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Resumen

Durante las dos tltimas décadas, dentro del campo de la fisica de altas energia (High
Energy Physics - HEP) se ha avanzado significativamente en el desarrollo de la tecnologia
de radio frecuencia de alto gradiente (High Gradient Radio Frequency — HG RF). Uno
de los principales desafios esta relacionado con la estabilidad de los componentes clave,
especialmente las estructuras aceleradoras (AS). Estos avances han permitido aumentar el
gradiente de aceleracién hasta 100 - 120 MV /m, alcanzando cerca 200 MV /m de campo
eléctrico superficial. Las mejoras en el diseno de las AS, junto con las nuevas técnicas de
fabricacion y una mejor comprension de los fenémenos que limitan la potencia maxima,
estan posibilitando la construcciéon de aceleradores lineales mucho mas compactos y efi-
cientes. Existen un gran ntmero de aplicaciones en las cuales se pretende aprovechar las
ventajas de los aceleradores lineales de alto gradiente. Esta tecnologia se puede extender
a multiples aplicaciones fuera del campo de la HEP, como por ejemplo la construccion de
Free Electron Lasers (FEL), aceleradores de dispersién inversa Compton, y aceleradores
lineales para aplicaciones médicas e industriales.

Una de las aplicaciones mas prometedoras de esta tecnologia es el campo de la hadron-
terapia. El uso de haces acelerados de particulas pesadas (protones o iones), los cuales
presentan una deposicién de energia muy localizada, permite realizar una cirugia del tu-
mor y evitar dafnios en los tejidos sanos circundantes. Ademds, el concepto de aceleradores
lineales comienza a cobrar interés gracias a la ventaja de modularidad y rapidez en el
control de la energia final del haz, el cual permite realizar en sesiones de tratamiento de
menor duracion.

Actualmente, los prototipos de AS no superconductoras a 12 GHz, testeados dentro del
proyecto CLIC del CERN, han permitido establecer el proceso de fabricacién, asi como un
conjunto pruebas experimentales sistematicas, a baja y alta potencia. Sin embargo, la op-
eracién a alta potencia de las estructuras de RF estd limitada por los procesos no deseados,
tales como: dark-current, calentamiento de las superficies, estabilidad del vacio, electro-
migracién, multipactor y breakdowns (BD). Esta tesis doctoral se centra en el estudio de
los BD como una de las principales limitaciones a la hora de optimizar el rendimiento de
los AS, y su relacién con los altos campos electromagnéticos producidos en el interior de
las estructuras.

Los BDs influyen en el rendimiento de la estructura y la calidad del haz acelerado.
Estos eventos conducen a la activacion del material, pueden producir dafios en la superficie,
radiacion, deterioro del vacio, e incluso afectar a la frecuencia de resonancia de la estructura
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o cambian el avance de fase entre las celdas, afectando a la sincronia entre la estructura
y las particulas que se quiere acelerar. Los BDs son un fenémeno muy importante que
limita el gradiente operativo méaximo y la fiabilidad de todo un acelerador. El objetivo
consiste en el desarrollo de esta tecnologia de alto gradiente de conductividad normal para
su aplicacion en los diferentes campos multidisciplinares que pretenden aprovechar sus
ventajas.

El diseno de la geometria de la estructura es extremadamente importante para opti-
mizar la eficiencia energética y el funcionamiento del acelerador. Las estructuras, después
de la fabricacién, tienen que trabajar, inicialmente, a baja potencia y deben condicionarse,
aumentando la potencia progresivamente, hasta alcanzar el gradiente operativo maximo.
El estudio de los BD permite una mejor comprensiéon de las limitaciones de los aceler-
adores de HG, y disminuye el tiempo requerido para el condicionamiento, mejorando el
rendimiento de las estructuras. En los dltimos anos, laboratorios de todo el mundo, han
dedicado mucho esfuerzo en comprender la fisica detras de este fenémeno. A pesar del
progreso en esta area de investigaciéon, la probabilidad y el comportamiento de los BD
todavia requiere investigacién. En consecuencia es necesario de equipos que incluyan di-
agnosticos avanzados para la deteccion y andlisis de los BD, como parte de las estructuras
del acelerador.

Esta tesis doctoral puede estructurarse en tres partes fundamentales, con el objetivo
de: brindar una visiéon general de la teoria empleada; mostrar los resultados de las pruebas
a 3 GHz de AS para aplicaciones en hadronterapia (HT), y los estudios de los BD en los
cuadruplos de radiofrecuencia (RFQ) a bajas (352.2 MHz) y altas (750 MHz) frecuencias.

La primera parte se centra en la introduccién de los conceptos basicos sobre aceler-
adores lineales de HG, asi como en la definicién de sus parametros mas importantes. El
gradiente de aceleracion puede definirse como el potencial axial por unidad de longitud que
proporciona la ganancia de energia a una particula cargada, a medida que pasa a través
del AS y que estd directamente relacionada con la intensidad de los campos eléctricos
presentes en el eje axial. El factor de calidad Q y la impedancia R (shunt impedance)
indican la eficiencia de las estructuras para alcanzar dicho gradiente, debido a las pérdidas
de energia eléctrica. El diseno de la geometria de la estructura es vital para optimizar
estos pardmetros y lograr una operacion eficiente del acelerador.

El rendimiento del acelerador, generalmente, viene limitado por la frecuencia de los BD
o Break Down Rate (BDR), que caracteriza la probabilidad de aparicién de un BD en una
AS, definido como la relacién del nimero de BD observados durante la operacién, dividido
por el nimero total de pulsos de RF enviados a la estructura. La baja probabilidad de
BD y la durabilidad, suelen ser indicadores de un buen rendimiento de una estructura HG
RF. Las unidades de medida estdndar son bpp (BD por pulso), o bpp/m que se obtiene
normalizando este valor a la longitud del sistema acelerador.

Experimentalmente se ha observado una fuerte dependencia del BDR con el gradiente
Eqce, y con el ancho de pulso, 73, descrita por la ley de escala B3 7'5. Esta dependencia
puede ser explicada debido a la existencia de defectos y nano protusiones en la superficie
interior de la estructura. La fuerte influencia del campo eléctrico conduce al crecimiento
de los nuevos emisores que pueden desencadenar BD. Esto degrada el factor de calidad @
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de la cavidad y afecta la resistividad superficial del cobre.

Contrariamente al criterio de Kilpatrick, que se utiliza comunmente para el diseno de
AS, el campo eléctrico superficial no permite predecir el limite de gradiente que puede
alcanzar una estructura, a pesar de la importancia de esta magnitud en el mecanismo de
formacion de BD. Este criterio tiene algunas limitaciones porque no incluye la dependencia
de la longitud del pulso, ni el BDR a la hora de estimar la probabilidad de apariciéon de un
BD. Hoy en dia, el condicionamiento de RF permite llegar a campos més altos, asi como
los avances en tecnologia del mecanizado y limpieza de superficies, junto con los sistemas
de ultra alto vacio.

Por esta razén, se deben tener en cuenta otras restricciones al disefiar estructuras HG.
Por un lado, el calentamiento de la superficie producido por los pulsos de alta potencia
que provoca una degradacion de la superficie, aumentando asi las posibilidades de BD,
especialmente en las regiones donde el campo magnético es més intenso. Por otro lado,
se introduce una nueva cantidad conocida como el vector de Poynting modificado, S., que
consiste en una combinacién de la densidad de potencia real e imaginaria del vector de
Poynting. Esta magnitud permite tener en cuenta el acoplamiento de la potencia de RF
disipada en los emisores de campo de superficie, y los campos no lineales generados por la
emisién de campo. Todavia se requieren estudios adicionales para estimar la influencia del
vector de Poynting modificado, y el campo eléctrico superficial asumiendo un gradiente
maximo.

Dado que la tecnologia basada en aceleradores lineales, conocida como linacs, parece
una de las opciones mas prometedoras para hadronterapia (HT) por la reduccién de
tamano, costo, complejidad y por su mayor eficiencia de trabajo, parte del trabajo se
ha centrado en la implementacién de la tecnologia HG con fines médicos. Las principales
ventajas de los linacs radican en la posibilidad de cambiar activamente la energia del haz
reduciendo el tiempo de tratamiento debido a la alta frecuencia de repeticién. Estas car-
acteristicas son ideales para poder tratar érganos moviles permitiendo asi el acceso a un
mayor nimero de pacientes.

Basandose en los resultados durante el desarrollo de HG ASs, la Fundacién italiana
TERA (Fondazione per Adroterapia Oncologica) ha propuesto recientemente un nueva
maquina para protonterapia basada totalmente en linacs. La idea principal del proyecto
es construir AS de 3 GHz montados sobre un pértico giratorio y usando un RFQ, de alta
frecuencia (HF) (750 MHz) como elemento inyector. Una méquina construida completa-
mente con linacs podria alcanzar el 100 % de transmisién del haz y un funcionamiento sin
pérdidas, ademads, la instalacién no requeriria ningtin blindaje significativo. El uso de HG
en estructuras RFQ también esta reduciendo las dimensiones y los costos de construccién.
Reducir la longitud total de los aceleradores es muy importante ya que las instalaciones
podrian ubicarse en centros hospitalarios, sin requerir grandes instalaciones especificas.
Pero los requisitos para poder realizar un tratamiento médico imponen un limite a la
probabilidad de BD de 7.7 x 10~7 bpp/m en todos los componentes de aceleracién para
tener menos de un BD por sesién de tratamiento completo. Para proporcionar tales
condiciones, se requiere un control del comportamiento de BD en las diferentes etapas de
aceleracion.



En este contexto, la segunda parte de esta tesis doctoral se centra en el estudio de las
limitaciones en el rendimiento de los aceleradores de HG para HT, debido a los BD en las
estructuras del acelerador. El diseno y la fabricacién de un prototipo de HG para linacs de
protones de uso médico, ha sido financiado por el grupo de Conocimiento y Transferencia
en el CERN. El primer prototipo, una estructura Backward Travelling Wave en S-band
(2.9985 GHz) conocida como S-band BTW HT se ha diseniado para lograr un gradiente
de aceleracién de aproximadamente 50 MV /m, con un campo superficial maximo de mas
de 200 MV /m, optimizado para protones de 76 MeV de energia. Esto permitiria reducir
considerablemente el tamano del acelerador, tal y como se propone en el proyecto Turning
Linac for Proton Therapy (TULIP). El principio de diseno de esta estructura es muy
similar a los prototipos CLIC. Ambos estdn operacionalmente limitados por el campo
eléctrico superficial maximo (= 250 MV/m) y un BDR méximo (=~ 10~¢ bpp/m). La
estructura ha sido disenada, fabricada y probada en el CERN. En esta parte se describe
el disenio de RF de la estructura.

Para alcanzar los pardmetros nominales de dicha estructura, se realizé el proceso de
condicionamiento, sometiéndola a una serie de pulsos de RF y aumentando gradualmente
la potencia. Las pruebas de alta potencia del AS de banda S se han llevado a cabo en las
instalaciones de prueba de S-band en el CERN. El Sbox del CERN ha sido optimizado
para probar las estructuras de aceleracién y los componentes de RF a mayor potencia.
El laboratorio consta de la instrumentacién necesaria para medir la potencia incidente,
reflejada y transmitida en la estructura. Se utiliza un sistema de control y un algoritmo de
operacion para mantener el BDR por debajo de un valor maximo. La estructura se condi-
cion6 a HG usando el mismo protocolo que para las estructuras CLIC 12 GHz, logrando el
gradiente maximo de diseno e incluso superdndolo. Este estudio puede servir como punta
de lanza del uso de un linac HG para HT. La cavidad estd disefiada con un gradiente de
mas del doble de lo que se ha alcanzado en cavidades previamente probadas a la misma
frecuencia. El objetivo principal de este prototipo es explorar los limites de BD de este
tipo de cavidades de banda S. La viabilidad de dicha estructura abrird muchas posibili-
dades para su uso en diferentes proyectos, principalmente debido al tamafio reducido de
la instalacién. El programa de prueba de alta potencia se realizé para comprender los
procesos fisicos asociados con los BD en RF y para determinar los mecanismos que lim-
itan el gradiente y causan dafos a la estructura.El rendimiento de la estructura cambia
con el tiempo y tiene una fuerte dependencia del gradiente de aceleracién y la longitud
del pulso. Una vez condicionada y alcanzado el gradiente de diseno, las medidas del BDR
se realizaron a diferentes niveles de potencia, manteniendo una longitud de pulso fija. La
reduccién del BDR indica el estado de condicionamiento de la estructura. Se ha deter-
minado la ley de escala medida para S-band BTW HT en diferentes gradientes, pero el
resultado es bastante diferente de la ley de escala empirica para otros prototipos de HG
a 12 y 30 GHz. Los experimentos deben realizarse con mayor estadistica para evaluar el
efecto de los BD en el funcionamiento de la estructura HG.

