been carried out for an 8 Ku-band carrier signal with
uniform frequency spacing of 38.3 MHz, triangular phasing, equal
amplitude Ey, gap of d = 0.42 mm and assuming ECSS [EST03] Alo-
dine parameters for the material. The signal parameters are those
employed in Table 4.12 and the SEY parameters are given in Ta-
ble 4.13. This particular frequency scheme yield a period of the en-
velope of T = 10us and T = 3837.

Table 4.12. carrier frequency (GHz) phase (deg)
8 carrier signal parame- 1 11.8589 0
rers. 2 11.8972 51.111
3 11.9355 102.223
4 11.9738 153.334
5 12.0121 153.334
6 12.0504 102.223
7 12.0887 51.111
8 12.127 0
Table 4.13. Wi (eV) Wy (eV) oy (eV) oo (eV)
SEY parameters for 41 180 1.83 0.5

ECSS Alodine [ESTO03].

Fig. 4.36 shows the time evolution of a multipactor discharge given
by (4.79) (a) and the envelope of the multi-carrier signal given by
(4.51)(b) for two different scenarios. First, a case with an ampli-
tude per carrier of Vj = Egd = 140 V, and second, a case with an
amplitude per carrier of Vy = 100 V.

In this case, the envelope of the signal presents a wider main lobe
than the zero phase signal of Section 4.4.5.1, which also implies longer
intervals of electron creation and shorter intervals of electron absorp-
tion. The scenarios have been chosen in order to produce a long-term
multipactor discharge for Vi = 140 V and an overall electron absorp-
tion for Vo = 100 V. The theoretical and numerical results match
perfectly for the initial instants of the discharge, and suffer a pro-
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gressive offset at the end of the simulation due to the accumulation
of numerical error. This error is more evident here than in the pre-
vious results of Section 4.4.5.1 because the frequency of the carriers
is higher, as well as the frequency-gap product. This implies longer
electron transition times and, therefore, longer tails in the TTPD
functions which need to be truncated when numerically integrated
in (4.74, 4.75). However, the behavior of the electron population
remains equal for both the theoretical and numerical results.

4.4.5.3 Arbitrary phases - non-uniform frequency spacing
and different amplitudes

Simulations have been carried out for an 8 Ku-band carrier signal
with non-uniform frequency spacing, arbitrary phasing, arbitrary am-
plitudes, gap of d = 1 mm and assuming ECSS [EST03] Copper pa-
rameters for the material. The signal parameters are those employed
in Table 4.14 (the given amplitudes are relative to the first carrier),
and the SEY parameters are given in Table 4.15.

Fig. 4.37 shows the time evolution of a multipactor discharge given
by (4.79) (a) and the envelope of the multi-carrier signal given by
(4.51)(b) for two different scenarios. First, a case with an ampli-
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Table 4.14. 8 carrier signal parameters. The given amplitudes are
relative to the first carrier

carrier frequency (GHz) phase (deg) amplitude (V)

1 11.852 227.3 1

2 11.892 127.83 0.2494

3 11.932 358.92 4.0039

4 11.972 80.70 1.9236

9 12.012 234.88 3.6576

6 12.072 217.7 2.1253

7 12.132 139.41 3.4734

8 12.192 51.19 0.1199
Table 4.15. Wi (eV) Wi (eV) om (eV) og (eV)
SEY parameters for 25 175 2.25 0.5

ECSS Copper [EST03].

tude per carrier of Vy = Fpd = 140 V, and second, a case with an
amplitude per carrier of Vo = 100 V.

For this arbitrary distribution of phases, the envelope of the signal
does not present a clear structure, but rather a noisy behavior, with
a period of T = 250 ns and T' = 57T'. As it was done for the previous
results, the scenarios have been chosen in order to produce a long-
term multipactor discharge for V5 = 140 V and an overall electron
absorption for Vg = 100 V. In spite of the small numerical offset at
the end of the simulation, the theoretical and numerical results match
quite well again.

4.4.6 Conclusions

A new theory for multipactor with multi-carrier signals in paral-
lel plates based on the statistical non-stationary multipactor the-
ory [AVGT10] has been proposed. This new theory models the real
dynamics of the electrons during the multipactor discharge for both
single and double surface interactions, calculating the time evolution
of the charge growth, electron absorption and creation rates, as well
as the instantaneous SEY and order. It is valid for multi-carrier sig-
nals with an arbitrary number of carriers, arbitrary frequency and
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phase, and for any material (as long as it can be characterized by an
analytical SEY function).

An extensive set of numerical tests has been carried out to vali-
date the theory under many different conditions. The numerical and
theoretical results match almost perfectly for all cases, which reveals
that the theory successfully predicts the multipactor discharge for the
general multi-carrier case.

To the authors’ knowledge, this is the first theory of multipac-
tor for multi-carrier signals that completely characterizes the phe-
nomenon, which has been successfully verified by numerical simula-
tions. This theory establishes a new framework for the study of the
multipactor process for multi-carrier signals, which can be extended
in future works to more general types of non-stationary time varying
signals and different geometries.
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4.5 Prediction of Multipactor Breakdown
for Multi-carrier Applications: The
Quasi-stationary Method

4.5.1 Introduction

Multipactor, also known as multipactoring or multipaction, is an
electron avalanche-like discharge occurring in microwave devices op-
erating at high power levels and in vacuum or near vacuum condi-
tion [GvE48, HW54, Vau88]. When initially discovered, it was stud-
ied as a beneficial effect for signal amplification in cold-cathode tube
for TV applications by P. Farnsworth [Far34], who originally coined
the name of multipactor. Nowadays, multipactor is considered as a
dangerous collateral effect in high-power vacuum applications, which
must be avoided.

The phenomenon occurs when initial free electrons (primary) are
accelerated by the RF fields, and impact against the device walls
with enough energy to extract more electrons (secondary) from the
surface. If the resulting electronic bunch enters in resonance with
the field, this process repeats itself until the electron density reaches
a certain level to produce noticeable disturbance of the signal, such
as distortion, additive noise or reflection, and ultimately produces a
destructive discharge that can even damage the device. In operation,
primary electrons come from different sources such as field emission or
electron cascades produced by cosmic rays [Ste57]. In the laboratory,
in order to induce the discharge for multipaction testing purposes, dif-
ferent electron seeding techniques are available, such as radioactive
sources, controlled electron beams or photoelectric effect [ESTO03].
Multipactor may appear in many types of components, such as pas-
sive or active high power devices in guided or microstrip technologies
and antennas. Thus, it affects different industry sectors such as satel-
lite communications [CMKO7] or particle accelerators [GGCT05].

The biggest effort of the multipactor research lines is devoted to
the study and characterization of the phenomenon in order to predict
under which conditions it will appear, and thus design multipactor-
free components. Traditionally, multipactor has been studied for
single-carrier signals. The single-carrier prediction techniques are
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usually based on the multipactor theory, for which there are abundant
references (see for example [GvE48, HW54, Vau88]), and 2D or 3D
numerical Particle-in-cell codes (PIC) [VMW'05a, FES, SPA, CST],
which combine electromagnetic solvers and electron trackers. Given
some input parameters, such as the frequency of operation, device di-
mensions and material Secondary Emission Yield (SEY) properties,
these single-carrier prediction methods provide the threshold for the
multipactor breakdown power. The predicted thresholds are used by
the industry to design and assess the margins of operated power in
the device to be multipactor-free.

Nevertheless, realistic satellite communication systems combine
more than one channel in a single output, what is called a multi-
carrier signal. The multi-carrier signal combines the transmission
power of the individual channels. Its amplitude is time varying and
depends on the relative amplitudes and phases of the channel carriers.
Therefore, in the multi-carrier path of the spacecraft (after multiplex-
ing the channels) extremely high peak power levels may be attained,
thus increasing the risk of a multipactor discharge [GW96,RLR194].

By the time of speaking, the theory for multipactor and multi-
carrier signals is rather scarce. To the authors’ knowledge, the
only existing full theory for multi-carrier operation is provided in
[AMV*11]. Numerical solvers capable of handling multi-carrier sig-
nals exist as well [AVRT08, ECS,FES|. However, in the multi-carrier
case there are many more parameters involved in the multipactor
discharge than for the single-carrier case, which include the carrier
frequency spacing, the relative phases among the carriers and the
amplitude (or power) per carrier. Therefore, the current multipac-
tor theory and numerical software tools for multi-carrier signals are
able to determine if there is multipactor discharge for a fixed config-
uration. However, they do not provide the worst case, which is the
combination of all the variables of the problem that produces a mul-
tipactor discharge with the minimum power per carrier. Thus, the
current multi-carrier theory /software tools do not predict the lowest
multipactor breakdown level.

The design rules that are currently being applied by the space
industry are based on simplifications that allow applying the single-
carrier predictions to the multi-carrier case. The most restrictive one
is the K2, K being the number of carriers, which takes the peak
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power of the multi-carrier signal as the CW power of an equivalent
single-carrier signal. The multipactor breakdown is then equal to
Ps./K 2 per carrier, where P, is the single-carrier breakdown that
can be calculated with single-carrier predictors [EST03]. This design
rule is known to be very conservative and typically gives much lower
breakdown power predictions than measured ones. This imposes un-
necessary constraints on the design, and usually forces to carry out
cumbersome test campaigns to validate the components.

The first attempt for trying to reduce the margins is the 20-gap-
crossing rule (20GCR) [WJ89, EST03], which establishes a more re-
laxed criterion of multipactor: It can only appear when the multi-
carrier signal envelope is above the single-carrier threshold for a time
such that an electron crosses the gap 20 times. In other words, the
20GCR rule allows the multi-carrier signal to be above the thresh-
old for a short time, assuming that the electron build-up will not
be enough to produce a discharge. Equivalently, the above K? rule
would be the zero-gap-crossing rule, i.e. it does not allow any elec-
tron crossing (impact) above the threshold. With respect to the K?2
rule, the 20GCR predicts higher multipactor thresholds and reduces
the design constraints.

However, the 20GCR rule is based only on the study of numerical
simulations and measurements, and does not have a solid physical
basis. The question that naturally arises is why 20 and not another
value, and why 20 should be a universal value valid for all kind of sig-
nals and devices. This uncertainty on the prediction rule implies large
safety margins that are imposed to the predicted values [EST03]. As
a consequence, the 20-gap-crossing rule, although being more relaxed
than the K2 rule, still yields very conservative predictions in most
cases.

This work proposes a novel Quasi-Stationary (QS) prediction
technique for multipactor in multi-carrier signals, with the aim of giv-
ing more accurate predictions in order to reduce the safety margins,
avoid unnecessary design constraints and reduce the test campaigns
as much as possible. Even if a full multi-carrier theory is already
available [AMV™11], the new technique presented in this paper is still
based on the single-carrier theory, following a similar approach as the
previous ones. However, it takes more sophisticated simplifications
on the multi-carrier signal and employs a new electron growth model
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(presented in Section 4.5.3). By applying the single-carrier theory,
the number of parameters of the problem reduces significantly and
allows for more simple and intuitive solutions.

The QS prediction method is based on the non-stationary theory
for single-carrier signals [AVGT10], which belongs to the family of
statistical theories that introduce the randomness of electron emis-
sion velocity and angle. In spite of their complexity, the statisti-
cal theories have the advantage of matching better the experimental
results [SSV08, AVGT10]. Among the statistical theories, the non-
stationary one is able to model both the electron growth and absorp-
tion, above and below the multipactor threshold, and it considers
both single-surface and double-surface interactions. In addition, it
gives analytical expressions for the instantaneous SEY and multipac-
tor order. Therefore, the non-stationary theory becomes the most
suitable one for multipactor prediction with multi-carrier signals.

Within this work, a number of samples in waveguide technology
has been manufactured and tested in order to assess the prediction
accuracy of the new QS tool and the current 20GCR. In Section 4.5.2
some background on multipactor is given, including a review of the
20GCR. The QS model is presented in Section 4.5.3. Section 4.5.4
gives some details on the manufactured samples and the test set-
up. The predictions and experimental results are presented in Sec-
tion 4.5.6. Finally, Section 4.5.7 offers some conclusions.

4.5.2 Background

4.5.2.1 Multipactor in multi-carrier signal

A multi-carrier signal V' (t), composed of K carriers with amplitudes
V;, angular frequencies w;, and phases ¢;, i = 1, ..., K, has the form

K
V()= Vicos(wit + ¢;). (4.84)

i=1

According to [AMV™11], the expression above can be alterna-
tively expressed as a modulated signal with envelope

2
+

2

K
> Visin(wit +¢i)| . (4.85)

=1

K
Z V; cos(wit + ¢;)

i=1

Ve(t) =
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The envelope is periodic, and its period T can be computed by
finding the greatest common divisor (ged) of the differences between
the signal frequencies (f; = w;/27) and the lowest one (f1).

T=1/f, f=gcd(fo— f1,fs— f1, Kk = J1) (4.86)

For a multi-carrier signal with a specific set of frequencies, its en-
velope will have a fixed period, but its shape will vary in accordance
with the choice of the phase and amplitude of each carrier. The
shape may be seen as a set of periodic lobes. In general, the height
of such lobes is related to its width in such a way that the higher
the envelope is, the narrower the lobes are. Theoretically, for equal
amplitude, V; = Vy, Vi, the multi-carrier signal envelope is comprised
between two limit values, KV corresponding to the in-phase scheme
(all carriers have the same relative phase), and v/ KV for a totally un-
correlated phase scheme (where the lobes spread and overlap to form
a flatter envelope). There are different boundary models that relate
the height and the width of the envelope, such as Wolk [WSS00] or
Angevain [ADDMO09] boundary functions. These provide the voltage
factor F),, which relates the boundary level and the level per carrier,
for each envelope width, AT

Vo(AT) = F,(AT)V (4.87)

Fig.4.38 shows an example for different phase schemes for a signal
with K = 8 and Vp = 1 with a uniform frequency spacing Af =
f/L'Jrl — fl =40 MHZ, Vi.

As it is explained in [AMV*11], the instantaneous frequency is
also periodic with the same period of the envelope and with an os-
cillating value around the mean frequency of all carriers. Therefore,
the frequency of the multi-carrier signal can be approximated as a
constant value equal to the mean frequency of all carriers, i.e. f,.

The study of the multipactor phenomenon in multi-carrier signals
is rather more complicated than for the single-carrier case. Conceptu-
ally, the process can be described as follows. When the multi-carrier
signal envelope, V,(t), surpasses a certain level, the electrons are ac-
celerated with enough energy to initiate a multipactor discharge and,
thus, the electron population increases. The value of such a threshold
is not well known. However, there are evidences that indicate that it
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Figure 4.38.
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must be close to the breakdown threshold in the single-carrier case,
Vsc, for a frequency equal to the mean frequency of all carriers, f,,
as [AVG'10] suggests. On the other hand, when V,(t) is below V¢,
the electrons impact on the device walls with low energies, implying
a SEY below one, and the electrons being therefore absorbed.

The intervals in which V,(t) is above Vg¢ are called ”on” intervals,
and those where it is below are known as ”off” intervals [AVGT07].
Since the envelope is periodic, on” and ”off” intervals are alternated
indefinitely in time. Hence, there will be a multipactor discharge
in two cases: Either the "on” interval is long enough to make the
electron population grow to a detectable level in the first period of
the envelope, which is called a single-event discharge, or the electron
growth during the "on” interval is higher than the electron absorp-
tion during the ”off” interval. This makes the electron population
grow slowly, period after period, culminating in a long-term multi-
pactor discharge [AVGT07, AMAT10]. Fig. 4.39 shows an example
of a long-term multipactor discharge with an in-phase multi-carrier
signal, extracted from [AMV*11]. The long-term discharge build-up
is typically in the range of few nanoseconds and the multipactor dis-
charges are in general not self-sustained. Therefore, in practice, both
kind of discharges are indistinguishable in laboratory. Nevertheless,
each of them have different implications for the multipactor break-
down level. Long-term discharges are thought to be more restrictive
than single-event ones [AMA 10, AVRT08].
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Figure 4.39.
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There are infinite combinations of amplitude and phases that lead
to a multipactor discharge. Assuming that all carriers have equal
amplitude, the worst case is defined as the combination of phases
that causes a multipactor discharge with the minimum amplitude (or
power) per carrier. This worst case must be the goal of any multi-
pactor prediction method for multi-carrier signals.