Se han realizado diferentes estudios para entender mejor las limitaciones de BD en la
estructura BTW HT de banda S. El posicionamiento de los BD a lo largo de las multiples
celdas de la estructura ha permitido comprender los factores limitantes del diseno para
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evitar generar danos en las AS durante la operacién. Esto debido a que el diseno RF
busca una distribuciéon uniforme de BD en todas las celdas. Para determinar la ubicacién
de los BD se han utilizado diferentes métodos. Estos métodos fueron adaptados de los
utilizados previamente en estructuras de aceleracion de banda X. Los resultados obtenidos
para la S-Band BTW HT muestran que no hay evidencias de la existencia de ningin hot
spot. La ubicacién de BD estd directamente relacionada con la distribucién de campo en
la estructura.

Otro fenémeno importante que requiere de investigacién es la emisién de electrones por
efecto de campo y la corriente oscura resultante. Su estudio es importante porque puede
causar absorcién de energia de RF, ruido de fondo en los monitores de posicién del haz y
también radiacion ionizante. Por lo tanto, se realizaron varias medidas para determinar el
nivel de emisiones en las estructura S-band BTW HT. Se ha medido la dependencia de la
corriente oscura con la longitud del pulso y la magnitud del campo aplicado observando que
el valor disminuye con el tiempo, siguiendo el proceso de condicionamiento. La amplitud
de la corriente oscura emitida por la estructura sigue el modelo de Fowler-Nordheim. El
enhacement factor o factor de amplificacién obtenido es comparable a los valores de los
prototipos de X-band probados en el CERN. Estos resultados muestran la mejora de la
superficie de la AS durante el proceso de condicionamiento, como es habitual en estos
casos.

El anélisis comparativo de los histéricos de condicionamiento del prototipo S-band
BTW HT permite reducir los tiempos, con el objetivo de optimizar el rendimiento y
minimizar la probabilidad de BD. Un modo de operacion estable es necesario para el
buen funcionamiento de todos los aceleradores lineales, en particular, para la terapia de
protones, ya que éstas requieren de una operacién sin BD durante toda una sesion de
tratamiento. Después de la prueba de alta potencia se han llevado a cabo mediciones de
RF de baja potencia para determinar los cambios de las propiedades de RF de la BTW
HT de banda S. Ademas, también se ha realizado una inspeccién visual con boroscopio
para ubicar los BD y para ver la ocurrencia relativa BD en las diferentes areas de la super-
ficie interna donde el campo electromagnético alcanzé valores maximos. Estos resultados
complementarios confirman la confiabilidad del andlisis de datos basado en la diferencia
en el tiempo de las senales de RF. Se realizé una comparacién detallada de los histéricos
de condicionamiento para determinar el mejor procedimiento, con el objetico de evaluar el
diseno de RF y la tecnologia de fabricacion. El proceso de condicionamiento esta limitado
por el algoritmo, la potencia de entrada disponible, y la velocidad de condicionamiento
individual de la estructura. A modo comparativo, se han utilizado diferentes parametros.
Por ejemplo, el gradiente de aceleracién no es un parametro relevante para predecir el
mejor rendimiento de la estructura, ya que el rendimiento depende de la influencia de
multiples factores. Otras cantidades, como el campo eléctrico superficial y el vector de
Poynting modificado, se han utilizado para describir este proceso. Para poder comparar
directamente el comportamiento de los diferentes AS, los resultados se han normalizado a
los parametros nominales, utilizando la longitud del pulso y el BDR. Se han comparado
los histéricos de condicionamiento con los diferentes parametros para identificar cual es la
mejor opcion para hacer dichas comparaciones.
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En particular, el estudio del comportamiento a largo plazo, de este tipo de AS fue de
especial interés, con el fin de encontrar el gradiente méaximo para una operacién estable,
y asi estimar el tiempo requerido para completar el proceso de condicionamiento. Los
prototipos CLIC y la estructura de la S-band para aplicaciones médicas tienen diferentes
requisitos en términos de estabilidad de operacién; sin embargo, los resultados de la prueba
en S-band AS parecen consistentes con los resultados de los experimentos de las X-band.
Todos estos resultados confirman que la BTW HT de banda S garantiza los pardmetros
necesarios para la hadronterapia, ademas de dar informacién adicional sobre la aparicion
de BD en el NC HG AS con diferentes disefios. El conocimiento adquirido en esta tesis
se puede utilizar para desarrollar mas bancos de pruebas para AS y componentes RF, a
fin de calcular el blindaje necesario para la instalacion y realizar méas estudios sobre la
generacién de arcos de vacio.

La ultima parte de este trabajo estd dedicada al estudio de los BD en las RFQ. Las
estructuras RFQ se utilizan comtinmente como inyectores, en los principales laboratorios
e industrias, donde se utilizan aceleradores lineales de iones. La RFQ representa la mejor
opcion de transporte entre los haces no agrupados, provenientes de la fuente de iones
y los haces agrupados que se requieren en las AS. La tecnologia HG, en este tipo de
estructura, ofrece una mayor capacidad de carga espacial y la posibilidad de reducir la
longitud total de los aceleradores. Para mejorar el rendimiento de las RFQ, es necesario
aumentar el gradiente, lo que significa maximizar el campo en las vane-tip. Esto se puede
hacerse, teniendo en cuenta la proporcién entre la aceptancia transversal, la eficiencia de
aceleracién, y minimizando el radio de curvatura transversal. Se han adoptado una serie
de soluciones de diseno innovadoras con frecuencias y gradientes més altos para minimizar
el costo y contribuir al futuro de la industrializacion. Se estudiaron dos RFQ, una con alta
frecuencia (HF-RFQ a 750 MHz) y otra con baja frecuencia (352.2 MHz). Es importante
tener en cuenta que el rendimiento logrado y el comportamiento a largo plazo de estas
estructuras se han llevado a cabo por primera vez de manera sistematica en este tipo de
dispositivos.

La HF-RFQ es una estructura compleja, que requiere de mayor precisién de mecanizado
debido a sus estrictas tolerancias. El HF-RFQ es el RFQ mas compacto jamés constru-
ido, opera a 750 MHz y es capaz de producir haces de baja intensidad sin pérdidas
significativas. Esta estructura tiene aproximadamente el doble de frecuencia que las RFQ
existentes. HEsta RFQ estd disefiada para aplicaciones de baja corriente que requieren
pequenias dimensiones, bajo costo, bajas emisiones de radiacién, mantenimiento minimo,
y alta portabilidad. Los primeros HF-RFQ se han construido, como alternativa a los ci-
clotrones, en la fase de inyeccion a un linac que funciona a una frecuencia mas alta. Su
disernio es lo suficientemente general como para ser utilizado en muchas otras aplicaciones,
como la produccién de radioisétopos médicos y el escaneo con haces de iones, y también
para la fabricacién de componentes industriales y el analisis de obras de arte.

El estudio de los BD se ha realizado durante la operacién y prueba del HF-RFQ
utilizado en los experimentos LIGHT e instalado en el drea experimental del CERN. El
sistema LIGHT fue disenado para proporcionar un has de protones de alta calidad con una
energia de hasta 230 MeV, necesaria para el tratamiento eficaz de tumores profundos con
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terapia de protones. Uno de los objetivos de esta instalacion es reducir significativamente
el costo del tratamiento y poder instalar, dichas maquinas en centros de atencién médica
pequenos o medianos.

La compania AVO ha integrado con éxito, las diferentes secciones principales del linac
en un primer prototipo. El diseno LIGHT se compone de diferentes tipos de secciones
lineales de aceleracién, y en una de ellas se encuentra la RFQ. Este prototipo ha sido
construido por el CERN, con el apoyo del grupo de transferencia de conocimiento. La RFQ
de 750 MHz se ha construido en base a la experiencia previa en el diseio de AS dentro
del proyecto Linac4, adaptandola a las tecnologias TERA anteriores y la experiencia en
estructuras HG del grupo CLIC del CERN. La frecuencia del RFQ ha sido seleccionada
para ser un sub-armoénico de 3 GHz como se requiere para la aplicacién en una terapia de
protones. Esto debido a que las frecuencias mas altas disminuyen la aceptacion, aumentan
la densidad de pérdida de potencia y dificultan el mecanizado de las primeras celdas.

La mediciéon de BDs en este HF-RFQ se realizé durante el condicionamiento con haz
de los diferentes componentes de RF. Los datos han sido tomados sin alterar el régimen
normal de operacién. Inicialmente, los datos de la forma de onda se tomaron con un
osciloscopio, y después se desarrollé el sistema de adquisicion de datos. Se realizo el
estudio primario de la ubicacién de BD. El RFQ no esta equipado con una configuraciéon
de diagnéstico que admita las mediciones de todas las sefiales necesarias para determinar
la ubicacién de los BD. Pero atun asi, segtin los resultados obtenidos, se pueden sacar
conclusiones sobre la ubicacion dominante. En general, hemos probado que este tipo de
RFQ son adecuadas para cumplir los requisitos que exigen las aplicaciones de HG.

Otra RFQ que se ha estudiado en esta tesis doctoral es la RFQ de 352.2 MHz, utilizada
como parte del complejo de inyectores de Linac4 para el Gran Colisionador de Hadrones
(LHC). Su rendimiento a HG y el comportamiento de los BD ha sido el aspecto funda-
mental de este estudio. El RFQ esta disenado para acelerar un haz H- desde la fuente de
iones hasta conseguir los parametros requeridos, ya que los parametros del haz de salida
del RFQ deben ser compatibles con la chopper line existente en Linac4. Los estudios
BD en el Linac4d RFQ se han realizado principalmente utilizando senales acopladas en los
ejes del sintonizador. Las senales reflejadas y los lectores de vacio se han utilizado como
confirmacion de la actividad de BD. Estos acoples se usan para monitorizar los campos
electromagnéticos dentro de la cavidad RFQ, durante la operacién, y para mantener el
campo constante. El Linac4 RFQ ha sido operado con diferentes potencias, longitudes de
pulso, con y sin haz, lo que hace posible estudiar el comportamiento de la estructura con
varios parametros.

Los datos obtenidos muestran un nimero creciente, no lineal, de BD durante la op-
eracién. Esta alta actividad puede ser causada, no solo por limitaciones del diseno, sino
también por factores externos. Cabe destacar el nimero de BD que se produjo cuando se
cambio la longitud del pulso. Esto indica la necesidad de implementar un algoritmo de
condicionamiento, que garantice que el BDR y los niveles de vacio se mantienen dentro de
los margenes de operacién segura. Las medidas de BD en la RFQ requieren condiciones
adecuadas para evitar la influencia de otros factores como el gas, las particulas cargadas
provenientes de la fuente de iones, y la potencia reflejada en la estructura. Solo después de

ix



la eliminacién de estos factores externos, se pudo estudiar adecuadamente el rendimiento
de RFQ.