4.5.2.2 The 20-gap-crossing rule

The 20-gap-crossing rule (20GCR) is very simple. It simplifies the
multi-carrier envelope as a pulsed signal which can only be above
("on”) or below ("off”) the single-carrier threshold, Vs.. As its own
name indicates, it establishes that there will be a multipactor dis-
charge when the ”on” interval is long enough to ensure at least 20
electron impacts [EST03]. In order to provide a larger margin, the
20GCR takes the lowest frequency of the train of carriers, f; (instead
of fi), as the reference frequency for the calculation of the single-
carrier breakdown threshold. For a multipactor discharge of order
n (the order of the multipactor discharge sets the number of cycles
between consecutive impacts for a single electron), the ”on” time is

10n

T20 - T

(4.88)
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The rule does not give any value for the worst case phases or RF
breakdown power. It just gives the length of the "on” interval. In
order to find such combination of phases and power, it is necessary
to conform the envelope to the desired shape through numerical op-
timizers, such as simulated annealing [KGV83] or genetic algorithms
[PSLO5], which search the right combination of phase and amplitude
for each carrier ensuring T5y. Another possibility is to use bound-
ary functions for the envelope amplitude such as [WSS00, ADDMO09],
which only estimates the breakdown power.

The main advantage of this rule, i.e. its simplicity, is at the same
time its main drawback. It is an empirical rule and the criterion
that leads to a number of 20 gap crossings it is not clear, and why
such a value is applicable to all situations. This is, it does neither
take into account how high the envelope with respect to the single-
carrier threshold is, nor the dependence of the multipactor order with
voltage, or the kind of material in terms of the SEY curve.

For amplitudes close to the breakdown level, the higher the enve-
lope amplitude, the higher the impact energy is, and thus, the higher
the SEY [AVGT10]. Therefore, it seems logical that for higher ampli-
tudes the number of necessary impacts to cause a detectable discharge
gets lower. For instance, for an amplitude equal to the single carrier
threshold, the secondary emission yield is nearly one, which implies
no electron growth (and no discharge) at all, no matter how many
electron impacts occur.

On the other hand, it also seems logical that the number of gap
crossings to create a discharge is different for materials with different
SEY curves. For example it would be expectable that the number
of gap crossings for gold would be higher than for aluminium, since
gold is known to typically have a much lower secondary emission
yield [ESTO03].

Furthermore, the 20GCR only takes into account single-event dis-
charges and completely disregards long-term discharges.

4.5.2.3 Parallel-plate geometry

Although theories for more sophisticated geometries are available in
the literature, the parallel-plate geometry is the simplest and most
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representative case for all of them, and will be used for the present
analysis.

The parallel-plate model assumes a homogeneous RF electric field
between the plates, which allows for equivalent voltage definition.
But in real microwave applications the circuit and signal specifica-
tions are given in terms of signal power, the fields along the structure
varying strongly depending on the particular geometry of the device.

In order to translate between both definitions, one may isolate the
critical part of the circuit in which multipactor is expected to occur
and compute the voltage at 1W, Vi, by means of network theory
(for simple structures) or by numerical integration of the electric field
along the gap employing full-wave field solvers such as [HFS, CST,
FES]. Therefore, the voltage at the gap Vj, given an input power Py,
is given by

Vy = Viw/Pin. (4.89)

Of course, this is an approximation that assumes that the electric
field is homogeneous along the gap, which does not occur for most
practical situations. However, this is the worst case and it is still a
valid and commonly used approximation for a wide range of waveg-
uide and coaxial structures [WJ89, VMW 05a, PSK*03, EST03].

4.5.3 Quasi-stationary model prediction

The Quasi-Stationary (QS) model follows a completely different ap-
proach than the 20GCR. It does not simplify the multi-carrier enve-
lope as a pulsed signal, but models the electron growth considering its
real time-varying shape V,(t). The worst case is computed searching
the envelope that triggers the multipactor discharge with the lowest
breakdown power per carrier among all possible shapes. Therefore,
the QS model does not employ the concept of ”gap-crossings” any
more, since it uses a more general and powerful definition of the en-
velope.

Moreover, the QS model is based on the single carrier non-
stationary theory [AVGT10]. Therefore, contrarily to the classical
multipactor theory, the QS model considers random electron emission
velocity and non-resonant electron trajectories. Hence, the electrons
follow different paths and impact at different times, with different
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energies. This scenario is valid for voltages above and below the
multipactor threshold, which implies electron growth and absorp-
tion, respectively. The solutions given by this theory considerably
depend on the secondary emission velocity distribution. In this work
a Maxwellian energy distribution with a spread of 3 eV has been used
as in [AVGT10].

4.5.3.1 Theory

For any arbitrary multi-carrier signal, the electron growth can be
approximated by [AVGT07]

N(t+ At) ~ N(#$){1 + Atloay(t, At) — 1Iao(t, A}, (4.90)

where I, (t, At) and o4, (t, At) are the average impact rate and av-
erage SEY from t to t + At defined as

2fm t+At dt/
Lo(t, At) = 222 , 4.91
( ) At /t n(t") ( )
and 1 t+At
aw(t, At) = — tdt' 4.92
rult )= 5 [ ot (4.92)
respectively.

Here n(t) and o(t) are the instantaneous values of the multipactor
order and the SEY of discharge of time-varying amplitude Ve(t) at
time t. The approximation given by (4.90) is valid in the limit of
small At, i.e 2f, At << 1.

By reordering some terms and setting the limit At — 0, it is
possible to express (4.90) in a differential equation form as

— N@)o(t) — 1]2m. (4.93)

n(t)
In order to solve (4.93) one needs to know n(t) and o(t), for which
there is not analytical direct expression, and can be obtained only by
solving a system of Volterra integral equations for the multi-carrier
case as shown in [AMV'11].

At this point, the QS model assumes that the multi-carrier enve-
lope, V.(t), varies slowly enough to consider that, at a certain time ¢,

dN (1)
dt
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the multi-carrier discharge is equivalent to a single-carrier one with
operation frequency f,, and fixed amplitude V' = V,(¢). This allows
for using the single-carrier theory, considerably reducing the number
of parameters of the problem. A reasonable limit for the validity of
this assumption can be given by fi,/A finaz > n, where n is the nom-
inal multipactor order at breakdown level and A fjax = fx — f1 18
the maximum frequency component of the envelope spectrum, whose
inverse sets the minimum variation period. The above limit imposes
that at least a number of 2n RF cycles (equivalent to two electron
impacts) are contained in such a period.

The QS assumption allows the following approximations: First,
according to [AVG'10], the instantaneous SEY of a single-carrier
discharge is stable in time for every amplitude, V, with a value of
(V). Therefore, o(t) can be approximated by

o(t) ~ &(V). (4.94)

On the other hand, the value of the instantaneous multipactor order
of a single-carrier discharge is stable for voltages above the breakdown
level, but not for voltages below breakdown, since the multipactor
order diverges, increasing indefinitely in time [AVGT10]. Since an
analytical expression is necessary to derive the rest of the theory, in
this work we propose a simple parabolic shape approximation of the
form
n(t) ~ a(V,t.(t)) = a(V)t,(t)? + B(V), (4.95)
which provides a reasonable resemblance with the observed behavior.
The values of a(V') and (V') can be obtained straightforwardly by
numerical fitting of the curve for each value of V. The term ¢, (t)
is the time elapsed since the beginning of a particular ”off” interval.
For an arbitrary multipactor envelope with k£ ”off” intervals where
ts,i is the starting time, and t.; is the ending time for each of them
(1 <i<k),ty(t)is defined as
t— ts717 ts,l <t< te,l
tr(t) _ t— ts,27 ts,2 <t < te,2 (496)
t— ts,k» ts,k <t< te,k

The expression given by (4.95) is also valid for the region above break-
down ("on” interval), setting (V') = 0. Fig. 4.40 shows an example
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of such fitting process. Figs. 4.41, 4.42 and 4.43 show detailed maps
of the 6(V), a(V) and (V) parameters, respectively, for ECSS sil-
ver [EST03], and computed with the theory of [AVGT10]. = Then,

140 T T T T T
—— Theory
. 1201 — Fitting curve
T 100 Figure 4.40.
2 Fitting of multipactor
S 80 order. Frequency=3.82
2 60 GHz. d = 1.3 mm,
= silver plating and V =
g 10 50V (Vs around 361 V).
20 The result is @ = 6.5 x
o , , , , , 10%s72 and 3 =18.43.
0 20 40 60 80 100 120
time (ns)
104 g
: 2.1
108 E 1.9
- 1.7
% 0ol 5 Figure 4.41.
£ g L3  Multipactor map
S § for &(V) for ECSS
10k L1 silver [ESTO3]
: 0.9
100 Lt e 0.7

100 10!
f x d (GHz mm)

by using the QS approximations (4.94), (4.95) and (4.96), (4.93) be-
dN(t)

comes of
— 2 =NW[(V) - 1] .

a MOV R @)

Note that V' = V.(¢) is a function of ¢. The first-order ordinary
differential equation given by (4.97) can be solved numerically with
any standard method such as Runge-Kutta method. Its solution

(4.97)
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provides the electron temporal evolution for a time varying amplitude

V.

Finally, the criterion of multipactor is based on a long-term dis-
charge where the electron multiplication I'(T"), for an envelope of
period T', must be greater than unity.

I(T) = o) 2 b (4.98)

The QS model can compute I'(T") for any arbitrary multi-carrier en-
velope.
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4.5.3.2 Procedure for threshold determination

A specific example has been chosen to illustrate the procedure for the
threshold determination using the QS model. The example is based
on a 6-carrier signal centered at 3.82 GHz with a frequency spacing
of Af =100 MHz and a gap of d = 1.31 mm. The SEY parameters
of the Vaughan’s model [VMW™05a] have been chosen as W; = 29
eV, Winar = 399 €V, 0 = 2 and o9 = 0.5, for the first cross-over
energy, the energy of maximum SEY, the maximum SEY, and the
SEY for low electron impact energies, respectively. Fig. 4.44 shows a
diagram with the work-flow of this procedure.

; o,x

Input fi, d Blmaps
Optimization !A/
Quasi-stationary ’ /> Goal function '\\\ Figure 4.44.
( | Quasi-stationary model

Model \ </ prediction flow chart.

| min. search

A 4

Output Vi, @

For the specific mean frequency of the multi-carrier signal (fy,)
and sample gap size of the problem, the f x d of operation is derived,
for which the SEY , a and § curves versus signal amplitude are
obtained. These curves can be interpolated from precomputed single-
carrier maps for the specific SEY parameters of the sample (such as
those of Figs. 4.41-4.43), or can be ad-hoc computed using the single-
carrier non-stationary theory. Figs. 4.45 and 4.46 show the o and
curves for this example. See that a= 0 above the breakdown level
(located at 371 V).

With this input data, the QS model is able to approximate the
electron growth for any phase distribution and amplitude of the signal
carriers. For example, in Fig. 4.47 the electron growth for a triangular
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phase scheme and three different values of the amplitude per carrier
(equal for all carriers) is shown. These curves are computed with
(4.97) and it is clear that there is electron accumulation (I' > 1),
and therefore multipactor discharge, for Vo= 142 V, no discharge
(I' < 1) for Vo= 125 V. The breakdown limit (I' = 1) is obtained for
Vo= 132 V.

The QS prediction technique uses a global optimizer to search
the combination of phases and amplitudes in order to minimize a
goal function. Such a goal function must ensure that its minimum
corresponds to the worst case. In this example the goal function is

G = f(D) + Vp, (4.99)

where equal amplitude of carriers, Vj, has been assumed (this method
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would be also valid for unequal amplitudes). T is given by (4.98), and

_JwI'-1], T<1
o ={4 Lo (4.100)

defines a constraint on the solution, penalizing regions where there
is no multipactor (I' < 1). No universal values can be provided for
the weight w, which can be tuned to speed up the optimizer or to
improve the accuracy of the solution.

The solution of the optimizer (minimizing G) is already the worst
case for this signal, consisting of the combination of phases that en-
sures a multipactor discharge for the lowest carrier amplitude. How-
ever, keep in mind that the QS model is able to compute other break-
down levels than the lowest one, for any phase and amplitude distri-
bution.

4.5.4 Testing

The objective of the test campaign is to provide meaningful data
for different types of situations, such as different gap sizes, number
of carriers and carrier phasing, with the aim of demonstrating the
correct behavior of the new prediction tool. In order to do so, specific
hardware has been manufactured.
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Table 4.16. Ku-band frequency scheme.

Channels Carrier combination
# freq. BW contiguous | non contiguous
(GHz) (MHz) | 6 ch. 8ch. | 6 ch. 8 ch.
1 11.7440 34 X
2 11.8206 34 X X
3 11.8589 34 X
4 11.8972 34 X X X X
5 11.9355 34 X X
6 11.9738 34 X X X X
7 12.0121 34 X X
8 12.0504 34 X X X X
9 12.0887 34 X X
10 12.1270 34 X X X
11 12.2036 72 X X
12 12.2802 72 X
fm (GHz) 11.992 12.012
Af (MHz) 38.3 76.6

4.5.4.1 Frequency plans and tests

The frequency plan has been chosen to be in the Ku-band. In order to
use different frequency schemes, 4 different signals have been tested:
6 carriers and 8 carriers with contiguous and non-contiguous schemes.
A 15-channel Ku-band manifold output multiplexer has been selected
for this purpose. The frequency plan of this multiplexer is given in
Table 4.16.

8 power amplifiers were available, providing an equivalent peak
power level of about 19000 W.

4.5.4.2 Sample Design

A total number of 7 Ku-Band waveguide samples have been designed
and manufactured with WR 75 interfaces (see Table 4.17).

The gaps of the samples have been selected in order to guarantee
that the multipactor mode order is relatively low, and that no change
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Table 4.17. Samples for Ku-band tests.

Type Gap Viw freg. fm fxd "
(mm) (V) scheme  (GHz) (GHz-mm)
I e
o4z osss M 0 2
061 1038 U LN Ter o
o1 63 M D0 T 1
o4z oa4 S
L Sy (R
T

of mode order will occur over the bandwidth of the sample.

The samples have been designed to be as simple as possible, and
to avoid effects that may lead to a distortion of the results (e.g. no
screws have been used for filter tuning and fringing field effects have
been minimized).

Three different kinds of samples have been selected:

e Waveguide with reduced height and transformers on both ends
(TF).

e Corrugated lowpass filter (LP).

e Narrow-band bandpass filter with inductive irises and reduced
height (BP).

All samples have been built up in a two-shell configuration. The
units are provided with silver plated surfaces. Fig. 4.48 shows the
structure and electric field distribution for one example of each of
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the three types of samples (other samples with different gap size are
very similar). Fields have been computed with FEST3D [FES].

Figure 4.48. . MQ%%%O%{ fm)
Sample structure and

electric field distribution 22500

for the three types of '
samples. From left to

right: Transformer 0.14 TS0,
mm gap, Low-pass fil-

ter 0.14 mm gap, Band- I7500'O
ass filter 1.31 mm gap.

o sap 0.00000

Reference grid lines sep-
arated 10 mm are in-
cluded for dimensional
reference. The magni-
tude of the maximum
electric field is repre-
sented. Fields have been
computed with FEST3D
[FES].

4.5.4.3 Description of the test bed

The schematic of the test set-up is shown in Fig. 4.49.

The tests have been performed at ambient temperature (24°C).
The chamber pressure was below 1 mPa, before starting the multi-
pactor tests.

For the multi-carrier test signal generation, the power of 6 to
8 amplified channels have been combined with a multiplexer. For
a steady multi-carrier signal, the phase relation between the single
channels has been monitored and adjusted by a phase control unit
(computer controlled unit).

Different techniques have been used to detect the occurrence of
multipaction:

1. Input reflection nulling.

2. Near band noise.
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to Phase Control Unit

Multicarsier Signal Envelope

Figure 4.49. Schematic for Ku-band test set-up.

3. Fast diode detector for near band noise.
4. 3rd harmonic.
5. Fast diode detector for 3rd harmonic.

An electron gun and a remote controlled radioactive source have
been used to provide a sufficient amount of free electrons to start the
multipacting discharge.

A picture of the vaccum chamber and the test set-up for a Ku-
band sample is shown in Fig. 4.50.

4.5.4.4 SEY measurements

In order to properly characterize the coating material and obtain
good multipactor predictions, it was also necessary to measure the
SEY of the different devices.

Since the dimensions of the devices were too large to fit inside the
vacuum chamber of the SEY test, the measurements were done for
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Figure 4.50.
Ku-band test set-up:
Gap sample (a), ra-
dioactive source (b),
electron gun (c) and
coupler for detection of
the phase and envelope
(d) installed inside
the thermal vacuum
chamber.

4

silver-plated aluminium alloy samples of 50 x 20 x 1 mm, which were
plated in the same bath used with each of the Ku-band manufactured
devices.