El comportamiento del RFQ durante un evento BD es muy diferente de los estudios
hechos a las AS en HG. Sobre la base de las observaciones de los eventos de BD, se
desarrollaron técnicas para determinar la ubicacién de BD utilizando todas las senales
de RF disponibles. También, se han realizado simulaciones de la distribuciéon del campo
electromagnético para el RFQ. La zona maés interesante estd cerca de los iris, donde el
campo eléctrico de superficie es el mas alto. Los intentos de simular la distribucién del
campo durante los BD se han realizado como un cortocircuito entre los vanes mas cercanos.

Los campos durante un BD cambian drésticamente tal y como que se observo en las
estructuras previas. Midiendo la frecuencia en las sondas de potencia se puede obtener que
las frecuencias no resonantes aparecen durante BD, y los valores dependen de la ubicacién.
Los BD dividen el volumen en dos areas: la primera con una variacién de frecuencia
minima, y la segunda con un amplio rango de frecuencia. Para explorar este fenémeno
en detalle se requieren mas medidas, por lo que el DAQ requiere de méas cambios. Sin
embargo, se ha cuantificado el rendimiento de la RFQ de Linac4 y los principales factores
que lo limitan. Se determiné la relaciéon del BDR y el gradiente con y sin has. Estos
resultados deberan tenerse en cuenta en el diseno de la préxima generacién de RFQ con
el objetivo de aumentar el gradiente.

Para completar el andlisis del BD, se midio la corriente oscura y el factor Q en ambas
RFQ. Generalmente, el funcionamiento de un AS estd limitado por los BD, causados por
los altos campos eléctricos superficiales presentes en los vanes, en el caso de las RFQ. El
campo maximo alcanzado, durante las pruebas, produce una corriente emitida considerable
(corriente oscura). Esto puede causar absorcién de energia del campo RF, y radiacién
ambiental. Se ha intentado medir las corrientes oscuras, monitorizando el voltaje de la
cavidad para diferentes niveles potencia de RF, y también utilizando los detectores de
corriente presentes en la linea del haz. Los resultados obtenidos fueron compatibles con
las distribuciones de campo del modelo de disenio de la estructura. También se obtuvo
el factor de calidad. El propédsito de estos experimentos es ver cémo el factor Q se ve
afectado por el BD, ya que estos valores varian de un evento a otro. Esta informacion
también se puede utilizar para identificar la ubicaciéon de BD.

Para una mejor comprension del comportamiento de BD e identificacion de los princi-
pales parametros limitantes, se necesita un montaje experimental dedicado, como el que
se empled para la estructura en S-band, ya descrita en la parte anterior. Cabe destacar
que, para medir los BD en las estructuras RFQ se ha realizado una actualizacién de los
DAQ en cada uno de los sistemas. El sistema proporciona una interfaz tinica de monitoreo
de pardmetros y registro de datos. Los principales cambios realizados se describen en los
Apéndices. Esta técnica de medicién de BD puede utilizarse en otras instalaciones donde
se requiere limitacién y control de eventos de BD.



Abstract

The achievement of high-gradient in the linac structures is a key issue in design facility
for high-energy physics and other applications.

This thesis is focused on the study of the high-gradient limitations in the normal-
conducting radio-frequency accelerating structures. One of the effects that could appear
during high power operation of such structures is the RF vacuum arcs or breakdowns. This
occurs due to the high electromagnetic fields in the structure. Such events have an impact
on the structure performance and the quality of the accelerated beam. Breakdowns lead
to surface damage that can detune the resonant frequency of the structure and change the
phase advance between cells which is important for synchronizing the structure with the
beam. The achievement of a high gradient in the structures of a linear accelerator is a key
fundamental issue in an accelerator installation of hadronterapia, so it must be studied in
detail. Therefore this phenomenon requires a detailed study on the dedicated developed
systems.

The Chapter 1 of this thesis includes an overview of the whole theory regarding these
studies. A general introduction of the RF theory and the basic concepts related to linear
accelerators is given. Some examples of the accelerating structure designs are given, the
analysis of which will be carried out in subsequent chapters. The main limiting quantities
and the issues related to RF breakdown phenomena are also discussed in detail. The
advantages that high gradient technology offers for medical application and a summary of
the current activities in the development of high gradient hadron therapy linacs are also
described.

In Chapter 2 the high power tests on a 3 GHz prototype for hadron therapy, which
have been carried out at the CERN Sbox, are described in detail. The tests have been
successfully performed and the maximum operation limit of a linac in terms of maximum
achievable fields and breakdown probability have been determined. The data analysis
techniques used for localization of breakdowns in this structure are presented in detail
in comparison with post-processing results. A statistical investigation of the breakdown
occurrences is also made to understand the underlying processes of these events. The
data collected have been compared with CLIC X-band RF prototypes results in order to
estimate the structure performance. The description of the high-power set-up and the
updates are described also in this chapter.

In Chapter 3 a first systematic study of breakdown events in RFQs is presented. Two
RFQs designed for different frequencies and applications are considered. The design fea-
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tures and the relative merits of these structures are discussed. The long term behaviour of
the RFQs is also presented. The main changes observed during breakdown events are dis-
cussed and a technique of identification of breakdown location is proposed based on these
observations. These studies have been applied to determine the breakdown limitations
and to predict the structure performances.

The main conclusions are made in Chapter 4. The experimental work presented in
this thesis is carried out in order to compare the physics of breakdowns occurring in the
high-gradient accelerating structures and RFQs. The final goal of the overall breakdown
research is to understand the phenomenon, to maximize the structure performance and to
confirm the ability of using high-gradient technologies for various applications.

k 3k ok ok ok ok %k %k k 3k

La investigacién de estructuras de microondas de alto gradiente en aceleradores lineales
es un tema clave en instalaciones de fisica de altas energias, y en particular en sistemas
de fisica médica basados en hadronterapia.

Esta Tesis Doctoral se centra en el estudio de los problemas que surgen al emplear
sistemas de alto gradiente en estructuras aceleradoras de radiofrecuencia no superconduc-
toras. Uno de los efectos que aparecen durante la operacién de alta potencia en estos
sistemas son los arcos de vacio de RF, llamados breakdown. Esto ocurre debido a los al-
tos campos electromagnéticos de RF que aparecen en las estructuras aceleradoras. Tales
eventos tienen un impacto en el rendimiento de la estructura y en la calidad del sistema.
Los breakdown generan dafos en la superficie que pueden desintonizar la frecuencia de res-
onancia de la estructura, y en consecuencia cambiar el avance de fase entre las cavidades
aceleradoras, lo cual es importante para sincronizar la estructura con el haz. El logro de
un alto gradiente en las estructuras de un acelerador lineal es un tema fundamental clave
en una instalacion aceleradora de hadronterapia, por lo que debe ser estudiado con detalle.

El Capitulol de esta Tesis incluye una visién general de los aceleradores de particulas.
Se presenta una introduccion general de la teoria de RF y los conceptos bésicos rela-
cionados con aceleradores lineales. Se dan algunos ejemplos de los disenios de estructuras
de aceleracién, cuyo andlisis se llevard a cabo en capitulos posteriores. Los principales
parametros y los problemas relacionados con el breakdown también se discuten en detalle.
También se describen las ventajas que ofrece la tecnologia de alto gradiente para apli-
caciones médicas, junto con un resumen de las actividades actuales en el desarrollo de
aceleradores lineales de terapia con hadrones.

En el Capitulo 2 se describen con detalle los experimentos de alta potencia en un
prototipo de 3 GHz para la terapia de hadrones que se han llevado a cabo en el CERN
Sbox. Las pruebas se han realizado con éxito, y se ha determinado el limite maximo
de operaciéon de un acelerador lineal en términos de los campos maximos que se pueden
alcanzar. Ademas del acondicionamiento, se han realizado otras mediciones. Las técnicas
de andlisis de datos utilizadas para la localizacién de breakdown en esta estructura se
presentan en detalle en comparacion con los resultados del post-procesamiento. También se
realiza una investigacién estadistica de los eventos de ruptura para comprender los procesos
subyacentes de estos eventos. Los datos recopilados se compararon con los resultados de
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los prototipos de RF de la banda X de CERN-CLIC para estimar el rendimiento de la
estructura. La descripcién de la configuracion de alta potencia, y las actualizaciones
también se describen en este capitulo.

En el Capitulo 3 se presenta un primer estudio sisteméatico de eventos de ruptura en
sistemas RFQ. Se han estudiado dos RF(Q disenadas para diferentes frecuencias y aplica-
ciones. Se discuten las caracteristicas de disefio de estas estructuras. También se presenta
el comportamiento a largo plazo de ambas RFQ. Se discuten los principales cambios ob-
servados durante los eventos de ruptura, y se propone una técnica de identificacién de la
ubicacién de la ruptura basada en estas observaciones. Estos estudios han servido para
predecir los rendimientos de la estructura.

Las principales conclusiones de esta Tesis Doctoral se presentan en el Capitulo 4.. El
objetivo final de la investigacion general es comprender el fenémeno del breakdown para
maximizar el rendimiento de este tipo de estructuras, y confirmar la capacidad de usar
tecnologias de alto gradiente para diversas aplicaciones, especialmente en Fisica Médica.

k ok ok ok ok ok ok ok ok ok

Aconseguit un alt gradient en estructures acceleradores lineals (linacs) és un tema clau
en el disseny de les instal-lacions en el camp de la fisica d’alta energia i d’altres aplicacions.

Aquesta tesi es centra en I'estudi de les limitacions de les estructures acceleradores d’alt
gradient, de radiofreqiiéncia, no superconductores. Un dels efectes que podrien apareixer
durant 'operacié d’aquestes estructures, a alta potencia, sén els arcs electrics de buit o
breakdowns. Aquests fenomens es produeixen a causa dels alts camps electromagneétics
dintre de l'estructura i tenen un impacte en el rendiment de la mateixa i la qualitat del
feix accelerat. Els “arcs de buit” produeixen danys en la superficie que poden afectar a la
frequencia de ressonancia i canviar I’avanc de fase entre cel-les, modificant un parametre
important per a la sincronitzacié de l'estructura amb el feix. Per tant, aquest fenomen
requereix d’un estudi detallat.

El capitol 1 d’aquesta tesi inclou una visié general de tota la teoria necessaria per a
realitzar aquests estudis. Primer una introduccio general de la teoria de la radiofreqiiencia
i els conceptes basics relacionats amb els acceleradors lineals. S’explica breument alguns
exemples dels dissenys d’estructures acceleradores, I'analisi de les quals es realitzara en
capitols posteriors. També es discuteixen, detalladament, les principals quantitats que lim-
iten 'operacié de les estructures i els problemes relacionats amb els fenomens relacionats
amb la radiofreqiiencia. També es descriuen els avantatges que ofereix la tecnologia d’alt
gradient per a l’aplicacié medica. Finalment, es presenta un resum de l’estat de activitats
actuals en el desenvolupament de linacs d’alt gradients per a la terapia amb hadrons.

Al capitol 2 es descriuen, amb detall, les proves d’alta potencia realitzades sobre un
prototip de estructura acceleradores, de 3 GHz, per a terapia amb hadrons, realitzades a
les instal-lacions del CERN Sbox. Les proves s’han realitzat amb exit, obtenint el limit
de potencia maxima al qual es pot operar aquest tipus de linac, en termes de maxim
camp assolible i la probabilitat de produir arcs electrics en el buit. Les técniques d’analisi
de dades, utilitzades per a la localitzacié dels arcs electrics, es descriuen amb detall,
comparant-les amb els resultats anteriors. També es descriu els estudis estadistics dels
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arcs electrics en el buit, per comprendre els processos subjacents d’aquests processos. Les
dades recopilades s’han comparat amb resultats de prototips RF de CLIC, en banda X, per
tal d’estimar el rendiment de ’estructura. La descripcié de la configuracié del muntatge
i les actualitzacions realitzades també es descriuen en aquest capitol.