The measured SEY parameters are given in Table 4.18. The SEY
measurement is done over a spot of only 2 mm diameter and two
measurements have been done for each sample. The manufacturing
and plating process is identical for all of them, but significant differ-
ences can be appreciated. This is probably due to inhomogeneities in
the surface which causes local SEY variations, thus implying a rela-
tive dependence of the results on the measurement point. Fig. 4.51
shows as an example the SEY curve measured for one of the samples
compared with the Vaughan model used in this work.

\‘-‘:_-;!_._:N
Figure 4.51. 15
Comparison between o
measurements and @ Trafo Ku 0424
Vaughan model for 1 — —Trafo Ku 042-2
Transformer of 0.42 mm — Vaughan
gap sample. N,

0 100 200 300 400 500 600 700 800 900 1000
Primary electron energy (eV)
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Type Gap Wi Wiaz Omaz 00 Table 4.18.
(mm) (eV) (eV) SEY parameters for the

Ku-band samples. The
0.14 38 369 1.84 0.5 figures Wi, Winaes Gmas
TF 0.42 36 378 1.9 0.5 and 0o, stand for the

0.64 30 356 2.23 0.5 first cross-over energy,
0.14 47 403 1.73 05 the energy for maxi-

mum SEY, the maxi-

LP 0.42 32 370 21 0.5 mum SEY and the SEY
0.64 25 325 22 0.5 for low electron impact

BP 13 25 309 99 0.5 energies, respectively.

4.5.5 Simulation software

The 20GCR and the QS prediction techniques described in Sec-
tions 4.5.2.2 and 4.5.3, respectively, have been used to calculate the
worst cases of the samples detailed in Section 4.5.4.2. The procedure
for the threshold determination described in Section 4.5.3.2 has been
followed. No extra margins have been applied to any of the predic-
tion methods. The differential evolution algorithm [PSL05] has been
employed for the QS optimization and for the 20GCR signal phase
conforming.

All the worst case signals, predicted by the QS method, have been
simulated with FEST3D [FES], a software for full-wave electromag-
netic analysis and design of passive microwave circuits in waveguide
technology, which also includes a RF high power module for multi-
pactor analysis under multi-carrier operation.

4.5.6 Predictions and test results
4.5.6.1 Error definition

In our case, the output of the prediction, for a certain multi-carrier
signal, is the couple consisting of phase distribution and power per
carrier. The purpose of the prediction is to find the worst case, i.e.
the combination of phases with the lowest breakdown power. We
define:

e Local error: It is defined as the difference between the simulated
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breakdown power and the experimental one measured when ap-
plying the computed phase distribution. This error gives an idea
of the accuracy of the predictor to correlate the carrier phases
and the breakdown power.

e Global error: The global prediction error is defined as the dif-
ference between the simulated breakdown power and the lowest
breakdown power of all the tests made with the available phase
conditions. This error measures the capability of predicting the
lowest breakdown power.

A predictor that yields a low local error and a high global error,
means that it is good to predict the breakdown power of a particular
phase distribution, but the optimization of the phases fails to find
the lowest breakdown power.

A low global error and high local error means that the predictor
apparently is able to find the lowest breakdown power, but the worst
case phase distribution does not correspond to the predicted one.
This may happen for some specific cases, but it is unlikely that such
a predictor is able to find the lowest breakdown power in a general
case.

Finally, a good predictor is one that keeps both errors low.

4.5.6.2 Phase configurations

Three phase configurations have been used for each test, belonging
to the following list:

e In phase (IP): All phases are set to zero.

e QS model (QS): The phases are optimized using the QS method
of Section 4.5.3.2.

e 20-gap-crossing rule (20g): The phases are optimized to com-
ply with the 20-gap-crossing rule worst case phasing, following
Section 4.5.2.2.

The IP phasing has been tested in all samples. In the case that
any of the predictions (QS or 20GCR) were equal to the IP phasing,
such phase configuration was changed to “free running” phases (FR).
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In this situation the local oscillators of the amplifiers are left unlocked
to the common reference and, hence, their relative phases change
randomly. According to the authors’ experience, this kind of test
usually yields the lowest breakdown power. Therefore, even if it does
not give any information on the envelope or phases, it may be a good
reference for computing the global error (see Section 4.5.6.1).

Sometimes, not only one but both prediction methods, QS and
20GCR, yielded a solution similar to the IP case. In this case the
two phase configurations were changed to FR condition and a non-
optimum QS prediction (QSn), i.e., another phase configuration which
is not the worst case but for which the QS model can compute a
breakdown prediction. This is useful in order to check the QS model
prediction local error.

4.5.6.3 RF breakdown prediction and measurements

Table 4.19 shows the predicted worst cases for the two different an-
alytical methods. Labels ”¢” and ”n” stand for contiguous and non-
contiguous frequency schemes. Breakdown levels are given in power
per carrier. For the 20GCR prediction, a phase optimization has
been run to make the envelope match with the desired number of
gap crossings. The QS method has been used in order to find the
phases that ensures a multipactor discharge with the minimum input
power (worst case). The QS method does not employ the number
of gap crossings in the optimization procedure. It gives directly the
phase distribution. However, the number of gap crossings has been
also computed and included in order to compare with the 20GCR.

The predicted breakdown power may be better seen in Fig. 4.52,
where the boundaries for the breakdown powers are also plotted ac-
cording to the K and K? rules, Ps./K and P,./K?, respectively,
where K is the number of carriers and Pk is the single carrier break-
down power determined by the single-carrier nonstationary theory
of [AVG'10]. FEST3D simulations are also included and labeled
with ”Num” tag.

As it can be seen, the predicted breakdown power levels computed
by the 20GCR are significantly lower (around 3 dB) than the QS
method, which is closer to the K power curve.
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Table 4.19. Worst case prediction for Ku-band samples. Breakdown

levels are given in power per carrier.

Type Gap Sig. 20GCR QS FEST3D

(mm) W) nge | (W) nge (W)

6¢ 28.3 20 42.7 75 47.5

014 6n 29.2 20 53.0 44 52.5
8¢ 16.0 20 36.7 75 29.38

8n 16.9 20 36.3 38 32.5

6¢ 65.7 20 178.3 47 580

6n 82.2 20 231.2 37 460

TF 0.42 8c 39.5 20 159.3 52 330
8n 57.2 20 174.8 38 215

6¢ 106.8 20 296.2 25 390

0.64 6n 176.5 20 300.6 13 400

8c 70.7 20 181.4 19 240

8n 131.7 20 183.0 10 255
6¢ 10.6 20 19.3 18 23.13
0.14 6n 11.0 20 27.2 57 61.25

’ 8c 6.0 20 18.0 107 20

8n 6.4 20 19.9 60 67.5

6¢ 56.2 20 154.0 38 480

6n 70.2 20 173.4 27 285

LP 0.42 8c 33.8 20 43.4 37 300
8n 48.8 20 137.8 31 310

6¢ 67.0 20 201.9 26 340

0.64 6n 110.7 20 202.6 14 395

8c 42.6 20 128.1 20 235

8n 82.6 20 128.4 10 245

6¢ 66.4 20 96.7 11 220

6n 124.5 20 95.6 6 235
BP 131 8c 48.9 20 132.1 14 162.5
8n 92.2 20 66.1 7 175
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The number of gap crossings is shown in Fig. 4.53. Whereas the
number of gap crossings is obviously fixed to 20 for the 20GCR, the
QS method yields a number of gap crossings that is different for each
particular sample and signal having a great variation between cases.
This is because each sample has a different SEY curve and work at a
different f xd product, and it is also expected that a different number
of gap crossings is needed to produce a discharge.

The number of gap crossings predicted by the QS method start
at a high value (100-200) for the 0.14 mm gap samples, and follow
a decreasing trend as the gap increases, finishing below 20 for the
largest gaps, i.e. for 0.64 mm and 1.31 mm.

Please note that a number of gap crossings of 100-200 for some
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of the results corresponding to the 0.14 mm gap samples, is not as
excessive as it may appear. The frequency spacing yields a period
of the envelope of 26.11 ns and 13.05 ns for the contiguous and non-
contiguous channel frequency schemes, respectively. For a center fre-
quency of around 12 GHz, this implies a number of cycles of 627
and 313, in one period of the envelope, for each of the two frequency
schemes. Therefore, the 0.14 mm gap samples, working at a nominal
multipactor order of n = 1, have a total of 627 and 313 gap crossings
within a period of the envelope. In this case, a number of gap cross-
ings of 100-200 implies only a Ton of around a 16-32% and 32-64% of
the total period T, respectively, for the two frequency schemes. Con-
trarily, 20 gap crossings yield a Ton of only 3-6% of the total envelope
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(approximately), which does in fact seem unrealistically low.

On the other hand, the 0.64 mm and 1.31 mm gap samples work
at a nominal multipactor order of 5 and 7, respectively. In this case,
a number of gap crossings of 10, for instance, implies around a 8-22%
of the total envelope.

Table 4.20 and Fig. 4.52 show the experimental results for some
of the samples and frequency schemes of the project. Breakdown
levels are given in power per carrier. Two measurements have been
carried out for every phase condition. Numerical results computed
with FEST3D (marked as F3 in the table) have been also included.
There is missing data for some of the samples, either because they
have not been tested yet or because no multipactor has been detected
up to the maximum available power (around 300 W per channel) in
the set up (marked as "ND” in the table). More testing is envisaged
in the future in order to have more comparison data. In Fig. 4.52,
the minimum breakdown power of all tested phase configurations has
been plotted with label ”Meas” (corresponding to the definition of
global error of Section 4.5.6.1). The maximum applied power for the
cases where no multipactor has been observed has been also included
with label ”Meas*”.

It is worth noting that the experimental results are much closer
to the QS predictions and to the FEST3D calculations than to the
20GCR predictions. The latter are in all cases much lower than
the experimental results (around 3dB). As stated before, no extra
margins have been applied to the predictions. This reveals that in
fact the 20GCR seems to be very conservative, at least in the cases
tested in this work.

Especially for large gaps, some FEST3D simulations yield a pre-
diction above the theoretical K rule bound. This in principle may
seem unrealistic, but remember that both the K2 and K bounds are
computed assuming parallel-plates, which is indeed the worst case. In
real structures, the effect of the non-homogeneous fields, finite geome-
try and high order modes contribute to increase the breakdown power
with respect to the parallel-plate approximation [SRA107]. FEST3D
takes into account all the previous effects, and that is the reason why
some of the predictions for large gaps lie above the theoretical upper
bound. In fact, this may be also the reason why, in the laboratory,
some of the samples did not exhibit a multipactor discharge up to
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Table 4.20. Experimental results for the Ku-band samples. Break-

down levels are given in power per carrier.

TypeGap Sg. Cd. | &1 &o D3 Dy (o1 Dg (o2 dg | F3 M1 M2
(mm) (deg) (W) (W) (W)
™ [ x 0 0 0 0 0 0 x| 475 59.6 586

6c QSn| x 0 0 180 180 0 0 x| 170 78 73

FR | - - - - - - - - | - 555 60
T [ x 0 0 0 0 0 0 x | 525 53.5 518
6n QSn| x 0 0 180 180 0 0 x| 788 89.5 89.5
014 FR | - - - - - - - o | - a9 485
: ™ 0 0 0 0 0 0 00 [ 294 30 30
8 QSn| 0 350 331 299 299 331 350 0 | 39.4 61.5 59.5

FR | - - - - - - - o o 32 32

P [0 0 0 0 0 0 00 [ 325 20 20
8n QSn| 0 180 180 0O 0 180 180 0 | 48.1 47.5 475
- FR | - - - - - - - - | - 305 207
T [ x 0 0 0 0 0 0 x [ 580 ND ND

6c QS | x 0 180 0 0 18 0 x | 700 ND ND

FR | - - - - - - - | 2 205 201

T [ x 0 0 0 0 0 0 x | 500 ND ND

6n QS | x 0 119 14 14 119 0 x | 80 ND ND
042 20 | x 0 252 255 255 252 0  x | 460 ND ND
: P [0 0 0 0 0 0 0 0 | 330 ND ND
8 QS | 0 107 275 109 109 275 107 0 | 640 238 238

FR | - - - - - - - o | - 164 162

™ 0 0 0 0 0 0 00 [ 315 ND ND

8n 20g | 0 127 133 132 132 133 127 0 | 490 ND ND

QS | o0 109 25 56 56 256 109 0 | 215 ND ND

™ [ x 0 0 0 0 0 0 x| 340 - -

6c QSn| x 0 0 180 180 0 0 x| 450 - -

FR | - - - - - - - - |- ~Dp nND

T [x 0 0 0 0 0 0 x [ 35 - -

6n QSn| x 0 0 180 180 0 0 x| 470 - -

2 | x 0 249 238 238 249 0  x | 450 - -

LP 0.64 P [0 0 0 0 0 0 00 23 - -
g QSn| 0 180 180 0 0 180 180 0 | 315 ND ND

20 | 0 238 237 238 238 237 238 0 | 355 - -

FR | - - - - - - oo | o 243 242

P [0 0 0 0 0 0 00 245 - -

8n QSn| 0 180 180 0O 0 180 180 0 | 320 - -

28 | 0 69 127 142 142 127 69 0 | 375 - -

™ [ x 0 0 0 0 0 0 x ] 220 - -

6o QS| x 0 0 180 180 0 0 x| 230 - -

2 | x 0 105 123 123 105 O  x | 225 - -

FR | - - - - - - - - |- ~p ND

T [ x 0 0 0 0 0 O ) S—

6n QSn| x O 0 180 180 0 0 x| 245 - -

e | x 0 62 13 136 62 0  x | 235 - -

BP 1.31 ™ [ x 0 0 0 0 0 0 x [ 190 - =
g QSm| 0 12 35 67 67 35 12 0 | 150 259 253

2s | 0 56 125 141 141 125 56 0 | 163 - -

FR | - - - : - - - | - 233 om

™ 0 0 0 0 0 0 0 T208 - -

8n QSn| 0 180 0 18 180 0 180 O | 185 - -

20g | 0 88 253 307 307 253 88 0 | 175 - -
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20GCR QS FEST3D Table 4.21.

Local error (dB) 2.68 1.2 1.42 Average prediction error

Global error (dB) 4.47 1.18 - for the prediction meth-
ods on the Ku-band
samples

the maximum available power, even if the K bound lay below such
maximum power.

4.5.6.4 Analysis of results

The average prediction error of all samples is presented in Table 4.21.
The local error of the FEST3D numerical tool is also included for
comparison.

The analysis of the errors indicates that the 20GCR shows a
considerable higher local and global error with respect to the QS
method. The latter shows very good figures for both of them. This
indicates that the QS method shows the best prediction performance
and, again, that the 20GCR is very conservative (more than 4 dB).

The local error of the FEST3D simulations show similar values
than for the QS method. This is because the designed samples are
waveguides with long irises in order to resemble the parallel plate
case as much as possible. With other more complicated geometries
involving fringing field effects, numerical full-wave EM solvers such
as FEST3D are expected to give more realistic results.

4.5.7 Conclusions

It is clear from the experimental results that the new QS prediction
technique offers better predictions than the 20GCR. This fact was
expected since the former uses a more sophisticated theoretical back-
ground based on multipactor physics. Moreover, for the prediction
the QS method considers the frequency scheme and the SEY curve
of the coating material for each specific case, offering more accuracy
and versatility with respect to the 20GCR.

Besides being more precise, the predicted breakdown power levels
of the QS technique are significantly higher than the ones provided
by the 20GCR. This is an important factor for the industry because
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this would allow increasing the operating power of the devices, thus
reducing the designs constraints and increasing the margins.
Finally, the QS method may use pre-calculated multipactor maps,
in order to predict the worst case without having to implement any
multipactor theory or use any multipactor numerical software.
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Chapter 5

General Discussion

The articles presented in section 4 constitute the core of the research
done in this Thesis. Basically, these papers cover, on the one hand,
the development of a new non-stationary theory for single and multi-
carrier signals, and, on the other hand, the proposal of a new pre-
diction method for multipactor in multi-carrier signals: The Quasi-
stationary method.

This chapter will attempt to give a conceptual overview of the
above articles, highlighting the differences with other theories, with
special emphasis on multi-carrier threshold prediction. The experi-
mental results of [AVGT12] will be revisited and discussed in a more
general framework.

5.1 Single-carrier theories

5.1.1 Classical multipactor theory

The classical theory of multipactor [GvE48, HW54, Vau88] covers the
particular case of two-surface multipactor in single-carrier regime on
infinite parallel plates. The classical theory assumes that the elec-
trons are emitted with a fixed and deterministic initial velocity. The
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In most cases,
the fields will
have local resem-
blance to those
of a parallel plate
geometry. This
is true at least
for rectangu-

lar waveguides

as [SRAT07]

demonstrates

5. GENERAL DISCUSSION

results may be extrapolated to real structures provided that the gap
is small compared to the rest of the device dimensions [SRAT07]!.
Basically, the classical theory analytically solves the electron equa-
tions of motion looking for resonance and electron growth conditions.
Fig. 5.1 shows the problem geometry and notation.