Al Capitol 3 es presenta un primer estudi sistematic del breakdowns en estructures
RFQs. S’han estudiat dues RFQ dissenyades per a freqiiencies i aplicacions diferents.
Primerament es discuteixen les caracteristiques de disseny i les millores relatives a cada
estructura. També es presenta el comportament a llarg termini de les RFQ. Es discuteixen
els principals canvis observats durant els breakdowns i es proposa una técnica per identificar
la seva ubicacié a partir d’aquestes observacions. Aquests estudis han servit per determinar
les limitacions de les estructures i predir el seu comportamnet.

Les principals conclusions es descriuen al capitol 4. El treball experimental presentat
en aquesta tesi s’ha realitzat amb ’objectiu de comparar la fisica darrera el arcs electrics en
el buit, produits en les estructures acceleradores d’alt gradient i les RFQ. L’objectiu final
de la investigacié ha sigut desglossar y comprendre aquest fenomens, per a maximitzar
el rendiment de les estructures i demostrar la capacitat d’aplicacié d’aquestes tecnologies
per a diverses aplicacions.
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Chapter 1

High-Gradient issues in
Normal-Conducting RF structures

During the last two decades, there has been a significant progress in the development of
High Gradient (HG) technology for High Energy Physics Linear Colliders (HEP-LC) appli-
cations. One of the main challenges is related to the reliability of key components, such the
Accelerating Structures (AS). The Japanese Linear Collider (JLC) [1], the Compact Linear
Collider (CLIC) [2,3] and the Next Linear Collider (NLC) [4] projects have all contributed
to progress in increasing the achievable HG from 20-30 MV /m up to 100-120 MV /m. This
high accelerating gradient corresponds to approximately 200 MV /m peak surface electric
field [3] and has been achieved through an enhanced AS RF designs, an improvement in the
fabrication technologies and a better understanding of vacuum RF arcs or RF breakdown
(BD) phenomena [5-7].

As a result, prototypes of AS for Normal-Conducting (NC) linear accelerators at High-
Frequency (12 GHz) start to have an established process of fabrication and systematic low
power and high power experimental tests. However, HG operation of RF structures is
limited by the undesired BDs that cause beam losses which in turn can lead to material
activation, surface damages, radiation and vacuum deterioration. RF BDs in AS limits
the maximum operational gradient and the reliability of the entire accelerator. An effort
to deep understanding of this phenomena is ongoing in many labs around the world.

HG-RF technology has also a lot of impact in any other applications apart of HEP-LC,
as Free Electron Lasers (FEL), Compton back-scattering accelerators and linacs (linear
accelerators) for medical and industrial applications. In the following we will introduce the
basics of RF linear accelerators and we will discuss the main limiting parameters, the per-
formance and the applications of the HG-RF AS, in particular for two kinds of RF devices:
the Backward Travelling Wave (BTW) AS and the Radio Frequency Quadrupoles (RFQ).
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1.1 High-Gradient Normal-Conducting RF structures

NC AS are metallic resonant cavities used to accelerate beams of charged particles by
means of the interaction of the particles with the electromagnetic (EM) fields confined in
such volume. The beam is accelerated (gain energy) by a set of these cavities. AS design
depends on the type of particle that is being accelerated and the required final energy.
A detailed study of AS is very important for HG NC RF linear accelerators because this
component determines the main performances of the facility. We will discuss later in this
chapter the main RF parameters and limiting quantities of HG RF structures.

1.1.1 Particle acceleration

To accelerate charged particles, EM field oscillate in time in a certain volume with a
frequency f as a sinusoidal function in the Radio-Frequency (RF) range from MHz to
GHz. The energy gain W of a particle of charge ¢ longitudinally travelling through
the RF structure can be obtained from a simple model using the axial RF voltage Vj,
the synchronous phase ¢, and the transit time factor 71" according to the Panofsky
equation [8]:

AW = gWyT cos(¢ps) (1.1)

The synchronous phase represents the relative phase of the RF field with respect to the
beam and the transit time factor takes into account the time variation of the field during
particle transit through the length Lg of the structure. The longitudinal RF voltage is:

Vo = (Eqee) Lo (1.2)

where the average accelerating gradient (F,..) corresponds to the axial potential per
unit length which cause a charged particle energy gain during the interaction with the RF
fields of the AS. RF AS are typically characterized by their accelerating gradient E,.., that
is directly related to the longitudinal electric field E, on the axis of the beam direction,
which can be written in terms of the longitudinal position z and time ¢ as follows:

E.(z,t) = Egee(2) cos(wt(z) + ¢s) (1.3)

where w = 27 f is the angular frequency. The energy gain of a charged particle crossing
a gap L is:

AW =q Eocc(z) cos(wt(2) + ¢s)dz (1.4)
—L)2

The transit time factor will be defined as
L)2

Eqce(2) coswt(z)dz — tan ¢ / Euce(2) sinwt(z)dz) (1.5)
~L/2

L/2
T= i
Vo 'L
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and describes the reduction in the energy gain AW caused by the sinusoidal time variation
of the field in the accelerating gap. It takes into account the change in time of E, while
the particle crosses the cavity with a finite speed.

1.1.2 Main characteristics of RF structures

AS consists of a series of periodic cells, aligned in a straight line and coupled by irises of
a certain aperture, that store the EM energy and provide a longitudinal voltage given in
Eq. (1.2), see Fig. 1.1. The characteristic of AS are determined in term of their figures of
merit, some of the more relevant are discussed here.
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Figure 1.1: Schematic view of an AS.

Shunt impedance r; is the ratio between the square of the axial voltage V;y produced
and the dissipated power in the cavity walls P:

rs = — (1.6)

it is important to notice that the shunt impedance is independent of the excitation level of
the cavity. This energy is dissipated in the cavity walls due to the finite electric conduc-
tivity. We could define an effective shunt impedance r (measured in ) as the ratio
of the average effective electric field squared (VoT') to the power P dissipated on the wall
surface:
_ (W)
P

This depends on the cavity mode, geometry and on the velocity of the particle to be
accelerated. Sometimes the effective shunt impedance per unit length Z72 or ZT'T is
also defined and this quantity gives a measure of the effective shunt impedance independent
of the cavity length:

= 7, T? (1.7)

(WT)?

772 =
P/L

(1.8)

Quality factor () is the ratio between the stored energy W and the power dissipated
per RF cycle multiplied by the RF angular frequency w:
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wW
Q=" (19)
@ takes into account the losses due to the finite conductivity of the cavity walls. An
external quality factor QQ..: is a factor that describes the degeneration of Q) due to the
generator and diagnostic impedances:

wW

Qemt Pea;t
A loaded quality factor Q.4 takes into account not only the power dissipated into
the cavity wall P, but also the extra power lost P.,; when the cavity is connected to a
waveguide or when there is a non negligible beam loading:

(1.10)

wW
= — 1.11
Qload (P n Pe:r;t) ( )
this means that 1
Qload = 77— L1 (1.12)
Q Qext

The measurement method currently used for determine (Qj,qq calculates the slope of the
decay of the cavity voltage when the pulse is over. This is done by assuming that the
decay can be described by the function:

V(it)=A - U7 (1.13)

where A is a constant and 7 is the cavity time constant. Starting with the logarithm of
t 1

the cavity voltage which could be defined as In(Veq,) = In(A) — —, where k = — — is the
T T

slope of this curve [9], we have:
w
= —— 1.14
Qload 2k’ ( )

The ratio between the effective shunt impedance and the quality factor r/@Q is a mea-
sure of accelerating field for a certain stored energy at a given frequency:
2
r_ (1.15)
Q wW
The r/Q thus simply quantifies how effectively the cavity converts stored energy into
acceleration. The r/@Q is a pure geometric qualification factor and is independent of
material and machining quality.
Coupling factor 5. of a waveguide to a cavity system is a measure of how much
power coming from the power transfer line (external load) is being used to feed the cavity.
The coupling factor is given by the ratio of Q over Qeu::

— Q _ Pezt
Qemt P

Be (1.16)
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Substituting Eq. (1.16) into Eq. (1.12), we find:

_ @
Qload = +3) (1.17)

When S, < 1 the waveguide and the cavity are undercoupled. When S, > 1 the waveguide
and the cavity are overcoupled. When . = 1 the waveguide and the cavity are critically
coupled, and then Q = Qeyr and Qoaq = Q/2.
The quantity of power reflected by the coupling slot, is given by the reflection coef-
ficient I':
T = 1- Bc

1+ B

To have a matched state in the critically coupled case, we need 8, = 1 and I' = 0. This
means that the incident power from the generator delivered into the cavity through the
input power coupler is maximum.

The cavity not only receive an input wave from the generator, but reflects a wave back
through the coupler. The effective reflective voltage and power in the input to the AS
is the sum of the direct-reflected wave from the coupler and the reflected wave from the
cavity. A detailed explanation can be found in [8].

Almost all of the fundamental RF parameters described before are frequency depen-
dent. Assume an NC RF cavity with fixed accelerating gradient, fixed total energy gain
and fixed total length. The transit-time factor and the fields are independent of fre-
quency. The power dissipated into the cavity wall scales as f~1/2. Therefore, higher
frequency gives reduced power loss. Quality factor is also depend as f~1/2. The effective
shunt impedance per unit length scales as f/2, so shunt impedance increases at higher
frequency. Consequently, NC AS operating at high frequencies require less power. The
operating frequency f have to be selected in the process of optimizing the structure pa-
rameters. But a significant limitation comes from technical reasons like the availability of
the power supply.

(1.18)

1.1.3 Travelling Wave and Standing Wave Structures

Different classifications of structure designs can be found in [10], but we will focus in this
particular case on Travelling Wave (TW) and Standing Wave (SW) structures.

Travelling Wave Structure

TW AS is a kind of uniform cross-section waveguide structure with a periodic disk loading
in which the RF power enters into the cavity through an input coupler, flows consistently
along each cell to an output coupler. Typically, the end of the structure is connected to a
matched power load. A schematic view is shown in the left part of Fig. 1.2.

The speed of the accelerated particles is synchronized with the RF phase velocity:

1M=%:%£ (1.19)
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this is the velocity which represents the proportionality between the angular frequency w
and the wavenumber (or angular wave number) k.

After selecting the operating frequency, the dimensions of the cells are determined for
a given phase advance per cell as:

A¢ =k(f) Leeu (1.20)

where L. is the length of the cell or the distance between two irises. The velocity at
which the RF power transmit through TW AS is the group velocity v, defined as:

duw df
dk el (Ag)

The group velocity determines the filling time, which is calculated as the time for the
wave propagation from input to output end of the structure of length L:

L
dz
L = / 4z (1.22)
0

vg(2)

In a Constant-Impedance (CI) TW AS with uniform cell geometry [8], the RF power
and the electric field decay along the wave propagation with constant v, therefore the
filling time is:

Vg (1.21)

L 2
tfill -~ _alL Qload

1.23
5 - (1.23)

where « is the field attenuation per unit length.

In case of a Constant-Gradient (CG) TW AS, the accelerating field is constant along the
cells. Therefore, for a constant field, the TW power and also the group velocity decrease
linearly with beam direction. To achieve the CG design, the iris radius have to be tapered.
The acceleration gradient, F,.., per unit length of a CG TW AS is calculated by

Pi 75(1 — e72
Eacc = \/ ok TS(L ¢ ) (124)
0

where Py, is the input RF power. The main advantages of CG TW AS is the lower value
of the peak surface field for the same energy gain.

Standing Wave Structure

A SW pattern can be obtained by simply closing both sides of the disc-loaded structure.
In this case, the power is fed a single coupler and propagates with the same velocity along
all the cells of the AS. The multiple wave reflections from the structure ends build a SW
that corresponds to the electromagnetic eigenmodes. The additional boundary conditions
suggest perfectly conducting walls with discrete frequencies and phase changes. The fields
of adjacent cells couple via coupling holes or through properly designed coupling slots.