Figure 5.1.

Infinite parallel plate
problem geometry and
notation. Note that
since the electric field
and the electron charge
are negative, the force
on the electron is posi-
tive.

The equations of motion of an electron of charge —e and mass
at rest m,. between two infinite parallel plates located in x = 0 and
x = d are already given in [AVG'10] (Section 4.3), and are repeated
here for completeness. For an RF electric field of amplitude Ey and
frequency f (angular frequency w = 27 f), the acceleration exerted
on the electron is

med = eEysin(wt), (5.1)

where the RF voltage Vj can be expressed as Vy = Eyd.
The initial conditions at starting time ¢ = ¢4 are

xli=t, =0, Z|4=¢, = vo, (5.2)

From (5.1) the rest of the equations of motion can be easily de-
rived
& = vp + vy [cos(wts) — cos(wt)] (5.3)

x = [vg + v, cos(wts)|(t — ts) + %[sin(wts) — sin(wt)], (5.4)

where v, = eV, /(mewd).
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The time ¢; at which the electron reaches the opposite plate (z =
d) is then the least root of

d = [vo + vy, cos(wts)|(ti — ts) + %[sin(wts) — sin(wt;)]. (5.5)

The conditions for a multipactor discharge to occur are:

1. In order to achieve resonance, the primary and secondary elec-
tron travel phases must be equal and have a value of an odd
number of half-periods, i.e nw, where n = 1,3,5,7,... is the
multipactor modal order or multipactor mode.

2. The time or phase at which the electrons are released, must
be within a certain range in order to be synchronized with the
electric field (if the electron is released when the electric field
pushes it in the wrong direction, against the originating wall,
the electron will not depart).

3. The impacting energy (velocity) must be comprised between
W1 and Ws, which are the first and second cross-over energies
of the material SEY, respectively.

From condition 1 and (5.1), (5.3) and (5.4), the expressions for the
voltage amplitude, frequency, phase, and device gap can be derived.
Conditions 2 and 3 define the ranges of such quantities that initiate
a multipactor discharge.

There are two main families of classical theories, the constant-k
and the constant-v theories that are detailed next.

5.1.1.1 Constant-k theory

The constant-k was originally proposed by the first work in Multipac-
tor Theory made by Gill and von Engel [GvE48]. This theory fixes
the ratio between electron impact velocity v; and release velocity vg

Vi

k= (5.6)

vo

According to the first condition of multipactor, the electron start-
ing at phase ¢, = wts must arrive to the opposite plate, x = d, at
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a phase wt; = s + nm, being n the multipactor order. Substituting
(5.6) in (5.3) and taking into account that the RF voltage amplitude
is Vo = dEy, the expression of the impact velocity results

v; = 20, COS ;. (5.7)

k—1

Performing the same operation with (5.4), the amplitude of the
excitation voltage Vj can be expressed in terms of the other param-
eters as

(wd)?
Vo="—5+"" 5.8
0 (€/me)q)n’ ( )
and k1
o, = - + L VT COS s + 2sin ;. (5.9)

On the other hand, with respect to the second condition for mul-
tipactor, the maximum allowed departure phase @4, to assure res-
onance conditions is the one that minimizes (5.8), thus maximizing

(5.9):
Omaz = tan~! (:_ﬁ_ifﬂ) . (5.10)

Regarding the minimum starting phase, when the electron starts
with negative phase, the electric field pushes it against the originating
surface. Provided that the electron’s initial velocity is higher than
zero, the electron, after an initial backward movement may be able
to reach the opposite side. The minimum phase @, allowing the
electron to reach the opposite side is called the non-return point
which does not have an analytical expression and must be solved
numerically.

Finally, the third condition of multipactor imposes that the im-
pact velocity must be comprised between the first and second crossover
velocities of the surface material’s SEY, v; and vg, respectively (which
relate to the cross-over energies W; and Wy as W = %%vz eV).

Note that (5.8) is expressed as a function of the fd product.
Therefore, the combination of fd, Vp and g, that leads to a mul-
tipactor discharge can be represented in multipactor susceptibility
regions, in a Vy versus fd plot. This kind of representation was
first introduced by Hatch and William’s work in [HW54] for the first
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multipactor mode (n = 1), and extended later in [HW58] for higher
modes. Fig. 5.2 shows generic Hatch and William’s curves for the
first eleven modes. The boundaries A-D and B-C for the first mode
correspond to the maximum and minimum allowed emission phase,
whereas the boundaries A-B and C-D correspond to the impact en-
ergy and SEY equal to 1 condition. The region inside A-B-C-D is
the multipactor region for the first mode. The same applies for the
others. The contour lines represent the different values of the SEY
inside the regions, which depend on the impact energy, given by (5.7),
and are always higher than 1. The Vaughan SEY model [VMW T 05a]
with ECSS silver [EST03] has been used.

Figure 5.2.

Hatch and William’s
chart for the first
eleven modes  with 10°F
k = 5 and first and :
second crossover ener-
gies W1 = 30 eV and
W2 = 2000 eV. The
contour lines represent Sl
the different values of
the SEY, for ECSS r
silver, according to the il N
impact energies given
by (5.7).

Voltage (V)
[
ow
T

f 0 d(GHz mm)

The Hatch and William’s curves can fit the experimental multi-
pactor results for any material by adjusting the parameters, k, Wy
and Ws. Hatch and William’s curves have become the ESA / ESTEC
standard multipactor susceptibility charts, since they show high flex-
ibility to best fit the experimental data. Woode and Petit in [WJ89],
performed a multipactor study, fitting the Hatch and William’s curves
to experimental data on rectangular waveguides and diverse material
coatings, corroborating the latter conclusion. Fig. 5.3 shows the sus-
ceptibility curve for silver where the parameters k£ and W; have been
chosen to fit the experimental data.

The parameter fitting done by Woode and Petit to match ex-
perimental results is a very useful tool for predicting the breakdown
threshold, but is physically incorrect, since it is unnatural to change
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10000

Figure 5.3.
Woode and Petit’s fit
of Hatch and William’s
chart for Silver, extrac-
ted from [ECS].

1000

Voltage(V)

100

1 2 345 10 20 30 100 200

F-d(GHz-mm)

the SEY properties of the material at will at each fd in order to
match the results. In addition, a prediction tool that needs experi-
mental data to work is a contradiction, for a prediction tool should
allow for avoiding testing.

5.1.1.2 Constant-v theory

In [Wac64,Vau88], the constant-v theory is proposed as an alternative
to the constant-k theory, with the more realistic assumption of a
monoenergetic nonzero initial velocity vg. Using (5.3), (5.4) and the
first multipactor condition, the expressions for the impact velocity
and the rf peak voltage expressions can be derived in the same way
as done in the constant-k theory case, yielding

v; = 20y, COS s + Vg (5.11)
and
Vo = me wd(wd—nm‘)o) ’ (5.12)
e M cos ps + 2sin @g
respectively.

Note that expressions (5.11) and (5.12) for the constant-v theory
are very similar to (5.7) and (5.8) for the constant-k theory. Indeed,
both theories are equal for the special case of infinite k or zero initial
Q-

The limiting starting phases are calculated from the second con-
dition of multipactor in the same way as the constant-k theory. The
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maximum @,,e, s the one that minimizes (5.12) and is equal to

Omaz = tan~! (2> ) (5.13)
nm
And the minimum phase, @i, corresponds to the non-return point
which must be calculated numerically.

The multipactor regions can be also plotted in a Vy versus fd
graph from (5.12).These are shown in Fig. 5.4.

10° —

Figure 5.4.

Constant-v multipactor
chart for the first eleven 10°F
modes and energies E
Wo = 1.5 eV, W1 = 30
eV and Wy = 2000
eV. The contour lines
represent the different Sl
values of the SEY, for 10?
ECSS silver, according
to the impact energies
given by (5.11).

Voltage (V)
=
wa

=
T T

PR " " PR | " " PR
10 1 10 100
f O d (GHz mm)

The constant-v theory yields very similar regions compared with
the constant-k one. However, It can be observed that the lower and
upper multipactor boundaries are not parallel as in the constant-k
theory but instead get narrower for increasing fd.

5.1.1.3 Extended resonance conditions: hybrid modes

In [Gil92], Gilardini shows theoretically the existence of a more gen-
eral solution to the equation of electron motion (4.26) in order to
achieve multipactor resonance in parallel plates. In contrast with
the classical theory for the two-surfaces multipactor, in which the
one-way transit time of one electron has to be an odd number of
half-cycles, this solution implies that the two-way transit time of the
electrons must be an integer number of field cycles, i.e. 11 +1po = 2¢m,
where ¥; and ¥y are the primary and secondary adimensional tran-
sit times (expressed as ¢ = wt) respectively and ¢ = 1,2,3,...This
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condition is more general than the classical one, since primary and
secondary transit times can be different.

The new condition is equivalent to the classical one if ¢, = ¥y =
nm, where n is an odd integer, and ¥; + ¥9 = 2nm = 27, 67, 10m,...
which is covered by the general multipactor condition for odd g¢.
Therefore, the new modes are those with even g, where ¥ + 19 =
2qm = 4m,8m,12m,... For that reason, Gilardini calls them even
modes. Solving the multipactor equation for even modes and rep-
resenting them in a Hatch and Williams graph, they are found to
have a very narrow multipactor zone located between the transition
of classical odd modes, as shown in Fig. 5.5.

Figure 5.5.
Hatch and William’s
susceptibility curves

with even hybrid modes.
Only the lower bound-
ary is drawn. Even
hybrid modes (even q)
are intercalated among
the main modes (odd
q) filling the disconti-
nuities of the overall

Vv

i . . i . s .
200 250 200 s 400 500 o susceptibility region.
F (MHz-cm)

On the other hand Kryazhev proposes in [KBST02] a hybrid res-
onance theory which is a generalization of the new modes discovered
by Gilardini. Kryazhev extends this condition not only to the two-
way transit time, but to p-way transit time, where p is the order
of the periodicity imposing only that the accumulated period has to
be a multiple of 7 or 27 if p is odd or even respectively. The hybrid
modes have a very narrow multipactor region located in between main
multipactor modes.

Recently, new Ping-Pong resonance modes have been proposed
in [Kis12]. These special modes combine a single-surface interaction
with a consecutive two-surface interaction. These resonances produce
a multipactor discharge if the electrons produced in the two-surface
interaction compensate the electron losses in the single-surface one.
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These modes are present at low values of fd and high voltages and,
therefore, produce a broadening of the multipactor regions of such
areas.

5.1.1.4 Phase focusing

The second condition for multipactor stated by Gill and Von En-
gel implies that, when applying a certain RF field to the electrodes
with certain field strength and frequency, there has to be at least one
initial electron with the right starting phase in order to initiate mul-
tipactor. Gill and Von Engel justified that, since their experiment
was carried out with low pressure gases, there was enough sources of
free electrons in order to assure the existence of at least one electron
in the whole range of valid phases [GVE48]. However, this seems not
very reliable, even more when multipactor has been indeed observed
in vacuum conditions where the source of free electrons is limited.
The explanation comes from the stability of the electron motion or
the phase focusing effect, which is the trend of the electrons with
small errors in the departure phase to converge to the equilibrium
one. The phase focusing effect allows for electrons with a wrong de-
parture phase, but close enough to the right one, to participate in
multipactor. Phase focusing is one of the stability mechanisms of
multipactor and it is detailed in [Vau88, Gil95, She03].

The G factor is defined as G = gif, were 1 and @9 are the
departure phase of the primary and secondary electrons, respectively.
Thus, the condition for the electron motion to be linearly stable is
[Vau88, Gil95]

|G| < 1. (5.14)

In [KBST02] a more relaxed condition of stability is presented, in
which unstable regions may develop a discharge if the SEY is large
enough to compensate the electron debunching. This simply means
that

|G| < o, (5.15)

where o is a particular SEY value.
Shemelin presents in [She03] a generalized theory of phase sta-
bility, or phase focusing, which justifies some of the discrepancies
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in the definition of the multipactor boundaries for each mode be-
tween theoretical Hatch and William’s curves and experimental re-
sults. Shemelin establishes that, in order to achieve multipactor,
the starting phase of electrons must either converge to an equilib-
rium value (classical phase focusing) or vary in time with a periodical
structure, provided that the resonance condition and minimum im-
pact electron velocity conditions are satisfied for both cases. Fig. 5.6
extracted from [She03] shows two different evolutions of the start-
ing phase of an electron which is released with some phase error for
two different points in the multipactor susceptibility chart. Both are
stable, but in the first, point A, the phase converges to an equilib-
rium value due to the phase focusing effect (5.14), while in the second,
point B, the phase does not converge but follows a periodic structure.

2 T T T 1

\ point "4" 19'" wuint "B " tﬁ-
! ) ol

oL \i,\km N et WALS&@M\ZW@X by M“&W%m

L

a I I I I 2 ! I L L
0 2 4 6 8 10 0 20 40 60 80 100
1, number of the flight 1, number of the flight

Figure 5.6. Example of two electron phase evolution for the
two cases of the generalized phase stability proposed by Shemelin
in [She03]. Extracted from the same paper.

Therefore, the phase focusing effect explains the existence of a
multipactor discharge when the source of electrons is finite, but on
the other hand implies and additional condition for the multipac-
tor discharge. The electrons must be in resonance, with the right
starting phase, with the right impact energy and, in addition, in a
region of phase stability. This produces even narrower multipactor re-
gions which are completely against experimental evidences that sug-
gest broader multipactor region with much softer transitions [HW58].
Fig. 5.7 shows the stable regions (strictly speaking |G| < 1) of the
first eleven modes for the constant-k and constant—v theories. The
stable regions represent a very narrow area compared to the complete
multipactor regions. There are little differences between the two the-
ories, being almost perfectly aligned at the bottom of the regions but
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showing a different slope for increasing f x d.

10t H— ¢©

Figure 5.7.

Multipactor stable re-
gions (|G| < 1) for
constant-k (with K =
5) and constant-v (with
initial energy of 1.5 eV)
theories. 102

10°

Breakdown Level (V)

f x d (GHzmm)

5.1.2 Statistical Multipactor theories

The classical theories, and all their derivations, provide a simple
mathematical model for the multipactor process. These theories are
very illustrative and help to understand conceptually the dynamics
of the electrons in a multipactor discharge. However, they have some
limitations due to excessive simplifications. The multipactor sta-
ble areas are narrow in excess and present large discontinuities that
have been not observed in laboratory [HW58]. On the other hand
the threshold computed with classical theories (both constant-k and
constant-v) matches experimental results only for the first multipac-
tor order, presenting a shift of all other regions to lower voltages.

The reason for these limitations is the assumption of a determin-
istic emission velocity, although the emission velocity is known to be
random in nature with a certain distribution.

The statistical theory departs from the one-dimensional equations
of motion of the classical theory presented in section 5.1.1, but as-
sumes that the initial velocity for secondary electrons is a random
variable with known probability density function.

The same as done in Section 4.3.3.1. The equations (5.3) and (5.4)
are normalized dividing by v, /w and rewritten with the following
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notation
E=wz/v,, @=wt ps=uwl,
oi =wty, u=10vy/vy, \=wd/v,, (5.16)
where v, = ﬁfﬂ), yielding
(@, s, u) = (u+ cosps)(p — ¢s) + sin s —sin . (5.17)

The phase ¢; = wt; at which the electron impacts with the oppo-
site side is the least root of equation (5.17) setting & = A

A = (u+ cosps)(p; — @s) + sin g — sin ;. (5.18)

Equation (5.18) establishes the condition for an electron to reach
the opposite plate £ = A at phase g;, starting with phase ¢, and
initial velocity wu.

The subtle change of considering u as a random variable implies
a complete different treatment of the problem. Instead of having
deterministic results, statistical theories will yield a rich set of prob-
abilities and averages of different quantities related to multipactor.
In the classical theories, electrons are always released with the same
fixed velocity, which implies that for a given starting phase they will
always follow the same trajectory and will impact against the oppo-
site surface always in the same transit time. On the contrary, within
the statistical theories, electrons have random emission velocity and,
therefore, they may follow one trajectory or another with different
probability.

Fig. 5.8 below depicts this new situation. In the present example,
one electron is released at a phase ys. Four possible trajectories
are plotted for four different emission velocities v1 > vo > vg > vy.
We can see that, for the first three emission velocities, the electron
reaches the opposite plate located at £ = A in three different transit
times 7 = @; — @s. For the lowest emission velocity, it does not even
reach it and impacts back against the starting surface.