6
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The N-cell structure behaves as a system composed by N coupled oscillators with RF
modes which characterized by a cell-to-cell phase advance (n7/N). The frequency of the
n-th mode can be calculated from the dispersion formula:

V14 k cos(nm/N)’

n=1,2, .., N (1.25)

Wn,

where wq is the frequency of the uncoupled single cells and k is the strength of the cell-
to-cell coupling. Therefore a cavity with a larger number of cell N has more modes in
the same frequency range and consequently the smaller frequency difference between the
nearest modes.

The filling time is the time that it takes to build-up the fields and is given by the
following expression:

trin = (1.26)

Qload
w
The cavity cells are filled uniformly in time. The value of filling time is typically in the

order of ps.

Fig. 1.2 illustrates the filling process of the SW and TW structures. TW AS is filled
in space, which means that basically cell after cell is filled with power. The fields in SW
AS increase in time almost simultaneously in all cells.

BT T T ITTITTL

. | ) i >
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‘group

® RF input RF output
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Figure 1.2: Schematic illustration of a TWS (left) and SWS (right).
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Backward TW structure

In order to improve the structure shunt impedance, a novel design taking as starting point
the TW AS known as Backward TW structure (BTW) could be introduced. The BTW AS
combines the advantages of TW and SW. The main characteristic of this structure is the
presence of a backward magnetic coupling, obtained by the aperture of the coupling holes
in the wall between successive cells, insuring a high shunt impedance [12]. Another feature
of a BTW is the absence of coupling cells which makes the structure more compact in the
transverse plane and leaves space for the cooling channels. AS also has shorter filling time.
A schematic mechanical drawing of a BTW prototype [13] is shown in Fig. 1.3.

{_{\r Pload

Wy

Pin J—L

Figure 1.3: Cut view of a BTW prototype. The arrows indicate the direction of RF power
and beam in structure where P;, is the input RF power and P}y, is power dumped into
the RF load.

1.1.4 The Radio Frequency Quadrupoles

The RFQ is a linear accelerator which focuses, bunches and accelerates a continuous beam
of charged particles with high efficiency and emittance preservation. The focusing as well
as the bunching and acceleration are performed by an RF electric field [14]. The RFQ
is especially suited for the acceleration of beam with low velocities in the range about
0.01-0.06 times the speed of light.

A RFQ is composed of a cavity loaded with four conducting electrodes located along
the beam axis and therefore forced to resonate in the TE9;p mode [15,16]. The resonant
frequency of an RFQ and beam dynamics is generally defined by the geometry of the
electrodes. Basically, the resonators can be divided into two different types: the 4-rod and

8
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the 4-vane RFQs. Other structures (split coaxial, double H) are not considered here. The
main differences concern the RF mode and the geometric form of the resonators and of
the quadrupole electrodes. An example of the two types of RFQs is shown in Fig. 1.4.

Figure 1.4: Inside view of the 4-vane CERN RFQ2 [17] (left) and 4-rod SARAF RFQ [18]
(right).

The 4-vane RFQ consist of four vanes symmetrically placed within a cavity. The
transverse electric field is located near the vane tips and the magnetic field, which is
longitudinal in the interior of the cavity, is located mostly in the four outer quadrants.
This type of RFQ has high efficiency, low energy losses and can be used for a frequency
range from about 200 MHz up to 750 MHz.

The 4-rod RFQ is composed of rods placed conversely in the centre of the cylindrical
cavity by holding bars. This type of RFQ is non-symmetric and a simple mode structure
that is easy to manufacture (see Fig. 1.4: right). Each cell is a resonator and their dimen-
sions are independent from the frequency. The electric field is concentrated near the rods,
and the magnetic field is near the inductive stems. The current flows along the base from
one stem to the next. This can lead to some problems with end cell due to strong current
in the holding bars and occur some thermal expansions issues. Usually the 4-rod RFQ is
preferred at frequency below 200 MHz because of its compact size. At higher frequencies,
the rods become smaller and are difficult to manufacture.

The principle of operation is similar in all types of RFQ’s. The tips of the vanes have
ripples or longitudinal modulations as shown in Fig. 1.5. The acceleration is performed
by periodically modulating the electrodes in the longitudinal direction. The potential on
the tips of the vanes Vy,qne at a given frequency w is:

Viane = :i:%sin(wt). (1.27)

where V' is a voltage applied to the electrodes. The ability to focus and accelerate the
beam improves with higher vane tip voltage. The limit is constrained by the peak field

9
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Modulated vane (1807)
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Figure 1.5: Longitudinal modulation (left) and pole-tip shape in the x-z plane (right) of
the RFQ electrodes.

that can be sustained between the vane tips as it leads to BDs. The aperture a and the
modulation parameter m determine the focusing strength of RF quadrupole field generated
by alternative voltage on the electrodes over a period length equal to SA. Accordingly, the
transverse component of electric field is constant along the length, but the longitudinal
component changes sign every SA/2 [14].

E Field [v/n]

0 25 50 (mm) 0 25 50 (mm)

Figure 1.6: Quadrupole mode of electric E, (left) and z-component of magnetic B, (right)
field.

Nowadays, the RFQ generates up to 35 MV /m surface electric field between inter-vane
gaps. This high electric field provide strong focusing for non-relativistic particle beam.
The Fig. 1.6 presents the field distribution in the transverse section of common quadrupole
mode. The real RFQ operating mode is not a pure T Es19 due to the vane tip modulation

10
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but the axial field strength is much smaller than the focusing field. The amplitude of the
longitudinal field component E, is proportional to the depth of the modulation m.

The RFQ is mainly used as an intermediate section that matches the beam from an
ion source to higher energy accelerator. Therefore it has to be able to accept a low energy
beam with strong space charge which occurs during beam bunching. Non-linear fields
lead to emittance growth. High peak fields provide higher acceptance and greater space
charge capability. But high vane tip voltage imposes restrictions on tighter alignment tol-
erances during manufacture, increases power consumption and affects the BDs probability.
Careful optimization of the RFQ’s geometry is therefore necessary to achieve the higher
accelerating gradient and minimum RF power consumption.

The compact size, the loss-free operation, the minimum shielding and the efficient RF
focusing features make RFQ one of the most important accelerator cavity structures in
modern ion linear accelerator technology.

1.2 High-Gradient limiting quantities
During high power operation of HG AS the following effects could appear:

e Dark currents - electron emission from the cavity surface under influence of RF fields
which can be accelerate over longer distances.

e Pulsed surface heating - an effect on a surface temperature. The heat generated by
an intense RF pulse on the metal surface can cause the surface currents that lead to
cyclical stress and damage the surface.

e Dynamic vacuum - an effect related to field current that desorbs gasses and cause
pressure rises during the RF pulse.

e Electromigration - an effect of surface currents that cause cyclical stress and break
up the surface.

e Multipactor - discharge that can appear in RF devices working under high vacuum
conditions. An initial set of electrons can couple to the electromagnetic fields de-
scribing resonant trajectories and colliding repeatedly with material walls. Under
certain conditions, each collision can produce new secondary electrons in a process
leading to an exponential growth of the electron population [21].

e BD - an RF initiated surface plasma process.

This thesis will focus on BD studies. BDs are the major limitation in the performance
achievement of a HG NC AS. These BDs are due to intense EM fields on the walls of the
structures. Important effort has been devoted in last years to understand the underlying
physics of this phenomenon. Despite the significant progress made in this area of research,
the occurrence and behaviour of the BD still requires dedicated R&D studies. The BDs
have a negative effect on the normal operation of the cavities. They damage the inner
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surface of the AS and degrade their performance during long term operation [22]. Fig. 1.7
shows a photograph of a crater created by BDs in an X-band RF AS, taken using a
scanning electron microscope.

10 um EHT =20.00 kV Date :17 Jul 2018

WD =119mm Sample ID =TD24 SiC Cell 1 Iris 1 Mag= 1.00KX @)
Signal A = SE2 Enrique Rodriguez Castro

Figure 1.7: Crater provoked by a BD in an X-band RF AS (TD24SiC N1 tested at CERN).

The RF BDs in AS interrupts the RF power flow and transversely kicks the beam
leading to emittance growth or even the loss of the beam [20]. The BD is activated by
defects, imperfections or dislocations in the inner surface of the ASs. Crystalline structures
like copper, generally used to build the cavities, are not too strong and susceptible to be
damaged by the application of strong external EM fields. The application of an external
EM field stress the surface and causes new defects.

Prior to the occurrence of a BD, a series of preceding processes take place: the high
EM field causes electrons and then ions emission from the surface to the vacuum due to
the strong heating of the surface area, building up a plasma or ionized gaseous substance
that becomes increasingly electrically conductive. The emitted current from the plasma is
accelerated by the incoming RF fields resulting in an impedance mismatch. This leads to
the development of an arc discharge. An RF BD suddenly changes the electric parameters
of the structure, conducting to large reflection back to the RF source and a termination
of the transmitted power. The strong EM-field can potentially damage the structure and
high-power RF components and RF sources.

To characterize the probability of BDs appearance in an AS, the concept of Break
Down Rate (BDR) is commonly used. The BDR is defined as the ratio of the number of
BDs observed during the operation compare to the total number of RF pulses sent to the
structure during the measurement. Low BDR and long lifetimes use to be concomitant
indicators of a HG performance of an RF structure. The units of measurement are bpp
(BD per pulse) or bpp/m which is obtained by normalizing the BDR to AS length.

12
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The Kilpatrick’s criterion

The AS generates a strong EM field, specially formed at an operating frequency f, to
ensure good energy efficiency. High electric field level is considered to be one of the
main causes of vacuum BDs. The Kilpartick criterion is often used as basis for peak
surface electric field limit. The criterion results from experimental data and relates
surface electric field Ej with the frequency following the expression [23,24]:

FIMHz) = 1.64 - E}YMV/m)] - e~ 85/ ExlMV/m (1.28)

Nowadays RF conditioning allows to reach higher fields than Kilpatrick’s observations.
This result is influenced by the latest technology in the surface machining and cleaning,
together with systems achieving extremely high vacuum. This criterion has some limita-
tions because it does not include the dependence from pulse length and BDR to estimate
the sparking probability. Nevertheless, this relation is still used as a guideline for the
design of structures with high-duty cycle or CW systems at frequencies lower than 1 GHz.

The Fowler-Nordheim field emission law

The field emission (FE) is an important part of the BD’s process. It is considered as
a pre-BD phenomenon, and is related to the maximum achievable field. During normal
operation when the RF field is inside the AS, electrons are emitted from the surface’s micro-
protrusions which is referred as current. These protrusions locally change the electric field.
As a consequence, the electron emission can be enhanced by the shape and the size of the
field emitters. This phenomenon is described by so called Fowler—Nordheim law [25,26]
that gives the electron current density jrgr as a function of the external electric field
E; [V/m] and the work function of the metal atoms ¢ [eV] in a single RF cycle:

pe BlV/m? 653 % 10° SeV]?
ofev] T EL[V/m]

jrelA/m? = 1.54 x 1070 . 10*52 ¢V ) (1.29)

Small protrusions grow up on the surface and modify the electric field locally Ej,. with
an enhancement factor Spp which is defined as:

Bre = (1.30)

Local field enhancement factor takes into account the surface imperfections, roughness
and impurities, that increase the effective surface field. These geometry of the surface
imperfections are the main contribution of electron emission. Substituting Eq. (1.30) into
Eq. (1.29), the resulting field emitted current Ipp can be derived as follows:
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1.54 x 1076 . 10452 ¢leVI™* (3L E [V /m])?
¢leV]

6.53 x 109 - ¢3/2

BrE Es[V/m]
(1.31)

IFE[A] = Ae X eXp(—

where A, is an effective area of field emitters.

Following this theory, the field emission currents cause pulsed local heating of the
surface which acts as a trigger of vacuum arcing. A detailed description of the different
stages of the vacuum arc formation can be found in [27].