The probability density function of the emission energy for sec-
ondary electrons is known and reported in [FP02, CCFT04, Gre02].
The dynamics of secondary electrons depend on their nature, i.e, if
it is a true secondary, elastically or inelastically backscatered elec-
tron. For simplicity, the statistical theory assumes that all secondary

162



5.1. Single-carrier theories

Figure 5.8.

Electron trajectories
with  random initial
velocity. Depending
on the initial velocity
the electron reaches

the opposite plate at »
different instants or it
impacts back to the
emission surface. P

electrons belong to the true secondary species and therefore have an
unique probability density function for all of them. This is a reason-
able approach since the true secondary electrons are dominant for the
most part of the impact energy range, except for the very low energy
region (few eV), where elastic collisions are more frequent.

5.1.2.1 Stationary theory

In this section, the single-carrier two-surface statistical multipactor
theory for parallel-plates, developed by Vdovicheva et al. in [VSS04],
is reviewed with some detail. There are extensions of this theory deal-
ing with dielectrics [SSBT05] and 2D motion in waveguides [SSVO08],
although the core of the theory is full-contained in the parallel-plates
case.

The word ”stationary” is not present in its original publication,
although it has been included in this review in order to differentiate
it from the non-stationary theory presented in this Thesis [AVG ™10,
AMV*11] (See Sections 4.3 and4.4). Concretely, the stationary ad-
jective has been included because this theory assumes that, after
many interactions, the electrons have enter in a stationary resonance
in which the phase distribution of emitted electrons is invariant inter-
action after interaction. We will discuss this with some more detail
next.

The statistical theory is constructed around the joint probability
density G(7|ps; A) which represents the probability density function
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of the transit time 7 between plates separated A of an electron released
at phase ;.

Therefore, they key point in this theory is the construction of
G(T|ps; A) given the equations of motion of (5.18) and the probabil-
ity density function of w, namely f,(u). There are some analytical
approximations of f,(u) in literature. Any of them could be applied
in this theory. One of the most common is the Maxwellian distribu-
tion, which has been used mostly in this Thesis,

2 2.2
uY u“v
fu= T;GXP(—W?)' (5-19)

According to the theorem of transformation of Univariate Ran-
dom Variables [DEGLO08], of the statistical theory, if X is a random
variable with probability density function fx(z) and Y is a random
variable which is a function of X, such as Y = h(X) and h is mono-
tonic, the probability density function of Y can be expressed as

-1
fr(y) = ]dhdy(y)] (@) (5.20)

Now, taking the analogies u = X and 7 =Y, G(7|ps; A) can be
expressed as:

vy |d9(Tles A)
Glrlpei) = |07
where u = ¢(7|ps; A\) must be a monotonic function which express
u as a function of 7. The function g(7|ps; A) can be easily derived
from (5.18), where the non-monotonic regions must be removed. See
[VSS04, AVG'10] or Section 4.3 for more details on this operation.
Now, let us introduce another definition. ®(ps) represents the
probability that an electron is released at starting phase ¢g, @s €
[0, 27]. Such a probability depends on the emission velocity distribu-
tion, the transit time and secondary emission yield of all previously
emitted electrons. In general, ¢s is a non-stationary process, i.e.
starting from a given initial distribution at t = 0, ®(ps) changes
with time (see section 4.3.3).
Based on the previous definitions of G(7|ps;A) and ®(ps),
Vdovicheva defines a set of parameters which characterize the sta-
tistical behavior of the multipactor discharge. These parameters are

Fulg(Tlos; A)), (5.21)
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Table 5.1. Statistical definitions.

Probability of impacting
against the opposite wall with
a transit time 7, for an electron
with starting time @5

G(7lps; A)

Probability that an electron is
emitted at starting phase @

(I)(SOS)

Secondary Emission Yield for
an electron emitted at starting
phase ¢, and reaching the op-
posite wall in a transit time 7
(deterministic value)

o (T]ps; A)

Probability that an electron
emitted at starting phase s
impacts with opposite wall

plps, A) =[5~ G(Tlws; A)dr

Fraction of electrons (emitted
in one period of the rf signal)
impacting with opposite wall

NA) = [T dps®(s) [° Glr]s; A dr

Effective coefficient of sec-
ondary electron emission

gepr(N) =

500 JoT des®(s) 57 Gllos; Mo (Tlps; Ndr

Fraction of electrons (emitted
in one period of the rf signal)
generated in the opposite wall

n(N)aerr(N)

summarized in Table 5.1, see [VSS04] for a detailed mathematical

analysis.

Note that o(7]ps; A) has a deterministic value and can be easily
calculated from the impact energy [using (5.3) with normalized units]
and applying one of the available SEY models in literature. The
condition of the multipactor discharge is no.ry > 1, which means
that the number of created electrons is higher than the number of

impacting electrons.
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The definitions of Table 5.1 constitute the basis for the statistical
analysis.

In order to calculate ®(yps), Vdovicheva makes two relevant as-
sumptions which simplifies the problem but also limits the range of
application of the theory:

1. The multipactor process is stationary. After a number of in-
teractions (1), only the electrons emitted at favorable phases
multiplicate, and therefore the distribution ®;(¢s), converges
to a stationary phase distribution,

lim D;(ps) = Pgr(ps).
=00

2. The electron population does not variate in time, thus there
is no exponential growth nor absorption. This implies that

NOeff = 1.

Next, Vdovicheva find the relationship between the phase distri-
butions of two consecutive interactions [ and [ — 1 and applies the
above assumptions. The condition of stationarity implies

D;_1(ps) = Dy(mod (ps + m; 27)). (5.22)

Here, mod(a,b) stands for the modulo operator (or remainder of
a/b). Note that two consecutive interactions occur at opposite plates
and reversing normal emission direction. Therefore their phases are
related by a relative shift of 7 radians.

Finally, adding the condition stable population no.s; = 1, the
following equation is derived (see [VSS04] for a detailed analysis).

27
Dy (ps) = ; K (ps]@l; \)®se(mod (¢, + 3 2m))dey,  (5.23)

where

K (psl@; M) ZG — @y + 2mn|ps; N)o(ps — @ + 2mnlps; N).
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Rearranging the limits of integration, (5.23) can be rewritten as

Dyt (ps) =
(5.24)

a [T K (ps] mod (¢, + m;2m); \) By () del,

which has the form of a homogeneous Fredholm equation of the sec-
ond kind and can be solved with standard numerical techniques. The
scalar « is equal to (noesf) ™! and has been added with respect to the
original formulation of Vdovicheva. This term can be easily derived
from the Vdovicheva’s development but, since the author imposes the
condition of stability (no.rs = 1), it dissapears in its definitive form.
We will keep it here, since it renders the equation (5.24) valid also
for a resonant situation with an exponential growth of the electron
population (noers > 1). A similar approach is adopted by a later
work of Sazontov et al. in [SSV08], where the exponential growth is
defined equivalently as exp(y) = no.ff.

The solution of (5.24) yields the minimum characteristic value
amin (and the associated probability density function ®g ) which
depending on its value defines the criterion of multipactor discharge.

® Qpin > 1. This means that no.ry < 1, the electrons are ab-
sorbed, and therefore there is no multipactor discharge. Since
there is not any favorable phase distribution for multiplica-
tion the assumption of stationarity is violated rendering @ ,min
meaningless.

® Qpin = 1. This implies that no.sr = 1 and the electron popu-
lation remains stable. This solution sets the threshold for the
multipactor breakdown. the stationarity condition is fullfilled
and Dy min is the solution of the phase probability density.

® pin < 1. There is a multipactor discharge with exponential
electron growth (noess > 1). Pt min is the solution of the phase
probability density.

The solution of (5.24) allows plotting the multipactor breakdown
regions in fd versus V charts, yielding much more realistic curves
than the classical theory. See the example of Fig. 5.9, for emission
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velocity distribution of (5.19) with electron emission energy of 1.5 eV,
the SEY model of [VMWT05a, AVGT07] and ECSS silver parameters
given in [ESTO3].

Voltage (V)

Figure 5.9.

Comparison of multi-
pactor boundaries com-
puted with different the-

s ories. Experimental
— Classical theory | 1 .
— Statistical Theory| ] data from [WJ89] has
« Experimental been added.
M| L L PR |
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Therefore, the stationary statistical theory presented by
Vdovicheva sets an excellent framework for the Multipactor statis-
tical theory although it has some limitations:

e First, according to Vdovicheva’s initial work in [VSS04], the
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theory is only able to determine the existence or not of mul-
tipactor discharge, but it is not able to predict the speed
of growth of the discharge in time. A further development
in [SVBT03, KLS"08] gives the expression for the exponential
growth at each interaction, but it does not give any information
about the periodicity of the interactions in time.

On the other hand, this theory does not model exactly the
polyphase multipactor as [VSS04, KLST08] claim, since it only
takes into account double surface impacts (the electron is re-
leased from one plate and impacts against the opposite one).
The eventual single surface impacts are neglected, which is
equivalent to assume that the impact energy of all single surface
impact yields a SEY equal to 0.

Finally, since the theory assumes stationarity, it is not valid
for modelling electron absorption rates at regions below break-
down.
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5.1.2.2 Non-stationary theory

The non-stationary theory is the core of the theoretical development
of this Thesis and has been already published for both single and
multi-carrier signals in [AVG110] and [AMV*11], respectively. Such
papers have been included in this Thesis in Sections 4.3 and 4.4,
respectively. Please refer to them for a detailed theoretical analysis.

The non-stationary theory belongs to the statistical theories and
shares some of the formulation with the stationary one. More specif-
ically, the derivation of the G(7|ps; A) function, referred as Transit
Time Probability Distribution (TTPD), is similar and constitutes the
core of both theories.

However, the non-stationary theory has some differences with re-
spect to the stationary one which implies some advantages:

e It generalizes the TTPD function to cover both single and two-
surface interactions. It allows the non-stationary theory for in-
corporating single surface impacts within the multipactor pro-
cess which can not be done with the stationary one.

e It extends the time window from one period of the envelope,
as the stationary theory does, to infinity. This removes the
stationarity from the problem and allows modeling other than
stationary multipactor processes. For example, the stationary
theory can not model the rate of absorption of electrons below
the multipactor threshold, whereas the non-stationary theory is
able to do it. As a counterpart, this change in time span implies
that, instead of solving a single Fredholm integral equation as
in the stationary case, a Volterra system of equations must be
solved. There is a slight increase in the problem complexity,
but it is not significant if solved numerically as it is done in
most real cases.

e The non-stationary theory has been successfully formulated for
the multi-carrier case, being the first full theory for multipactor
in multi-carrier signals. The stationary theory could also be
reformulated to the general multi-carrier case, although the lack
of single surface interactions in the theory might not render it
suitable for such cases.
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e The non-stationary theory offers a set of indicators that better
characterize the time dynamics of the multipactor phenomenon
than the stationary case, including rate of impacts, instanta-
neous SEY and instantaneous multipactor order.

Compared to the stationary theory of Section 5.1.2.1 | the non-
stationary theory renders more precise single-carrier multipactor
boundaries thanks mainly to the inclusion of single-carrier impacts.
See the example of Fig. 5.10, for emission velocity distribution of
(5.19) with electron emission energy of 1.5 eV, the SEY model of
[VMW05a, AVGT07] and ECSS silver parameters given in [ESTO03].
The non-stationaty theory match better the numerical results com-
puted with commercial FEST3D [FES] than the stationary one, spe-
cially for the upper boundary of the multipactor first-order region
where high fields increase the rate of single-surface interactions.

104

Figure 5.10.

E Stationary  vs  non-
stationary comparison.
Numerical simulations
done with FEST3D
software have been also
included.
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5.1.3 Single-carrier prediction

In practical situations, the purpose of every multipactor theory is to
be able to provide accurate predictions of the threshold power in order
to design multipactor-free components and avoid the need of testing
following a try-and-error basis. The uncertainty in the predictions
makes necessary the imposition of some design margins in order to
ensure that the device is multipactor free. The higher the uncertainty
of the prediction tool, the higher the necessary margins are.
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Figure 5.11.
Classical theories are
plotted against station-
ary and non-stationay
statistical theories. Ex-
perimental values are
also shown.
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Regarding the single-carrier theories, the classical theories
(constant-k and constant-v) provide accurate prediction only for the
first multipactor mode. For the rest of them, the stability condition
produces extremely narrow regions which are not in agreement with
experimental results. Furthermore, the lowest part of the regions is
overally down-shifted with respect to the experimental results. On
the contrary the statistical theories match reasonably well the exper-
imental results for all multipactor orders. The statistical theories do
not show such discontinuities between regions but rather a multipac-
tor region spread producing overlap and a smooth transition between
regions. The non-stationary boundary is slightly more precise than
the stationary one due to the inclusion of single-carrier interactions.

5.2 Multi-carrier theories

There was little previous work in literature about multi-carrier sig-
nals. In fact, there was not a complete theory dealing with mul-
tipactor in multi-carrier signals up to the development of the non-
stationary theory in this Thesis. Due to the lack of a reliable theory,
Industry made an effort to roughly characterize multi-carrier dis-
charges using the single-carrier theory and making very simplistic
assumptions. The result was some simple rules for predictions: Peak
power rule and p-gap-crossing rule (see Section 2.4.3.1). These rules
provide very inaccurate predictions which are compensated by large
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margins in the design. These margins render these rules safe but
conservative in excess with the related increase in mass, size and cost
budgets. This Thesis provides a new multipactor theory for multi-
carrier signals: The non-stationary theory. Such a new theory is able
to accurately predict multipactor behavior under arbitrary signals
which allows for predicting multipactor in multi-carrier components
with a higher degree of accuracy with respect to the previous sim-
plistic approaches.

5.2.1 Peak power

This rule is very simple. If the the peak voltage of the multi-carrier
signal is higher than the single-carrier multipactor threshold (com-
puted with any of the existing prediction techniques in single-carrier
signals), there is multipactor. For a multicarrier signal of K carriers
with amplitudes V;, i = 1,2, ..., K, the peak voltage is simply

K
V,=> Vi (5.25)
i=1

In terms of power, the peak power becomes

v (57

For equal amplitude carriers, V; = Vg, and P, = Fy, Vi, it finally
becomes, V,, = KVj and P, = K 2Py. Hence it is also called the K?
rule.

2
. (5.26)

One open question in this rule is what reference frequency should
be taken for the single-carrier threshold computation. Usually, the
lowest frequency of the train of carriers is taken in order to be even
more conservative [EST03], although, according to [AMV™11] (see
Section 4.4), it would be more reasonable to take the center frequency
instead.

This rule disregards completely the possible phase combinations
of the carriers within the multi-carrier signal. As already mentioned
throughout this Thesis, the phase combination determines the shape
of the envelope. The peak power rule assumes the highest level of
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the envelope, corresponding to the peak voltage, and hence it con-
straints the multi-carrier signal to be always below the single-carrier
threshold. It therefore represents the worst possible case, being the
most conservative rule of all existing ones.

5.2.2 20-gap-crossing rule

The 20-gap-crossing rule belongs to the family of the p-gap-crossing
rules. The same as the peak power one, these rules take the single-
carrier threshold as a reference and assume that, when the multi-
carrier envelope is above such a limit, there is multipactor, and below
it, there is not. The difference is that the p-gap-crossing rules consider
that the multipactor discharge is not instantaneous and that it needs
some build-up time. Therefore, these rules allow the multi-carrier
signal to be above the single-carrier threshold for some amount of
time before the discharge takes place. The time that the envelope
can exceed the threshold is measured in number of gap-crossings or
interactions of electronic bunch with the surfaces of the device. This
is what the p of the name stands for. For instance, the 5-gap-crossing
rule, p = 5, establishes that there will be multipactor only when the
multi-carrier envelope is above the threshold for a time equivalent to
5 electron gap crossings. Therefore, in this case it is assumed that 5
electron interactions are enough to produce a multipactor discharge.
The p-gap-crossing rules imply a relaxation with respect to the peak
power rule, which can be considered equivalent to a 0-gap-crossing
rule (since it does not allow the signal to be above the single-carrier
threshold for any time).

The classical multipactor theory is used to determine the length
of the interval above threshold necessary to have p interactions
_pn
=5F
where n is the multipactor order and f is the single-carrier frequency.
The same as the peak power rule, the lowest frequency of all carriers
is usually taken as a reference.

The key question in these rules is what number of gap-crossings
is necessary to have a multipactor discharge. There are not scientific
evidences to establish a fixed number as an universal criterion. In-
dustry uses one number p or another based on own experiences and

T, (5.27)
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depending on the safety margin that one wants to apply. Therefore,
different criteria are used for each particular case, ranging from p = 4
to p = 20.

The 20-gap-crossing rule has become popular because it comes
from a study done in ESA/ESTEC [MMS*97] that fixes the number
of gap-crossings to p = 20 based on numerical simulations and some
experimental tests.