Power flow and modified Poynting vector

Based on experimental observations, a phenomenological power flow P/C criterion has
been proposed to define the level of conditioning of AS [28]:

Py

- < constant (1.32)
where P is the RF power flow through the AS, 7, is the pulse length, C' is the minimum
inner cavity circumference that is usually determined by iris aperture and « - a material
dependent parameter, which is around 1/3 [29] for the copper. This factor Tpl/ ? has been
included to fulfil the scaling law between the power (or gradient) and the pulse length
for a fixed BDR. According to this criteria, structures with smaller aperture allow lower
power flows, but at the same time higher surface electric fields. The power flow criteria is
suitable only for TW structures, since the power flow in SW structures is close to zero.

The RF power density is described by the Poynting vector S = H x E. The mag-

netic field induced in the vicinities of the field emitter is proportional to the emitted
current. Because of the non-linearity of the field emission current with the field, a mod-
ified Poynting vector S. is used to represents the directional energy flux density of an
EM-field and can be defined as:

Se = Re(S) || +ge || Tm(S) | (1.33)

where S is the complex Poynting vector, and g. = 1/6 is a weighting factor introduced
in order to quantify that the active power flow and field emission power flow are in phase
and have a maxima at the same time. This coefficient is adjusted to best match the
experimental results obtained in massive structures [30]. S. also includes the observed
frequency scaling.

The field emission currents from potential BD sites cause local pulse heating with an
increasing density of the field by evaporated neutral atoms. The maximum attainable
temperature corresponds to the melting temperature of the tip, which will result in a BD.
The goal of cell design optimization is to reduce the value of S, and at the same time the
amount of RF power for a given accelerating field that provide a high accelerating gradient
with a low BD risk. The modified Poynting vector S. can be calculated at any point of
a structure. This supports the identification of the regions which are more sensitive to
the BD process. In the particular case of the 12 GHz CLIC HG AS, this quantity should
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not exceed the value of 5 MW/mm? to have a BDR smaller than 1 x 10~% bpp/m with a
pulse length of 200 ns [32]. The threshold have to be calculated by rescaling the data to
the appropriate pulse length.

Quantitative high gradient limits such as P/C, and S, provide a method for compre-
hensive and thorough analysis and comparison the data from numerous AS tests, and gives
guidance in the design of HG AS. The S, explains the experimental data related to the
HG limit due to the BDs, but not the reason of their appearance in normal operational
regime.

Pulsed surface heating and other related limitations

NC-AS cavities are optimized for a maximum accelerating gradient at a given incident
power. The shape of the inner walls is important to minimize the peak surface electric
field Es which limits performance. Smooth shape of nose cones near the beam pipe are
required where the F; is at maximum. The peak electric and magnetic field and Poynting
vector are important constraints in cavity design. The quantities are usually computed
by EM solver codes as ANSYS HFSS [33] or CST [34]. Fig. 1.8 shows the distribution
of electric, magnetic and modified Poynting vector fields normalized to an axial field of
1 MV/m in the cell volumes of a 3 GHz cavity for proton therapy as a matter of example.

Figure 1.8: Distribution of the electric (left), the magnetic (middle) and the modified
Poynting vector (right) fields normalized to an axial field of 1 MV/m in the regular cell
section of the 3 GHz cavities from HFSS simulations (1/32 azimuthal symmetry).

Based on the these calculations, we can observe that the magnetic field H (Fig. 1.8:
middle) is the largest on the exterior walls causing pulse surface heating. Therefore, a
reliable water cooling system is required to maintain a constant field distribution. Pulsed
surface heating AT leads to material fatigue and is proportional to square root of pulse
length and square root of peak magnetic field [35]:
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[HO W Tp 2
AT =,/— ——H 1.34
2 okp cy ( )

where H is the maximum surface magnetic field, 7, is the RF pulse length, p is the material
density, ¢y is the specific heat at constant strain [J/kg K], p is the vacuum permeability
and k and o are the thermal and electric conductivities respectively.

The maximum field can be optimized by redesigning the geometry. The limit could
be applied to any cavity and any mode by calculating the EM field and pulsed tempera-
ture rise. For instance in the case of CLIC AS, the damage threshold is observed below
AT = 56 K [36].

From equation (1.34) follows that the value of the gradient is limited by the pulse
length 7,. In the case of copper we have:

ATpae \° 1
< 1.35

L <4 -10717 ngcc ( )
The pulsed surface heating is proportional to the power flow P and the square root of
the pulse length 7, using P o< E2,.. According to the latest experimental results obtained
during the conditioning of 12 GHz AS, the BDR follows the next scaling law [37]:

BDR x EX 75 (1.36)

acc 'p

This power-law was established on the result of the experimental data and does not contain
the fundamental physics of the breakdown process. Therefore it is not necessary to consider
it as a standard.

Since BDR. depends on the accelerating gradient following the scaling law based on
Eq. (1.36), accordingly BD activity has an impact on the temperature rise. The application
of a high electric field to a metallic surface results in ion bombardment of the surface and
the creation of craters. High magnetic fields can also cause surface cracking, which may
behave as field emitters. This degrades the cavity quality factor () and affects on the
surface resistivity of copper.

Optimization of the cavity geometry have to be performed to get the required charac-
teristics of the AS, which simultaneously balances surface fields, power flow, input power
and other important parameters. The choice of materials, the manufacturing process and
the cleaning procedures have to be taken into account since it has significant influence on
the final performance. In summary, AS design has a significant impact on the total cost
of the facility. Linacs have specific issues: the cost is proportional to the length of the
facility but the length reduction of the AS has an inversely proportional influence on the
cost of fabrication and the RF power cost. Linac layout depends on many factors, such as
cost of the acceleration elements, diagnostics, support stand, vacuum system and location.
These parameters should be include in the optimization process.
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1.3 RF structure applications in hadron therapy linacs

Hadron therapy (HT) is a Radiation Therapy (RT) technique using proton or ion beams
to treat cancer which provide precise and reliable treatment of tumours. The main ad-
vantage of HT lies in the unique physical properties of the charged hadrons, protons and
carbon ions in particular, allowing them to penetrate into tissues and leave the maximum
energy at the end of their path according to the Bragg curve [38]. Schematic view of Bragg
peak for different particle are presented in Fig. 1.9. A flat dose distribution over the depth
of the tumour can be achieved by modulating the Bragg peak [39,40]. The high accuracy
of HT makes it suitable for treating tumour close to critical organs and for children.
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Figure 1.9: Dose distribution in water depth of different particle beams.

In the recent years the number of HT facility has rapidly increased. This is due to
the fact that the number of patients needing treatment increase every year and modern
equipment helps in the treatment. Cancer is the second leading cause of death globally
and is estimated to account for 9.6 million death in 2018 [41]. To the present day, a total
of 94 particle therapy facilities worldwide are operational, 44 are under construction and
21 are in a planning stage [42]. Most clinics are located in USA, Europe and Japan. In
particular, carbon therapy is becoming a commonly accepted treatment option and the
number of the centres has been growing in recent years. The cumulative number of proton
and carbon ion centers as a function of time is shown in Fig. 1.10.

The facilities have to satisfy the demands of the medical requirements for the treatment
procedures. The beam energy ranges have to be between 70-230 MeV for protons and 100-
430 MeV /amu for carbon ions. Low emittance and high energy variation of beam are also
important.

The most common accelerator for HT are synchrotron and cyclotron or synchro-
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Figure 1.10: Cumulative number of HT centers as a function of time (last update:
April 2019).

cyclotron. These two types of accelerators are a quite suitable acceleration technology
however, they present several drawbacks and restricted abilities. The cyclotron provides
proton therapy reliably and at low cost, but is mainly limited in the fixed beam extraction
energy. It requires movable absorbers in the beam transport line and causes scattered
particles creating a activation of the area since the beam intensity is reduced by several
orders of magnitude [43]. Synchrotron are mainly used for carbon-ion therapy. The main
drawback is the cost, the size, the complexity of the equipment and a low repetition rate
resulting in long treatment time. All this has an impact on the limited number of patients
that can be treated.

A new technology based on linac looks as one of the most promising option in HT
on terms of size, cost, complexity and efficiency due to constant improvement of their
technical performance and reliability. The main advantages of linacs lies in the possibility
to actively change the output beam energy and reduce the treatment time due to high
repetition frequency. These features are ideally suited for irradiation of moving organs
with pencil beam scanning [44] and allow the access of a larger number of patients.

The first proposal to construct of a proton therapy centre based on linear accelerator
was in 1991 [45]. This solution was taken up by TERA (Fondazione per Adroterapia Onco-
logica) Foundation, which in 1994-1995 designed a 230 MeV linac for proton therapy [46]
and they designed, constructed and tested at 3 GHz AS for protons [47,48] in collaboration
with CERN and INFN (Insituto Nazionale di Fisica Nucleare). The proof of principle of
the use of a 3 GHz linac for acceleration of protons was achieved in 2002 with the LInac
BOoster (LIBO) prototype. A 3 GHz Side-Coupled Linac (SCL) unit called LIBO with a
design gradient of 15.7 MV /m has been the first prototype of a linac for proton therapy
ever built and tested. The first unit of LIBO has accelerated protons from 62 to 74 MeV
(see right-top picture in Fig 1.11).
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Figure 1.11: The all-linac design, proposed by A.D.A.M., for LIGHT.

Nowadays A.D.A.M (Application of Detectors and Accelerators to Medicine) [49], a
spin-off company of CERN, is building a commercial all-linac machine for proton ther-
apy [50], named LIGHT (Linac for Image Guided Hadron Therapy) [51] based on the
TERA design of LIBO (Fig. 1.11). The LIGHT design is composed of three linear ac-
celerating sections: an RFQ up to 5 MeV, an SCDTL (Side-Coupled Drift Tube Linac)
up to 37.5 MeV and a CCL (Coupled Cavity Linac) up to 230 MeV. The RFQ is based
on a novel design for 750 MHz, made by CERN [52-54]. This solution was specifically
designed to inject particles from RFQ at 5 MeV into a 3 GHz DTL (Drift Tube Linac)
structure as the one proposed by ENEA.

Based on the experience developed after the design and test of LIBO, TERA Founda-
tion has recently proposed a design based on all-linac solution [55]. A sketch of the TULIP
(Turning LInac for Protontherapy) all-linac solution studied is presented in Fig. 1.12. The
principal goal of the project is to build 3 GHz AS mounted on a rotating gantry using a
novel high-frequency RFQ (750 MHz) as injector. The RFQ output energy is matched into
a 3 GHz low energy chain with energy up to 76 MeV and HG structures - up to 230 MeV.
The design and fabrication of a HG prototype for medical proton linac has been funded by
the Knowledge and Transfer (KT) group at CERN under the project "High-gradient accel-
erating structures for proton therapy linacs’ [56]. The first HG prototype of AS for 5=0.38
have been developed to achieve accelerating gradient about 50 MV /m for 76 MeV energy
protons. The design principle of this structure is very similar to CLIC prototypes as both
are operationally limited in terms of maximum surface electric field (= 250 MV /m) and
of maximum BDR. (= 10~% bpp/m). Thanks to the HG technology, TULIP’s linac can be
reduced to 6 m at a final energy of 230 MeV with a total weight of approximately 12 tons.
This opens the possibility to install them on a rotation gantry. According to last design,
18 AS are designed at target gradient of 40 MV /m. The selected gradient is lower than

19



Chapter 1. High-Gradient issues in Normal-Conducting RF structures

the designed limit (50 MV /m) to maintain a safety margin in terms of BDR. In addition,
it gives a reduction in RF thermal load into the structure. The all-linac solution can reach
100 % transmission of a high quality beam at loss-free operation and the facility does not
require any significant shielding. The high frequency RFQ is also reducing dimension and
construction cost. Reducing the total length of the accelerators is very important since
facilities need to be placed in hospital centers.

TULIP =3 GHz BTW structures

750/MH3 REQ

Figure 1.12: Sketch of TULIP all-linac solution and and latest development components:
750 MHz RFQ and 3 GHz BTW. Courtesy of Mohammad Vaziri - TERA Foundation.