Even if no theory or strong evidences justify such a number, for
practical considerations, the 20-gap crossing rule has been widely
adopted because it is thought to be conservative in all cases [WSS00].
However, there are not evidences that this is always true. For exam-
ple, in Mader [MPD*03], the 20-gap-crossing rule has been employed
in simulations of 3D complex structures and experimentally tested,
showing, in this case a good agreement but highlighting that the 20-
gap-crossing prediction yielded a higher breakdown power than the
test result. This is one case in which the 20-gap-crossing rule is not
conservative.

In fact, the 20-gap-crossing rule is based exclusively on numer-
ical simulations of a limited number of multicarrier signals, with
only in-phase (or zero phase) schemes. The experimental results
of [MMS*97] did not contradict the rule, but as the authors say:
”Moreover, experimental data are only available for 1st and 3rd or-
der multipaction gaps. It would be advisable to test larger gaps before
adopting the above rule in the design of components”. Until the be-
ginning of this Thesis, no other experimental results had verified yet
the validity of the 20-gap-crossing rule. For example, experimental
results of [GW96] yield a minimum number of gap-crossings of 38
instead of 20.

From a physical point of view, it does not seem logical to estab-
lish a fixed number of gap crossings as a multipactor criterion for all
situations, since depending on the impact energy or material SEY
more or less secondary electrons could be produced. Also, more vari-
ables come in play if also considering accumulation effects between
consecutive periods of the multi-carrier envelope.

The p-gap-crossing rules have an implication on the envelope. In
fact, the breakdown voltage or power is computed by setting the
length of the main lobe of the envelope to T), from (5.27), with a
height equal to the single-carrier threshold. This is usually done by
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optimizing the phases of the multi-carrier signal (with some kind
of algorithm) in order to conform the envelope to a square shape
[ECS]. An alternative is to use approximated boundary curves such
Angevain’s [ADDMO09] and Wolk’s [WSS00] ones, which also consider
the multi-carrier envelope as a square signal.

On the other hand, the multi-carrier envelope is periodic with T,
period and is theoretically bounded by two limits: the peak voltage
and the average voltage (or peak power and average power). Fig.
5.12 shows an example for eight carriers.

I

=== Angevain (bound)

- — In-phase

Peak limit - - Triangular
- Arbitrary

Figure 5.12.
Example of  multi-
carrier signal envelope
for the case of eight
carriers, with a uniform
frequency separation of
Af =50 MHz.

o N . \ b .
3 b ! - B . . § - |
7 ; - T - .

Multicarrier envelope (V)

Time (ns)

Note that the value of T}, given by (5.27) depends on the multipac-
tor order n and the single-carrier reference frequency f and that, on
the other hand, the period of the envelope T, depends exclusively on
the differences between the frequencies of the carriers (see [AMVT11],
Section 4.4). Therefore, for a fixed p, the ratio T},/T, varies for each
different case. There are two limit cases:

o If T},/T. ~ 0 the envelope resulting from optimization will be a
in-phase one with a maximum value equal to the peak voltage
value. In this case the p-gap-crossing rule is equivalent to the
peak power rule and it is most conservative case.

o If T},/Tc > 1 the result will be an almost flat envelope or con-
tinuous wave (CW) (depending on the number of carriers) with
a value close to the average voltage value. In this case the p-
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gap-crossing rule represents the more optimistic case and the
less conservative one.

As an example, let us consider the popular 20-gap-crossing rule
and evenly spaced multi-carrier signals with A f separation, for which
T. has a simple expression T, = 1/Af. For a reference frequency for
single-carrier of say 10 GHz (the frequency of the first carrier) and a
device gap of 1 mm, the multipactor order will be of n & 7 for typical
materials. According to (5.27) this implies a Thy = 7 ns. now consider
two cases in which the carriers are separated Af = 10Mhz and Af =
200M hz, respectively. The period of the envelope will be different
with T, = 100 ns and T, = 5 ns, which implies a Ty/T, = 0.07 and
To0/T. = 1.4. Therefore, in the first case, the 20-gap-crossing rule
will yield a result similar to the peak power rule and in the second
case it will yield a much more optimistic case close to the average
voltage value. Fig. 5.13 shows the signal optimization according to
the 20-gap-crossing rule for the two cases.

Multicarrier envelope (V)
Multicarrier envelope (V)

Time (ns) Time (ns)

(a) Af =10 MHz. (b) Af =200 MHz.

Figure 5.13. Example of multi-carrier signal envelope for the case
of fifteen carriers. Two different frequency separations are used. The

phases have been optimized in both cases to fit the 20-gap-crossing
rule.

For the special case of K carriers with equal separation A f

Ty Af
being a function of solely n and Af/f.
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As stated above, values of Tyg/T, > 1 correspond to the CW
case, whereas values obeying Thy/T. < 1/K will yield in-phase op-
timizations. With (5.28) and applying such limits, an illustrative
20-gap-crossing rule prediction map can be computed, as shown in
Fig. 5.14. Colored area represents the CW region. All multi-carrier
signals with Af/f and multipactor order n inside this area will have
20-gap-crossing rule predictions tending to a flat envelope. In turn,
the different lines represent the in-phase limit for different K. Signals
below such limit will have 20-gap-crossing rule predictions equal to
the peak-power or in-phase cases.

Therefore, this map can be used to classify what kind of prediction
is going to yield the 20-gap-crossing rule for each specific case: a CW
prediction or a peak power one.

An interesting conclusion is that a p-gap-crossing rule, no matter
the value of p, can represent sometimes the worst case or sometimes
the most optimistic one, depending on the combination of frequencies
and device gap of each real case.

0.040
. 0.035 W

Figure 5.14. . 0.030 9 carriers
Map of 20-gap-crossing ’ 4 .

L 0025 carriers
rule predictions. It rep- b . 8 carriers
resents the ratio T0/7e “~ 0.020 f;
for different combina- < 0.015
tions of parameteres. 0.010
CW (colored area) and 0.005 b
in-phase limits (lines) 0.000
are represented. 0

multipactor order

5.2.3 Non-stationary multi-carrier theory

The non-stationary theory for multi-carrier signals presented in this
Thesis [AMV™11], Section 4.4, is a generalization of the original non-
stationary one which is also part of this work [AVG110], Section 4.3.
The Non-stationary multi-carrier theory is the first theory which is
able to fully characterize the multipactor phenomenon for a com-
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pletely arbitrary multi-carrier signal. The whole theory has been
already presented and covered in 4.4. For more details on the theory
please refer to the aforementioned Section.

The same as its single-carrier predecessor, the non-stationary the-
ory for multi-carrier signals considers both two-surface and single-
surface events and it is able to reproduce the electron generation and
absorption above and below the breakdown threshold. Hence, this
theory is able to accurately reproduce the electron growth during the
”70On” and ”Off” intervals of the multi-carrier envelope.

5.2.4 Quasi-stationary theory

The quasi-stationary theory is a simplification of the electron dy-
namics in a multi-carrier discharge. The electron growth and ab-
sorption during the period of the multi-carrier envelope are approxi-
mated by a sophisticated model which is based on the single-carrier
non-stationary theory.

The Quasi-stationary theory takes the center frequency of the
train of carriers as a reference instead of the lowest one. As pre-
sented in [AMV*11] (see Section 4.4), the instantaneous frequency
of the multi-carrier signal oscillates periodically around the center
frequency. In addition, it can be demonstrated that the instanta-
neous frequency of a multi-carrier signal of equally spaced carriers
and zero-phase (in-phase carriers) is constant and equal to the center
one (see Appendix B).

Compared to the nonstationary multi-carrier theory, the quasi-
stationary one is also able to model the electron population during the
period of the multi-carrier envelope, although is less accurate, since
it makes some approximations. In practice, both multi-carrier and
quasi-stationary theories must be solved numerically, but the quasi-
stationary theory is much less complex and faster to solve, since it is
based in the single-carrier theory and has a considerable lower num-
ber of equations to solve. Therefore, this renders the quasi-stationary
theory optimal for massive computation of multipactor discharges,
for example, when seeking for the combinations of phases which ren-
ders the lowest breakdown power per carrier through some kind of
numerical optimizer.
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Hence, the quasi-stationary theory is part of this Thesis and has
been proposed in [AVG112] for the use of numerical optimization of
the phases of the multi-carrier signal, where computational speed is
a must. See Section 4.5 for details on this theory.

5.2.5 Multi-carrier prediction: Worst-case
determination

As seen in Section 5.1.3, for the single-carrier case, the prediction
gives only a value for the breakdown voltage (power), given the ge-
ometry of the device, the frequency of operation and the material
SEY properties.

The situation in the multi-carrier counterpart is dramatically dif-
ferent. The multipactor discharge in multi-carrier signals depends
not only on the amplitude of each of the different carriers, but also
on the relative phase among them. This means that for the same de-
vice, material and carrier frequencies, a certain combination of phases
implies a higher or lower breakdown level than for the others. For
a signal of K carriers, the multipactor prediction should give 2K
quantities corresponding to the amplitude and phases of all carriers
that provokes multipactor with the lowest power. This is referred
as the Worst-case. In most cases the amplitude of all carriers might
be consider equal and therefore the number of unknowns decreases
to K + 1, corresponding to the phase value for each carrier and one
single value for the threshold level for all carriers.

The different methods/theories reviewed in the above sections
provide different ways to compute such a worst-case. First, the peak
power method of Section 5.2.1 does not actually look for the worst-
case but imposes one by definition. According to this method, the
worst-case is given by the in-phase scheme (all carriers are in-phase)
and the breakdown voltage/power is

Py = Psc/K?, (5.29)

being K the number of carriers and Pg¢ the single-carrier threshold.

The p-gap-crossing rules do not provide a direct way to compute
the worst-case. They provide the length of the ”On” interval of the
multi-carrier envelope to produce p gap crossings, T,,. Once T}, is
known there are different ways to compute the worst-case which are
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not specified by the rule itself. Basically, there are two ways to pro-
ceed:

e To apply analytical boundaries to the envelope. These analyt-
ical boundaries allow for easily deriving the breakdown power
given T;, without the need to compute the phases. As a draw-
back these curves are less accurate and add extra margin to
the predictions. Two typical boundaries are those proposed
by Angevain [ADDMO09] and Wolk [WSS00]. Also, only the
breakdown level comes out from this method. If the phases are
needed to, for example, apply them in a multipactor test, it is
necessary to perform a phase optimization as explained in next
point.

e To conform the multi-carrier envelope to the desired shape ac-
cording to T},. This is done through numerical optimization of
the phases, selecting some optimizer algorithm and goal func-
tion. The p-gap-crossing rules do not specify anything about
this. Typically global optimizers are used and the goal function
computes the resemblance of the envelope to a square signal of
length T}, [ECS]. The output of these optimizers are the phases
of each carrier and the amplitude of all carriers.

With respect to the theories developed within this Thesis a dif-
ferent approach has been taken. Both multi-carrier theory and quasi-
stationary theory are able to compute the electron population during
a period of the envelope for a certain phase combination. The crite-
rion to establish that there is multipactor or not is the electron accu-
mulation or long-term discharge [AVG107]. Therefore, both theories
are able to determine if, for each phase combination and amplitude,
there is multipactor discharge or not. There is no need for defining
any number of gap crossings anymore. Given this capability, it is easy
to optimize the phases to find the global minimum of a certain goal
function representing the phase combination that leads to the lowest
breakdown level. The selection of one global function or another is
crucial for the correct convergence of the algorithm. In [AVGT12] a
goal function is proposed for the worst-case determination of multi-
carrier signals (see Section 4.5. Figs. 5.15-5.17 show a conceptual
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schematic of the optimization process with the p-gap-crossing rule
and the multi-carrier theories.

Input: @@ @

20—gCI‘: T20 VSC

Square signal

Figure 5.15. 1%
Multi-carrier optimiza- ooc
ton process following the Vi

20-gap-crossing rule. Optim: .
(optional) )

Goal Function

f(§017"‘ 7<)OK"/1”" 7VK)

Output:
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The three of them need in last instance to perform a numerical
optimization. The main difference between them is that, whereas
the goal function of the p-gap-crossing rules just consists of adjusting
the envelope to a square function (the goal function could be simply
to compute the square error between the envelope and a square sig-
nal), both multi-carrier theories define a goal function based on the
real behavior of the electron population in the discharge. Thus, the
phase optimization with the multi-carrier theories implies that for
each step in the optimization process the electron growth must be
solved. The number of points to be solved in a global optimization is
approximately of the order of O(cX) which implies a vast number of
computations that increase exponentially with the number of carriers
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K. The faster resolution of the quasi-stationary method compared
to the full multi-carrier theory is an advantage for practical problems
where the number of carriers is a considerable high number (above
3).

The purpose of the optimizer is to find the phases that lead to
the minimum breakdown voltage. The election of a goal function
whose global minimum corresponds to this case is crucial. A possible
goal function has been proposed in [AVGT12] (Section 4.5). Finding
such a worst case may not be an easy task, since many local minima
may be present. As an example, Figs. 5.18-5.20 show the break-
down voltage versus phase for different multi-carrier signals in which
symmetric phase schemes have been adopted in order to be able to
represent the plots in one and two dimensions for easy understand-
ing. In general, these functions have K dimensions and cannot be
graphically represented.

Three cases are represented. First, a 3 carrier signal with symmet-
ric phase distribution (only one degree of freedom). The carriers are
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Figure 5.18.
Example of voltage — Quasi-stationary
breakdown vs phase — full multicarrier
for 3 carrier signal
with symmetric phase
distribution. The
carriers are separated,
Af = 50 MHz and
the first frequency is
fi = 11.06 GHz. The
gap is set to 0.6 mm,
and the material is

Breakdown level (V / carrier)

ECSS  silver [ESTO3], 210, 50 100 50 20 250 300 350
being the multipactor Phase
order of 5.
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Figure 5.19.

Example of voltage
breakdown vs phase
for 6 carrier signal

with symmetric phase
distribution. The
carriers are separated,
Af = 50 MHz and
the first frequency is
f1 =10.9 GHz. The gap
is set to 0.6 mm, and
the material is ECSS
[ESTO03], being
the multipactor order of
5.

silver

Figure 5.20.
Example of voltage
breakdown vs phase for
6 carrier signal with
symmetric phase dis-
tribution. The carriers
are separated, Af = 50
MHz and the first
frequency is fi = 10.9
GHz. The gap is set to
2 mm, and the material
is ECSS silver [EST03],
being the multipactor
order of 15.

separated, Af = 50 MHz and the first frequency is f; = 11.06 GHz.
The gap is set to 0.6 mm, and the material is ECSS silver [EST03],
being the multipactor order of 5. Fig 5.18 represents the breakdown
voltage as a function of the phase. In this case, two local minima
and two maxima can be observed (¢

phase).
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5.3. Discussion on experimental results

there is not significative difference with ¢ = 180°.

The second case, represented in Fig. 5.19, shows a 6 carrier signal
with symmetric phase distribution, yielding two degrees of freedom
for the phases, @1 and 2. The carriers are separated, A f = 50 MHz
and the first frequency is fi = 10.9 GHz. Again, the gap is set to 0.6
mm, and the material is ECSS silver [EST03], being the multipactor
order of 5. The contour plot of Fig. 5.19 shows combinations of
1 and @9 which yields higher voltage breakdown than others. The
global minima are marked with a blue cross and correspond to the
in-phase case.

Finally, the third case is shown in Fig. 5.20. Again, a 6 car-
rier signal with symmetric phase distribution with carriers separated,
Af = 50 MHz, the first frequency being f; = 10.9 GHz. The coating
material in this case is also silver, but the gap has been set to 2 mm,
yielding a multipactor nominal order of 15 (see for example [EST03]).
As in the other cases a symmetric pattern is observed and two local
minima are found (and marked with blue crosses). With respect to
the second case, the minima are now shifted to non-zero values, yield-
ing in a wider envelope than in the in-phase case. In addition, local
minima appear dispersed along the whole domain.

From these three particular cases, two interesting conclusions may
be extracted and extrapolated to the general case. First, in all cases
more than one global minimum has been found. In addition, local
minima may also appear, which renders the optimization process hard
in order to be robust (it could get stuck in a local minima yielding
a wrong solution). Finally, as already discussed within the 20-gap-
crossing rule section (Section 4.5.2.2), for the same SEY function,
it seems that low multipactor orders tend to in-phase distributions,
whereas larger orders tend to spread the envelope. Of course, this
should also depend on the particular SEY of the considered material.

5.3 Discussion on experimental results

In this Section, the numerical predictions and experimental results of
[AVGT12] (Section 4.5) are revisited, giving some aditional discussion
with respect to the original paper.

Concretely a more detailed discussion on the results affecting the
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20-gap-crossing rule is given, since they may be valuable to verify or
discard some of the historically accepted assumptions about this rule
with little or no justification.

Fig. 5.21 represents a summary of the prediction and experimen-
tal results published in [AVGT12] (Section 4.5). It is repeated here
for completeness.

As already mentioned in the original publication, the breakdown
power level for the samples with large gaps resulted in higher values
than those predicted by the prediction methods, in part, due to the
known increase of the multipactor breakdown for high multipactor
orders in waveguides [SRAT07]. This implied that for many of the
large gap samples the available test power was not enough for starting
the multipactor discharge. Therefore, there are many more data for
short gaps (multipactor order 1) than for large gaps.

Keep in mind that there are two dimensions for assessing the ac-
curacy of the prediction methods. All prediction methods give, on
the one hand, the lowest breakdown (amplitude) power per carrier,
but since the breakdown power depends on the phase combination of
the carriers, this value is related to a set of phase values for the carri-
ers. This combination of phases, which renders the lowest breakdown
power per carrier, is called the worst-case.

In the design process, only the lowest breakdown power is rele-
vant. The combination of phases of the worst-case is not of much
importance, since the phases are not under control and shift ran-
domly during operation. Therefore, one way to assess the accuracy
of any prediction method is to pay attention only to the predicted
breakdown power. This is called ”global error” in [AVGT12].

However, when testing in laboratory, it is important to know what
are the worst-case phases in order to detect the multipactor discharge
to the lowest possible value. According to TESAT Spacecom expe-
rience, and also verified during the activity, leaving the phases un-
locked, in what is called free-running, make them to shift randomly
during the testing in such a way that usually the worst-case combina-
tion is found. This may be a useful technique but, since the test time
is limited, it is not guaranteed that the free-running mode finds the
worst-case, and it is not guaranteed that a local minimum has not
been found instead. Therefore it is desirable to use, in addition to
the free-running case, an estimation of the worst-case phases coming
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out from a prediction in order to have more control of the testing.
This is where the second dimension of accuracy assessment come into
play. The "local error”, described in [AVGT12], is defined as the error
between the predicted breakdown level and the measured one, where
the worst-case phase combination, predicted with the same method,
has been used. In other words, the ”local error” measures the accu-
racy of the predictor for finding consistent phases and amplitudes. A
good prediction method must keep both global and local errors low.

Let us focus on the global error. In Fig. 5.21, it can be seen
that the 20-gap-crossing rule is, in general, very conservative. How-
ever, it has not a constant behaviour. According to these results,
short gaps present a higher margin than large ones (predictions closer
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to K-bound), and contiguous frequency schemes also present higher
margins as compared to non-contiguous ones.

This can be justified with the study of the 20-gap-crossing rule
done in 5.2.2. The 20-gap-crossing rule can give predictions which
are closer to the K-bound, in-phase schemes, or to the K?2-bound,
continuous-wave schemes, depending only on the multipactor order
and the carrier separation.

When plotting the samples of [AVGT12] in a Ty /T, map, see Fig.
5.22, the short gap samples and contiguous schemes lay closer to the
in-phase case than the others, justifying the experimental findings.

This is important because it is thought by a large portion of
the community that the 20-gap-crossing rule is always conservative.
However, these results show that it does not have always the same
degree of conservativeness, opening the possibility that it may not be
conservative in some cases. For example, it could be expected that
the 20-gap-crossing rule predictions are not conservative when they
lay close to the CW curve in Fig. 5.22.

With regard to the "local error”, the 20-gap-crossing rule shows
large discrepancies between prediction and testing. There is a big
difference between the predicted breakdown power and the tested
breakdown power in laboratory. For example, in most of the samples,
the 20-gap-crossing rule predictions show unrealistic low multipactor
breakdown power levels, compared to the corresponding test results
(see Fig. 5.21). In Table 4.20, it can be seen that, in the test for
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the 0.42 mm gap transformer and 8 carrier contiguous scheme signal,
there was a multipactor discharge with both FR and QS phases but
not for the 20-gap-crossing rule phases.

Summarizing, the 20-gap-crossing rule is not precise in both global
and local errors, compared with the Quasi-stationary predictions (see
Table 4.21 of Section 4.5). In addition, the 20-gap-crossing rule can
lead to very misleading conclusions. In the design phase, unreal-
istically low 20-gap-crossing rule predictions imply very restrictive
constraints, but in the test phase, the 20-gap-crossing rule phases are
not conservative, yielding a higher breakdown power than the real
threshold, and thus falsely validating components.
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Chapter 6

Conclusions and future
work

The motivation of this thesis originates from the need of having a
reliable prediction method for multipactor discharge in multi-carrier
systems. At the beginning of this work, not much theory was avail-
able for multi-carrier signals. Of course, up to now, the experience
of the industry in this area has been very valuable for the correct
multipactor-free design. Unfortunately, such a knowledge is usually
kept as a company competitive advantage and it is not commonly
shared with the community. On the other hand, the existing multi-
pactor design rules for multi-carrier devices proposed in some studies,
such as the well-known 20-gap-crossing rule, assume very simplistic
scenarios and are totally based on single-carrier theories. This lack
of knowledge on the multipactor phenomenon for the multi-carrier
case implies significant uncertainties and prediction errors which are
compensated by large design margins.

Hence, although the final objective of this thesis has been to
provide a more sophisticated prediction method, the studies done
throughout this work have been quite heterogeneous, forced to cover
the aforementioned unknown areas of the phenomenon.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The first, and probably most important, unresolved issue in the mul-
tipactor theory is the establishment of a discharge criterion based on
the number of electrons or charge density in the device.

In practical situations, multipactor is unacceptable when pro-
duces some detectable effects on the system, such as noise, reflected
power, heating, etc. It is evident that only few electrons in the
discharge have negligible impact in the normal functioning of most
equipments. This poses a fundamental and unanswered question:
how large the electron density should be in order to produce a de-
tectable (or annoying) discharge.

Traditionally, this has been of little importance in single-carrier
operation, since, once the resonance conditions are met, the electron
number increases indefinitely until a saturation regime is reached.
However, the electron density in the multi-carrier case oscillates with
a saw-tooth like shape, following the periodical oscillations of the
multi-carrier envelope. Until now, there is not a clear criterion that
establishes the level that the electronic density needs to reach in order
to produce a discharge.

The 20-gap-crossing rule was the first attempt to give an answer to
this question, establishing a minimum number of consecutive electron
impacts, within one period of the envelope, in order to develop the
discharge. However this rule is based upon a very limited set of tests
and simulations and is very simplistic, since it disregards fundamental
aspects of the phenomenon such as the SEY properties of the material
or electron impact energy, proposing a universal rule for all cases.

This work proposes an alternative discharge criterion. Instead of
focusing on single periods' of the multicarrier envelope, for which a
criterion based on electron density is needed, we have searched sit-
uations in which there is always an increasing number of electrons,
such as in the single-carrier case. This is the long-term discharge cov-
ered in Chapter 4.1, which establishes the conditions by which the
electron population accumulates period-after-period of the envelope.
It is unknown, by the moment of speaking, which of the two crite-
ria, single-period or long-term, is the most restrictive for all cases.
Although, logically, it should depend on each particular case. How-
ever, this will be answered only when the discharge criterion based
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on charge density is ever solved. Nevertheless, the single-period dis-
charges are supposed to be very short and weak in time and therefore
is more likely that all detections in laboratory are due to long-term
discharges.

Despite all this, the novel long-term discharge criterion proposed
in this Thesis allows, for the first time, for the rigorous study of
multipactor in multi-carrier systems and it is the key for constructing
a reliable breakdown prediction method.

On top of this, regarding the development of a new multi-carrier
theory, it was necessary to develop a model which incorporates both
processes of electron emission and absorption'. The classical theory
and derivatives, were not valid, in first place, because they just find
resonant conditions for the equations of motion. This implies that
the classical theory is able to find the breakdown level, and to model
electron growth above it, but it is not able to model absorption. In
second place, the classical theory is known to be not precise for high
multipactor orders, mainly because it assumes a fixed deterministic
electron emission velocity, whilst the secondary electron emission is
random by nature. For this reason, the existing statistical theories
turned out to be a good alternative, since they incorporate the ran-
dom behaviour of the electron emission velocity and thus are able to
accurately modeling the multipactor process for all resonant orders.
However, the statistical theories imposes a stationary regime, solving
a Fredholm equation, which assumes a family of electrons to multi-
ply and survive to all others. This fact renders this kind of theories
also incompatible for modeling situations in which there is an overall
electron absorption.

The main theoretical contribution of this thesis is the new non-
stationary theory which has been developed in order to cover the
aforementioned needs, i.e. to incorporate random electron emis-
sion and to cover both electron growth and absorption. The non-
stationary theory uses the statistical theory as a basis, but formu-
lates another kind of problem which is not stationary anymore but
time-dependent. This implies solving a system of Volterra integral
equations which models accurately the electron number evolution in
time, including growth and absorption, above and below the break-
down level.

The non-stationary theory was formulated originally for single-
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carrier signals although extended later to the multi-carrier case. The
non-stationary theory for multi-carrier signals fully models the elec-
tron evolution for any number of carriers and arbitrary combinations
of amplitudes and phases per each carrier. This theory constitutes
the first full theory of multipactor for multi-carrier signals, at least
to the author’s knowledge.

Although having developed a completely new theory for multi-
carrier signals, it is not enough to constitute a prediction method. A
breakdown prediction method for multi-carrier signals has to provide
not only a threshold amplitude per carrier (as the single-carrier case),
but also has to provide which combination of phases yields the lowest
breakdown among all. In this thesis we propose a predictor that uses
a global optimization algorithm to find the minimum breakdown level
among all combination of phases’.

One practical issue in order to develop a prediction method is that
many phase combinations have to be solved, a number that depends
exponentially with the number of carriers. In principle, for each
step of the optimizer, the full multi-carrier non-stationary theory can
be used to compute the breakdown level”’. However, there is not a
general closed solution of the analytical equations posed by the non-
stationary theory, and therefore, those have to be solved numerically,
with a non-negligible computational cost. For the current available
CPU resources®, it was impractical to perform breakdown predic-
tion through brute-force global optimizers using the full multi-carrier
non-stationary theory. The time for solving the involved equations,
hundred of thousand or even million times, was estimated in weeks
or months.

For this reason, an alternative for estimating the electron time
evolution in multi-carrier signals has been proposed, which is the
quasi-stationary method. This method assumes that the multi-carrier
envelope has a very slow time variation compared to the RF signal
period. Thus, at each particular time, the electrons will be created
or absorbed according to the level of the multi-carrier envelope, us-
ing single-carrier approximation. In practice, this means that the
non-stationary equations must be solved only once, at the beginning
of the optimization, and for different signal amplitudes. Then, with
simple approximations, the electron evolution for any multi-carrier
envelope waveform can be approximated with little computational
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cost. This makes this method very suitable for massive global opti-
mizer computations.

Based on this quasi-stationary method, together with a genetic
global optimizer, a multipactor prediction method for multi-carrier
signals has been developed in this thesis. This method is the first
one able to find the worst case', by using the long-term multipactor
criterion. It is valid for any multicarrier signal with arbitrary number
of carriers.

The experimental tests conducted on Ku-band samples during
this research activity show a good agreement with the quasi-stationary
method with better prediction accuracy than the existing 20-gap-
crossing rule. The latter yields conservative-in-excess predictions, at
least for this specific kind of samples and multi-carrier signals.

Indeed, the 20-gap-crossing rule has been widely used in the de-
sign standards for multi-carrier operation for the last years, because
it is thought to be conservative in all cases. However the outcome of
this Thesis reveals many exceptions of this rule that would imply that
it is not generally valid for multipactor design and testing purposes.

It would be easy to overcome this 20-gap-crossing rule non con-
servativity issue by specifying extra design margins to the currently
applied ones. However, this would make the prediction rule restrictive
in excess, with the consequent implications to the industry, regarding
component design cost, volume and weight. The selection of a more
precise and versatile prediction method, such as the quasi-stationary
method developed in this Thesis, ensures conservativity with lower
design margins.

6.2 Future work

The non-stationary multipactor theory for multi-carrier signals, as
well as the quasi-stationary method, are the first theoretical tools
able to fully model the complex electron dynamics under multi-carrier
signals. Moreover, the experimental tests presented in this Thesis
are one of the most complete experimental works with multi-carrier
signals ever performed.

However, there is still a long road ahead and many unknown is-
sues. In first place, and as mentioned above, the long-term discharge
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criterion has been used, but little is known about single-period dis-
charges and the connection with the electronic density increase and
the effect on the system.

Steps to find the relationship between the electron density and the
discharge seem to be in the direction of modelling the adverse effects
of the multipactor discharge, such as noise or harmonics. If we are
able to have a direct equation relating electron density and the level of
the produced disturbances, it is straight-forward to define a criterion
based on certain design specifications for maximum allowed noise, or
other similar restriction. Some works towards this goal have been
already done. For instance, in Chapter 4.2 numerical simulations
with PIC code obtain the multipactor radiation spectrum of certain
structures. Other way is by means of theoretical modeling of the field
emitted by an electron current on some kind of simplified geometry,
such as the work presented in [GSAT09]. Unfortunately, no definitive
conclusions can be extracted yet and more work is needed in order
to have a universal electron density criterion.

Future research on this topic is very interesting and valuable for
the predictions since they will shed more light to the subject. In the
case that a new criterion is found, the multi-carrier non-stationary
theory and the quasi-stationary prediction technique can be easily
adapted since, in essence, both model electron grow and absorption
with time. Thus, it would be easy to change the criterion from elec-
tron accumulation to any electron maximum threshold.

On the other hand, the presented theory is based on one dimen-
sional parallel plate geometries, which is valid for rectangular waveg-
uides or other components with relatively short gaps and relatively
uniform fields. It can be used as a reference, since it represents the
worst-case. Indeed, more complex geometries with non-uniform fields
introduce extra electron loss mechanisms that would rise the break-
down level compared to the parallel-plate case. However, the exten-
sion of the non-stationary theory to more complex 3D-geometries and
different signal modulations is interesting in order to be more precise
for those particular cases. Suitable geometries for such an extension
could be coaxial, circular and rectangular waveguides. Modulation
schemes such as BPSK or QAM would be candidates for their study.
Already, some work on these areas has been published for other mul-
tipactor theories and could be used as a reference.
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Regarding the prediction, the quasi-stationary method seemed to
be more precise for low f x d products', even though there were not
many experimental data on large gaps due to the test-bench limita-
tions. Evidently, the quasi-stationary method is a fast approxima-
tion. Predictions with full multi-carrier theory would, in principle,
yield better results. The unstoppable technology evolution will bring
more and more powerful CPUs which will make possible in the future
to use, in practical situations, global optimization with nonstation-
ary multi-carrier theory. However, it is interesting to improve the
computational efficiency of the numerical solution of the statistical
TTPD functions and Volterra integral equations. This would lead to
a faster adoption of the full multi-carrier theory and probably im-
prove the predictions for larger f x d products. For this reason, more
experimental tests for larger gaps would be also desirable in order to
contrast the theoretical predictions. In addition, experimental tests
on other frequency bands and with other technologies would help to
assess the prediction validity for a wider range of situations.

Little was known at the beginning of this study about the mul-
tipactor phenomenon in multi-carrier signals. All the efforts in this
thesis have been devoted to provide a better basic understanding of
all physical processes involved in the phenomenon, as well as in the
development of a completely new theoretical framework, in order to
fully characterize the electron dynamics under such complex signals.
As a result, a new theory and a prediction method have been pro-
posed. Despite their current limitations, an important step forward
has been taken and, hopefully, it will be the beginning of more ex-
tensive studies on this matter.
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Appendix A

Electron Seeding
Techniques

Even if the conditions to initiate multipactor are met, there must
be an initial population of electrons inside the waveguide in order to
set-up a discharge. The number of such seeding electrons and their
energy determine the probability of a multipactor discharge to take
place.

In the space environment, the source of seeding electrons is the
particle radiation due to the trapped environment in the magneto-
sphere, Solar Flares or Cosmic Rays. The total flux of electrons
reaching the interior of the device depends on the satellite geometry,
materials and orbit.

On the other hand, in laboratory multipactor tests, electron seed-
ing is necessary to obtain significant results [WJ89, GW96, RW95].
The purpose of this section is to model, and give an estimation, of
the initial population and energy distribution of the electron seed-
ing for three kind of sources: radioactive sources, Ultra-Violet (UV)
lamps and Regulated Electron Gun (REG).