Moreover, the treatment requirements impose a limit on BD probability to 7.7 x 1077
bpp/m in the all acceleration components to have less than one BD per a whole treatment
session. In order to provide such conditions, a detailed study of BD at different stages of
acceleration are required.

In this thesis we will focus in the study of BD phenomenon in two kinds of RF struc-
tures: a 3 GHz HG structure and 4-vane RFQs designed for applications in HT linacs.
Concerning the 3 GHz AS, this study can serve as proof of principle of the use of a HG
linac for HT. The cavity is designed for a gradient more than twice what has been reached
in previously tested cavities at the same frequency. The main goal of this prototype is
to explore the BD limits in S-band cavities. The feasibility of such a structure will open
up many possibilities for using in different projects mainly due to the reduced size of the
installation. The result of the high power tests of this structure will be presented in this
thesis.

Concerning the RFQs, in order to provide input data for the design of future HG
RFQs, measurements of the BD behaviour of two structures with different frequencies
have been performed. One is a compact 750 MHz RFQ made in the framework of a
program on medical applications, and the other is the RFQ for CERN’s LINAC4. The
results presented here will summarize the achieved performance and long-term behaviour
of these structures, this is the first systematic study carried out of these promising devices.
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Chapter 2

Breakdown studies of a S-band
HG RF AS for hadron therapy
applications

A novel S-band (2.9985 GHz) BTW AS for a medical proton linac, known as S-band BTW
HT, has been designed, manufactured and tested at CERN [12,13]. Other version of such
a concept has been studied in the past by the TERA foundation in collaboration with
CLIC. The LIBO program was established and funded by the CERN KT to design, build
and test this prototype HG AS.

The main goal of our studies is to confirm the efficiency of this S-band cavity and
define the HG limits in terms of BDRs. This structure could be considered as one of
the candidates of TULIP project as explained in Chapter 1. For the nominal operating
parameters of the TULIP type of structure, the BDR is in the order of 10~ bpp/m,
but this value is too low to provide significant statistics for assessing the potential of the
structure. Therefore, the accelerating gradient dependence on the BD probability have
been evaluated for higher fields. When the AS is operated at high BDR regime, the cavity
surface is prone to damage. A control system and operation algorithm that keeps the BDR
below a fixed value have been developed in order to stabilize the test and to increase the
life span of the equipment. The results of this test will be used to refine and to determine
a scaling law (Eq. (1.36)).

This chapter describes the low-power and high-power test setups, and presents a entire
high power conditioning history, and discusses the main experimental results obtained from
the analysis of BD behaviour. The data analysis includes the BD localization within the
structure, the dark current, and the field emission study. Furthermore a comparative
analysis of the conditioning histories for different prototypes was also performed. These
measurements are not directly relevant to the HG performance of the structure, but it can
be used to understand the BD phenomena, to explore the limitations of HG AS, and to
assess the design of future HG RF structures. This includes the geometrical design of the
structures, and also the RF processing schemes, the manufacturing techniques, as well as
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the cleaning and the handling procedures.

2.1 The S-band BTW HT description and main features

The S-band BTW HT has been designed to operate with low 3 (8 = 0.38) protons reaching
an accelerating gradient of 50 MV /m, with a corresponding maximum surface electric field
of above 200 MV /m. This low value of 8 was chosen to achieve the maximum possible
gradient. The S-band BTW HT uses the technology developed for CLIC with speed of
light phase velocity but adapted to accelerate non-relativistic particles. The S-band TW
of the AS is 57/6 (150°) phase advance to maintain high RF efficiency and a low wakefield.
The prototype has been designed to accelerate protons with an initial energy of 76 MeV.
A general view of the S-band BTW HT and the regular cell is shown in Fig. 2.1. The
structure consists of 12 equal length RF cells, whose aperture diameter is 5 mm. The total
length of the prototype is 189.84 mm.

Figure 2.1: Picture of the S-band BTW HT prototype (left) and a regular cell (right).

The shape of the central part of the iris has been optimized to reduce the S, and the
RF power losses for a given gradient. The cell-to-cell coupling is made by 16 holes in the
region of the highest magnetic field. This gives a magnetic coupling and results in a BTW
that makes the accelerated particles to travel in the direction opposite to the power flow
as shown in Fig.1.3. The number and size of the coupling holes has been optimized in
order to provide the required coupling. Special shape of nose cones are added to amplify
the electric field near the axis.

The S-band BTW HT is a CG with a group velocity ranging between 0.4 - 0.2 % of c.
The range has been chosen as a compromise between acceptable filling time and efficient
acceleration of the beam. The tapering in group velocity is made by linearly varying
the radii of the coupling holes and the cell diameter. The input RF power coupler was
optimized to provide impedance matching, and the radius of the coupling holes has been
reduced in the region near the coupling slot (see Fig. 2.2) due to the local increase of the
power flow. All the other geometrical parameters have been kept constant throughout the
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Figure 2.2: Input coupler design (left) and single mechanical cell (right) of the S-band
BTW HT.

structure. The most important parameters of the S-band BTW HT are summarized in
Table 2.1 and a complete description can be found in [12].

Table 2.1: Main parameters of the S-band BTW HT.

Parameter ‘ Value ‘ Units
Phase advance (Ag) 57/6 rad
Weall thickness 2 mm
Gap 7 mm
Nose cone angle 25 deg
Number of cells 12

Structure length 189.9 mm
Quality factor (1st/last cell) 6954 / 7415
Normalized 4 (1st/last cell) 51.5 / 54.6 | MQ/m
Filling time (¢ ;) 224 ns
Group velocity vy (1st/last cell) 0.39/0.21 %oc
Average accelerating gradient (Egcc) 50 MV /m
Peak incident power (Pj,) 20.6 MW
Max S, / E2.. 3.1-107* A/V
Max FE,. (for BDR of 107¢ bpp/m) 74.9 MV/m
Max Ej 219 MV /m

2.2 Low-power analysis of the S-band BTW HT

The S-band BTW HT followed a fabrication process established for CLIC X-band proto-
types including high-precision diamond machined pieces cleaned with light etching, diffu-
sion bonded under hydrogen atmosphere with a maximum temperature of the heat cycle of
1050 °C. The S-band BTW HT structure has been tuned via bead-pull measurements [57]
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to minimise the SW pattern and to provide the desired phase advance (150 + 1.5° for
regular cells) at the operating frequency of 2.9985 GHz under vacuum at a temperature
of 32 °C [58]. The measurements have been made in the laboratory at 23 °C with dry
nitrogen atmosphere. The low-power measurements were carried out by the CERN RF
group in the clean room for LLRF measurements.

The profile of the longitudinal electric field together with the RF phase advance per
cell and the S11 parameters in the complex plane after the bead-pulling technique with
reflection coefficients are shown in Fig. 2.3. The scattering parameters measured before
the high-power test were S1; = -24.3 dB, S99 = -60.2 dB, where port 1 is the input RF
port and port 2 is the output RF ports.
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Figure 2.3: The electric field pattern in magnitude and phase (top) and S-parameters
(bottom) along the structure in a dry nitrogen atmosphere at 23 °C.

2.3 Sbox high-power set-up description and update

The high-power test of the S-band BTW HT was performed at the S-band test facility
(Sbox), located in the klystron gallery of CTF3 [59] at CERN. The AS was installed in
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the bunker where X-band test facility is also placed [60], as shown in Fig. 2.4 (top).
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' e Controller !
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Faraday Y N N/ |
Cup (UP) 2 RFE Load [}
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BTW structure
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Figure 2.4: Bunker of CTF3 where Sbox is located (top). Zoom of the structure and
subsystems in the S-box test area at CERN (bottom).

Before December 2017, the High Power RF (HPRF) test setup [61] was based on a
43 MW S-band klystron MKS14 [62], delivering RF pulses with a maximum length of
5 ps at a repetition rate of 25 Hz. The klystron RF input is driven from a preamplifier
stage consisting on a 400 W Solid-State Amplifier (SSA) with a gain of 56 dB, model
AM10-3S-55-55R. from Microwave Amplifiers. The input for this amplifier is a 5 us length
pulsed RF signal of 2.9985 GHz coming from the Low Level RF (LLRF) system.

The power is sent through WR-284 waveguides to the Device Under Test (DUT). The
high power network consists on two directional couplers, two pumping ports with one
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pump attached, and a RF load at the output to terminate the waveguide network. A
schematic of the high-power components of the test facility is shown in Fig. 2.5. The
green arrow shows the signals sent to the control system for RF generation and the blue
arrows - the signals from DUT measured for BD identification.

Klystron & RF-Vacuum
modulator pumping port

! t1 1

1
D & :H> O = O ==
%

T Device Under Test
SS Amplifier

RF load

Directional couplers |

Figure 2.5: Schematic layout of the S-box high power test setup.

Two directional couplers, placed at the input and output of the DUT, are used to
measure and calibrate the incident (INC), reflected (REF) and transmitted (TRA) RF
power signals. Faraday Cups (FC) are placed in the upstream (Up) and downstream
(Down) directions along the structure’s beam axis to measure dark current and detect
BD events. The DUT is connected to an ion pump and dedicated chiller unit to adjust
the cooling water temperature at 32 °C. The load and RF window are connected to the
main CTF3 cooling circuit at the appropriate water flow during these runs. The ion pump
is installed next to the DUT through an RF pumping port to keep Ultra-High Vacuum
(UHV) below 10~% mbar in the DUT. A detailed view of this experimental setup is shown
in bottom part of Fig. 2.4.

The RF network consists of 76 meters of waveguide. The power attenuation in S-Band
(WR-284) waveguides is around 0.02 dB/m that cause large total power losses. Most
of the RF line from the klystron to the cavity was under SF6 (Sulfur Hexafluride), in
order to prevent RF breakdown by resisting ionization. An RF window separated the SF6
atmosphere from the part of RF system where the DUT and subsystem were located under
UHV. The klystron was protected against reflected power by a high RF power circulator.

The control and acquisition system are based on National Instruments (NI) electron-
ics [63]. A PXI real-time system performs the acquisition of RF signals, and also control of
vacuum, temperature and water cooling signals. The PXI RF generator provide the am-
plitude and phase modulated RF pulse to drive the preamplifier which drives the klystron.
The TRA and REF RF signals are diagnosed in several stages to optimize the pulse mod-
ulation, and to protect the system from an unexpected rise of REF signals.

The detection of the BD events in the S-band BTW HT is made possible by using
the acquired signals and the final data are stored. The operation of the test stand is
controlled and interfaced by a simplified version of the Xbox-2 LabVIEW software [64],
which allows the user to control the RF power level, to modulate the phase waveform, and
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2.8. Sbox high-power set-up description and update

to automatize the conditioning of the structure [65]. The RF signals from the directional
couplers are digitized in a NI-5761 ADC installed on the PXI crate, and they are used
as feedback of the power operation of the system. The amplitude and the phase of these
3 GHz signals are down-mixed to 62.5 MHz and digitized in 250 Msps analog-to-digital
converter (ADCs), having sample rate of 1.6 sample/s with a 12 bit resolution.

The data analysis is based on amplitude and phase of three RF power signals (INC,
REF, TRA) and two FC currents signals. The data collected by the acquisition system is
analysed offline. The control system of the klystron-modulator unit receives the triggering
signals from the PXI. Data are collected and processed by the PXI controller for every
pulse, and interlocks the system upon detection of setted values of RF REF and FC signals,
which would be an indication of BD. The RF power turned off after every BD or vacuum
spike during the test and then ramp up again. All signals of each BD event and the two
previous normal pulses are stored in a TDMS-format file per day in the hard disk of the
PXI. Regular pulses are also stored every minute when BD has not occurred. In addition,
the history of vacuum levels of the network, the delivered power to the DUT, and the pulse
length are averaged and logged every second. The INC, REF and TRA power signals have
been recalibrated, and the fitted parameters have been used in the LabVIEW code to
relate the mV signals read by the PXI crate into MW RF power. Additional regular
calibrations were done regularly during the high-power test.