For the radioactive sources, the electrons can be generated in the
interior of the device in two ways. Either the impacting electrons
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may have enough energy to go through the metallic device walls, or
secondary electrons are generated inside the device wall as the im-
pacting electron penetrates and looses energy. Both processes may
occur at the same time. Similarly, in the space environment, impact-
ing protons and ions can also produce secondary electrons inside the
component.

A.1 Radioactive sources

A radioactive source consists of a certain amount of radioactive ma-
terial permanently sealed in a capsule, or closely bonded in an inert
substance. The radioactive material emits electrons or beta-rays, by
means of beta-decay, in which a parent nucleus, with Z protons, be-
comes a daughter one, with Z + 1 protons, when one of the neutrons
turns into a a proton. In order to comply with the principle of conser-
vation of charge, an electron is released along with a neutrino, which
is electrically neutral and hence, ignored for the present purpose. The
disintegration scheme is

n—pt+e +u, (A.1)

where n, pT, e”, and v represent the parent neutron, the daughter
proton, the electron and the neutrino, respectively.

The radioactive source is placed outside the waveguide, close to
the critical point in which multipactor takes place. Therefore, the
main advantage is that it is a non-invasive method and the electrons
act directly on the critical point in the waveguide, provided that their
energy is high enough to go through the external metallic walls of the
waveguide and penetrate to its interior.

Radioactive sources have different shapes and sizes depending on
their application. A typical source of such kind, commonly used in
multipactor tests, is based on strontium-90 (Sr90) thanks to its rel-
atively simple decay chain. The Sr90 is a radioactive isotope of Sr
which is an almost perfect beta-emitter (electron emitter). It experi-
ences a beta-decay, with half life of 28.8 years, to yttrium-90 (Y90),
also unstable with a half life of 64 hours, which in turn undergoes
beta decay to the stable zirconium-90 (Z90). The characteristics of
both electron emissions are summarized in table A.1.
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Table A.1. Strontium and yttrium beta radioactivity characteris-
tics.
half-life decay Specific Mean Max
Source .
constant activity energy Energy
(s) G (Ba/g) (KeV) (KeV)
Sr90 9.08x10% | 7.6x107 10 5.18x10'? |  195.8 546
Y90 2.30x10° | 3x1075 | 2.04x10% 937 2280

For any beta-decay process, in order to find the expression for
the maximum kinetic energy of the emitted electrons, let us consider
the parent nucleus at rest which disintegrates into a daughter nucleus
and an electron (the influence of the neutrino can be neglected).

The electron obtains its maximum kinetic energy when the daugh-
ter nucleus comes to rest. Due to conservation of mass-energy, this
implies an electron maximum kinetic energy given by

1One becquerel,
Bq, is defined

as the activity

of a quantity of
radioactive mate-
rial in which one
nucleus decays
per second. Its
units are equiv-

alent to s~ 1.

Frnaz = (mp —mp —me)c?, (A.2)
where the masses of the parent nucleus, mp, daughter nucleus, mp,
and the electron, m. are known; c is the speed of light in free space.
Notice that either from (A.2) and Table A.1, the maximum emission
energy for Y90 is higher than for Sr90.

On the other hand, the energy spectrum of the emitted electrons,
dY /dE given in Bqg~'eV~! ! can be calculated with a modification
of the formula given in [Gri87], where the original equation has been
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A. ELECTRON SEEDING TECHNIQUES

scaled in order to meet with the maximum kinetic energy of (A.2)

dY
T = KE\E?—m2c [(mp—mD)CQ—E]Q. (A.3)
No Coulomb correction factors have been considered. Here, K is the
normalization constant which can be numerically calculated as

Ao

K= T (A.4)

where Ay is the specific activity of the sample.

A Sr90 source emits a composite Sr90-Y90 radiation. Therefore
its energy spectrum is the superposition of pure Sr90 and Y90 spec-
tra with same activity Ag, which implies an effective activity of 2A.
The spectrum of a Sr90 source has been calculated using (A.3) and
checked with the experimental results of Sokolov [SPLL03], who mea-
sures the electron count in 300 s for a 25 Bq, Sr90 source. Both graphs
are presented in Fig. A.2, showing an excellent agreement. Notice the
two parts of the spectrum belonging to the contributions of pure Sr90
beta-decay (high peak of lower energy), and Y90 beta-decay (long tail
towards high energies).
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8.00 1114.75 2223.50 3332.25 4441.00
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Kinetic Energy (KeV)
(a) Analytical beta spectrum. (b) Experimental beta spectrum.

Figure A.2. Electron count for a 25 Bq SR90 source during 300 s.
(a) Analytical results calculated with (A.3). (b) Experimental results
extracted from [SPLLO3].

There are two ways in which electrons can be produced inside the
waveguide by the radioactive source. Either the primary electrons
themselves have enough energy to go through the device wall, or,
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A.1. Radioactive sources

while passing through the material, secondary electrons are liberated
in the forward direction and enter the waveguide.

The forward secondary emission has the same nature as the tradi-
tional (backward) Secondary Electron Yield SEY [AVM ™07, Vau89].

For typical waveguide wall widths (in the range of mm), the inter-
val of electron impact energies giving a forward SEY higher than one
is very small and therefore the fraction of secondary electrons with
respect to the primary ones is negligible. Therefore, the primary
electrons are considered as the only source of free electrons inside the
waveguides. However, for other kind of sources, such as proton or
heavy ion beams in space environment conditions, forward SEY may
become the mean mechanism of electron production and should not
be ignored.

On the other hand, the range of an electron with energy Ej in
a material is defined as the maximum distance that it can travel in
straight line before it completely stops. It can be expressed as a

function of Ey as
(Eo) v (A.5)
R(Ep) = ——dF, 5
o S(E)
where S(F) is the linear stopping power of the material. Fig. A.3
shows the range for aluminium, calculated with (A.5)

0,7
0,6
05
Figure A.3. 204

Range for aluminium vs &)’o 3
electron impact energy. '
0,2

0,1

0 5 1 2 25 3

15
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Therefore, if a radioactive source is applied to a metal foil of width
w, only the electrons with energy E > E,up, being R(Epin) = w,
penetrate into the device, losing an energy equal to E,.
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A. ELECTRON SEEDING TECHNIQUES

Let us study a particular case of a Sr90 source of 37 MBq, applied
to an aluminium foil with different values of w. Firstly, the flux that
arrives to the external part of the device wall is 37x2/6 = 12.33 MBq.
The factor 2 corresponds to the double emission of Sr90 combined
with Y90, whereas the factor 6 comes from the assumption of isotropic
radiation. The energy spectrum of this flux is the combination of
(A.3) for Sr90 and Y90.

Then, the fraction of the flux that pass through the device wall,
corresponds to the integration of its energy spectrum for E > E,;,,
having an energy distribution with a maximum of E,,q, — Epmin. Ta-
ble A.2 shows the values of E,,;,, free electron production rate and
FErar — Emin, for different aluminium widths.

Table A.2. Results of electron production inside the waveguide for
a Sr90, 37TMBq source in aluminium of different widths.

Width (mm) Ernin (MeV) Elec. prod. Erar — Emin
rate (elec./s) (MeV)
0.5 .33 6.17x10° 1.95
1 .58 4.7x108 1.7
4 1.8 2.5%x10° 0.48
6 2.63 0 —

Of course, the electron production rate is proportional to the ac-
tivity of the radioactive source. The spectrum energy of the electrons
inside the waveguide is that of Fig. A.2 but shifted E,,;, to the left.
Fig. A.4 below shows an example for a 1 mm width aluminium foil
and the same conditions as Fig. A.2.

A.2 UV lamps

This kind of sources extract electrons from the inner surfaces of the
waveguide by exposing them to an UV light beam, the electrons be-
ing produced by means of the photoelectric effect. The UV light is
guided from an UV lamp, placed outside of the vacuum chamber,
to the interior of the waveguide through an optical fiber. Thus, the
basic system consists of two lengths of fused quartz optical fiber, a
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o1

Figure A.4.

Energy spectrum of elec-
trons inside the waveg-
uide for Imm aluminium ",
foil.

Electron counts
w

1000 1500 2000
Kinetic Energy (KeV)

quartz window to access the vacuum chamber maintaining the vac-
uum environment, and a slot or hole performed in the DUT to allow
the fiber to penetrate directly close to the multipactor critical point.

Typically, the electron production rates are significantly higher
than for other sources such as radioactive ones and, moreover, the
emitted electrons have more suitable energies to produce multipac-
tor. In addition, the intensity of the lamp (which is directly related
with the electron production rate) as well as the light incidence angle
can be controlled independently, which allows to establishing a much
more controlled scenario. The main drawback of these sources is that
they are invasive (the DUT geometry must be altered).

According to the photoelectric effect, the energy of the impacting
photon, hv (where h is the Planck constant and v is the photon fre-
quency), must be always greater than the material working function,
®, in order to produce electrons. Table A.3 shows the value of ® for
some common materials.

Table A.3. Metal ® (eV)

Work function value for Silver 4.26

some common metals. Copper 4.5
Gold 5.1

When UV light of single wavelength impinges on the internal walls
of the guide in vacuum conditions, photoelectrons are generated with
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A. ELECTRON SEEDING TECHNIQUES

a kinetic energy comprised between 0 and hv — ®.

On the other hand, the number of released photoelectrons per in-
cident photon is given by the absolute yield, v, which can be approx-
imated, for low photon energies and UV intensity, using the Fowler’s
law [Car56], which is valid for metal temperatures much lower than
Fermi’s temperature (Tr ~ 10* K).

v = Ne _ C(hv — @)™, (A.6)
Np
where N, is the quantity of generated photoelectrons, IV, is the num-
ber of impacting photons, and C' and m are material dependent pa-
rameters. For the majority of metals, m = 2.

Experimental values of v for copper and gold have been extracted
from Krolikowski results in [KS69] and [KS70] respectively, and used
to fit (A.6) and extract the values of C' and m for each case. These
are presented in Table A.4. Fig. A.5 shows the experimental values
and the fitted curves using (A.6).

Metal | @ (eV) | C (eV™™) | m Table A.4.
Copper | 4.5 48%x107* | 1.51 Fit of (A.6) from exper-
Gold 51 | 9.44x107° | 2.82 imental data of [KS69]

and [KS70], for copper
and gold respectively.

Among all possibilities, the low pressure mercury vapor lamp,
is one of the most suitable for multipactor purposes, thanks to its
narrow emission spectral density, with a wavelength around 254 nm,
and high efficiency of 90% [RW95]. For the specific case presented
by Raboso in [RW95], in which this kind of lamp emitting with a
power of 37 uW impinges on a copper surface -any lamp, emitting at
a power P, would generate a photon flux of P/(hv) (photons/s)-, the
theoretical flux of photoelectrons would be, using (A.6) of 5.7x10°
electrons/s. This value is similar to the theoretical and consider-
ably higher than the experimental results of Raboso. This is due to
the difference in the copper used by Krolikowski, ultra clean copper,
and by Raboso, oxidized one. Notice that the production rate for
this specific UV source is three order of magnitude higher than that
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Absolute yield
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(a) Fitting of Fowler’s formula for (b) Fitting of Fowler’s formula for
Copper. Gold.
Figure A.5. Fitting of Fowler’s formula for Copper and Gold from
experimental values. (a) for Copper. (b) for Gold. Experimental
values have been extracted from [KS69] and [KS70], for copper and
gold respectively.

of the section A.1 for a radioactive source. The production rate is
proportional to the lamp power.

A.3 Regulated Electron Gun

A regulated electron gun (REG) is a mechanism that creates a con-
trolled electron beam with the desired energy and flux (according to
the nominal power). It consists of a tungsten filament, a Wehnelt
cylinder, electrostatic lenses, an iris and an anode. The current flows
through a tungsten filament, the wire starts annealing and electrons
are emitted. A certain potential is applied to the Wehnelt cylinder
and the emitted electrons form a cloud. This cloud ensures a stable
electron beam. Using this device, it is possible to select the energy of
the individual electrons (from 20 to 1000 eV) and the electron density
inside the gap.

A beam of intensity I and potential E has a power of P = [FE.
Therefore, for a REG of nominal power P, the flux and energy of the
electrons are inversely related as
P, P,

[=n (A7)

E=""
I’ E
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A. ELECTRON SEEDING TECHNIQUES

For example for a 20 mW REG and a potential fixed to 1 KeV,
the flux of seeding electrons is of 1.25x10'* electrons/s.

The REG has the advantage of generating a controled beam,
whose energy can be set to the optimum value to initiate a multi-
pactor discharge. The flux of injected electrons is the highest of the
three revised methods, but the disadvantage is that the mechanism is
bulky and it usually cannot access the critical region of multipactor
inside the structure. In waveguides, for example, it must be placed at
the input port and the injected electrons must reach the critical gap.
Depending on the structure, a big fraction of the injected electrons
may not reach it. It is also necessary a direct line of sight from the
REG to the critical gap. Therefore it may not be used in all type of
DUTs.
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Appendix B

Demonstration 1

This section demonstrates that the instantaneous frequency of a mul-
ticarrier signal with uniform frequency spacing, equal phase and equal
amplitude for all carriers is constant and equal to the average fre-
quency

1 K
F(t) = 5— z;w (B.1)

According to (4.55), F(t) is given by

_ 1dP(t) 1 I'()R(t) — I(H)R'(t)
FO=0~a ~an R2(t) + I2(t) (B-2)

where R(t), I(t), are the real and imaginary part of the analytic signal
and R/(t), I'(t) are their time derivatives, respectively. Equations
(4.53) and (4.54) detail these terms.

After simple algebra manipulations and some rearrangement, the

209



B. DEMONSTRATION 1

denominator of (B.2) can be rewritten as

R*(t) + I*(t) =

K 2 K 2
Z E;cos(wit + ¢;)| + Z Eisin(wit +¢;)| =
i=1 i=1
K K
Y [Bicos(wit + ¢)]* + Y [Eisin(wit + ¢)*+ (B.3)
i=1 i=1

2 " EiEjcos(wit + ¢;) cos(wjt + ¢;)+

1<j
2 Z E;iE;sin(w;it 4+ ¢;) sin(w;t + ¢;).
i<j
Using the trigonometric identities

cos?a+sinfa=1

cos acos 8 + sin asin 8 = cos(a — f3),
(B.3) finally becomes
R2(t) + I*(t) =
(B.5)

K K
Z EzQ + 2 Z EiEj cos[(wi — Ldj)t + ¢; — gb]]
i1 i<j

The numerator of (B.2) is instead

I'()R(t) — I(t)R/(t) =

K K
Z Eiw; cos(wit + ¢;) Z E; cos(wit + ¢;)+
2 — (B.6)

K K
Z E;w; sin(w;t + ¢;) Z E; sin(w;t + ¢;).

=1 =1
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With some rearrangement, it can be rewritten as
I'(t)R(t) — I(t)R'(t) =

K K (B.7)
Z Eigwi + Z EiEj(w,- + Wj) cos[(wi — Wj)t + ¢; — ¢]]
i=1 1<J

where the identities (B.4) have been used again.
If we impose uniform frequency spacing with lowest frequency wy
and separation Aw
wi=wo+ (i —1)Aw, (B.8)

and equal phase and equal amplitude for all carriers
Ei = E07 ¢Z = ¢07 Vz, (Bg)
both expressions (B.5) and (B.7) become

R2(t) 4+ I*(t) =

K (B.10)
E2{K+2 Z cos[(i — j)Awt]
and

I'(t)R(t) — I(t)R/(t) =
K

E2wo{ K 42 Zcos[(i —J)Awt] p +
i<j (B.11)

K(K -1

) K
57 (45— 2) cosl(i — )Awt] p,

i<j

EiAw 5

respectively. Note that the summation of arithmetic series is Zfi 10 =
K/2(a1 + ak).
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Using (B.10), (B.11), and according to (B.2), the instantaneous
frequency becomes

K
2_) + Z (i 47 —2)cos[(i — j)Awt] (B.12)

i<j

wo + Aw =
K +2) cos[(i — j)Awt]
1<J
Note that the summatories depend exclusively on the sum and dif-
ference of the two iterators. Therefore, the expression above can

be further simplified by performing a change of variables such that
k=4—jand [ =i+ j. The summatories can be unwrapped to yield

K

> i+ —2)cos[(i — j)Awt] =

i<j

K—1 K—i
2 Z cos(iAw) Z l+i/2—-1
i=1 =

and
K—-1K—i
Zcos (1 — 7)Awt] :22 Zcos iAw)
1<j i=1 [=1

Considering that
K—i
K -1
Zl—i—i/Q—l:T(K—i)
=1

and that
K—i

- K—
=1
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the final expression of the instantaneous frequency yields

K
1 K -1 1
Ft)= — A -
=5 [“” YT ] oK ;‘“

(B.13)
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