Initially, the launch and adjustment of the klystron and the modulator are carried
out manually. After that, the settings are transferred to a remote control. The triggers
are generated by an FPGA contained in the PXI crate. The FPGA is used to ensure
that the hardware continue runs in case of a software crash on the real-time system.
The interlock and trigger systems runs on the same FPGA, allowing the system to be
interlocked by stopping the triggers that are sent to the klystron/modulator or the PXI’s
RF vector generator card. The PXI controller includes the interlocks on the flow-meters of
the cooling water of the structure and the load, the pressure-meter, and the temperature-
meter attached to the load. There are also independent interlocks of the bunker related
to the safety chain of CTF3 facility. The bunker zone is controlled by radiation monitors
including an alarm system.

In order to improve the performance of the setup, an upgrade has been made in De-
cember 2017. The LLRF and HPRF have been changed, the waveguide length has been
reduced, and a new klystron, a modulator and a control system have been installed. The
RF deflector has been moved to a new system. The stable operation of a new modulator
provides the ability to conduct testing at higher power and long pulse length. The new
43 MW S-band klystron MKS07 is used to delivers RF pulses up to 5 us with a repetition
rate of 50 Hz. This high frequency system serves to reduce the time required to condition
and test of the AS. The HPRF of Sbox before and after update are presented on Fig. 2.6.
A schematic description of the LLRF and HPRF components, the instrumentation for
BD diagnostic and upgraded acquisition subsystems of Sbox, with the associated LLRF
signals, are sketched in Fig. 2.7.

The upgraded klystron-modulator is no longer compatible with the CLEAR control
systems and has its own interlocking system. The SSA is controlled directly from the
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Figure 2.6: Picture of the HPRF of the S-band test stand before (top) and after (bottom)
upgrade: klystron, modulator and control system.

LLRF output of the PXI. The system was designed such that the interlock signal can
be reset manually or automatically by the control system, but the modulator cannot be
restarted remotely.

The timing signals now come directly from the PXI via a pulse repeater which acts as a
Transistor-Transistor Logic (TTL) to a Blocking Conversion system (BLO) [66] converter.
All of the timings are set up such that the start of RF power (SRFP), the end of RF power
(ERFP) and the LLRF signals arrive at the correct time. Timing of the klystron pulse
from the modulator (SKLY) is adjusted from a LabVIEW GUI. The cables that carry the
signal to the LLRF racks are attached directly to the high power coupler. At the LLRF
rack, the signals are attenuated and sent into the instrumentation. A schematic view of
the DAQ that connects the PXI and the klystron is shown in Fig. 2.8. The electronic
devices responsible for RF generation were assembled to one rack located next to HPRF
(see Fig. 2.9).
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Figure 2.7: Schematic layout with the main components of the high power test set-up
after upgrade in December 2017.

The diagnostic set-up and the BD identification procedure were kept unchanged. Only
the ability to measure the surface temperature of the structure was added. This tem-
perature measurement becomes important when the AS is operated at high power which
exceeded the value set by design. The temperature of the AS is acquired with Resistance
Temperature Detectors (RTD) attached to the outer copper wall of the cavity, and the
detected signals are recorded and visualised via the LabVIEW’s user interface.
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Figure 2.8: Details of the acquisition subsystems of the Sbox test facility: connection
between the PXI and the klystron
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Figure 2.9: RF generation stand as part of the LLRF of the Sbox after December 2017.

Due to insufficient computing resources in the existing code and for further require-
ments, the software has been also rewritten following a simplified version of the Xbox-3
LabVIEW [64,67]. The software sets up the sample rate, the input voltage range, the
offset, the trigger delay, and records the length of the RF input power. A buffer has
been set up to visualize the current and the previous pulse, in case of an interlock. The
timestamps have been replaced by a pulse counter to calculate the BDR. This will give
us the opportunity to perform more accurate conditioning algorithm in terms of number
of pulses. The vacuum feedback algorithm has been also added as additional conditioning
strategies. The settings concerning the phase of the pulse have been included to the DAQ:
the time at which the phase flip occurs, its magnitude and its shape. A phase correction
can be applied across the whole pulse in order to correct errors introduced by the mod-
ulator’s voltage droop. The automatic phase flattening algorithm is enabled by default.
The system was successfully tested in operation, but the final replacement of the software
did not occur after to the completion of the conditioning of the S-band BTW HT. Some
additional software information can be found in Appendix A. The software can be used
for subsequent testing of the AS as well as other RF components.

In summary, this updated version of the test bench gave us the opportunity to complete
the test without power limitation and with a double repetition rate.

2.4 High-power conditioning and analysis of results

The HG RF structure test program has been conducted to understand the physical pro-
cesses associated with RF BDs, and to determine the mechanisms limiting the gradient
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and causing structure damage. In order to reach the targeted low BDR, the conditioning
process with a series of RF pulses, increasing the power gradually is required. In addi-
tion, the production and assembly techniques of the cavities needs constant improvement.
The performance of the AS is highly dependent on the fabrication technology and on the
quality control.

The high-power tests of the S-band BTW HT have been carried out at the S-band test
facility from December 2016 to May 2018. The structure was conditioned to high gradient
using the same protocol as for CLIC 12 GHz structures [68]. However after the RF high
power test, it was found that the structure was installed backwards — which means that
the power was fed into the low group velocity region end and, it was consequently far from
CG. Therefore the field distribution was no longer uniform and the maximum field have
been found in the first cell and decreases gradually towards the end as shown in Fig. 2.10.
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Figure 2.10: Distribution of the RF parameters along the structure cells for normal (dashed
lines) and backward (solid lines) filled at average unloaded gradient of 50 MV/m (red:
accelerating gradient; blue: maximum surface electric field; magenta: maximum modified
Poynting vector).

2.4.1 Conditioning of the S-band BTW HT accelerating structure

After fabrication, an RF AS is not capable of sustaining the design gradient, in order to
achieve the full performance, a process known as conditioning is needed. This process
requires a long time of operation to bring the structure to operational parameters. The
conditioning algorithm [68] developed for CLIC X-band AS in the Xboxes [69,70] was used
for the S-band BTW HT.

This conditioning is carried out by increasing the input power level in a controlled
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Figure 2.11: Conditioning history of the BTW prototype tested at CERN S-box. The
plot represents the accelerating gradient (blue) and breakdown number (red) versus the
number of pulses, at different pulse lengths indicated on top.

manner with a limit level of BDR at 3 x 10~° BDs per pulse and with a vacuum level
below an acceptable threshold, typically 1 x 1077 mbar. A small initial pulse length of
0.35 ps with rise time of 0.075 us was used to avoid damaging the structure. The structure
has reached above 70 MV /m after 150 million pulses of 0.35 us. Then, the accelerating
gradient was reduced about 15%, the pulse length was incremented 0.3 us with rise time
equal to the filling time (¢ = 0.224 ps) of the structure. When the gradient exceeded
above 70 MV /m, the process was repeated with a longer pulse. In the same way the pulse
length was progressively increased up to 1.6 us. The vacuum level in normal operation was
2.6 x 1078 mbar. Since the waveguide components were tested before, the conditioning
was focused on the activity of the structure. A strong vacuum activity was observed at the
beginning of testing due to surface contamination by oxide layers. The RF conditioning
of an AS involves processing with large number of RF pulses over a long period of time.
The Fig. 2.11 represents the accelerating gradient and the cumulative number of BDs with
respect to the number of triggered pulses, at the different pulse lengths indicated on top.
The structure is fully conditioned when the value of the BDR is stable and consistent with
the requirements. For the case of the S-band BTW HT, it took about 450 million RF
pulses and one thousand BDs. The AS was tested at RF power from zero to up 33 MW
and achieved a peak gradient of 83 MV /m in the first cell with 1.6 us pulse length, and a
BDR of 3 x107° bpp/m at the end of the test.

The performance of an AS is evaluated by the BDR. This parameter changes over
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Figure 2.12: Measurements of BDR dependence with the peak surface electric field during
conditioning at 1.2 us pulse length performed for the S-band BTW HT. The data are
fitted by the next expression: BDR o< ELO. (left). BDR with respect to the accumulated
number of pulses during conditioning with constant power 31 MW (accelerating gradient

is around 81 MV /m) and 1.2 us pulse length (right).

time and have a strong dependence on the accelerating gradient and the pulse length.
After the structure was sufficiently conditioned and reached the designed gradient, the
BDR measurements have been performed at different power level at fixed pulse length.
The reduction of the BDR for a certain field level indicates the conditioning status of the
cavity. To measure the BDR, the total number of BD events has been counted for a given
number of pulses. The measured scaling law for S-band BTW HT at different gradients
(peak surface electric field) is given by BDR o< E'Y as represented in Fig. 2.12 (left). This
law is quite different from the empirical scaling law determined for other HG prototypes at
12 and 30 GHz which is BDR o E3°. This can be an evidence a frequency independence
of the data. The error bars of the BDR in Fig.2.12 (right) represents the statistical error.
The relative error bar of the low BDR points is high because a small number of BD events
occur at low-power. Error tolerance estimation is considered within a reasonable testing
time at the available repetition rate. A constant power running is also very important to
define long term evolution. The experiments need to be performed with higher statistics
in order to evaluate the effect of BDs on the operation of the HG structure. Typically, the
AS keep conditioning during all the processing time.

As shown in the right part of Fig. 2.12, the BDR decay reduced to 4 x 10~% bpp, mea-
sured for a peak power corresponding to 81 MV /m close to the limiting value. This value
can be used as specification parameter of the AS for certain initial conditions. The max-
imum modified Poynting vector was about 1.155 MW /mm?2. A significant improvement
in the performance is observed during the test. The BDR is one of the main indicators of
the performance of the AS since the BDs have an impact on the beam stability during a
treatment session.
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2.4.2 RF breakdown localization

The RF design of an AS is targeting at a uniform distribution of BDs in all the cells. A
‘hot cell’ or high BDR in one cell would limit the conditioning and performance of the
whole structure.

The main diagnostic signals used for BD detections in TW AS are the amplitude and
the phase of RF power signals (INC, TRA and REF), and the dark current measurements.
The BD acts as a short circuit, which causes a rapid increase in the REF and a loss in
the TRA signals and this is accompanied by an electron emission detected by the Up and
Down FCs. When a BD occurs, the value of the dark current signals raises and saturates
the ADCs. The total current generated by the BD will be higher since only a small fraction
solid angle of the current can be captured by the FC. The shape of these signals before
and during a BD are shown in Fig. 2.13. The dark current signal is inverted in the plot for

illustration purposes. Initial negative sign of the plot indicates that the collected charge
carrying particles are electrons.
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Figure 2.13: Typical INC, TRA and REF (left) and dark current (right) signals on a pulse

before (dashed lines) and during (solid lines) BD collected from the S-band BTW HT
tested at Sbox.

Three methods have been used for determining the spatial distribution of the BDs along
the multiple cells of the AS, known as ‘edge’, ‘BD phase’ and ‘dark current’ methods. The
BD distributions have been analysed during whole test time to understand the limiting
factors of the design and avoid damage to the AS.

Edge method

The edge method is based on the timing difference of the falling edge of the TRA (t7r4)
and the rising edge of the REF (trrr) signals [70]. The method consists of determining
this timing difference and compare the time the wave needs to travel from the BD position
to the input and output couplers, assuming that the change in TRA and REF power occurs
simultaneously. This time difference can be defined as:
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d
ty9° =trer — trRA + trn (2.1)

The measurements range between 0 and twice the filling time if the breakdown is triggered
inside the structure. From the group velocity profile, which is set from the design param-
eters of the AS, it is possible to translate the time difference information into a measure
of the length travelled by the RF wave and to the cell location. The group velocity of
the first and the last cells of the S-band BTW HT correspond to 0.39/0.21 %c. It should
be also taken into account that the AS was installed in the backward direction. Fig. 2.14
displays the BD distribution for the entire run of the AS, translated into a cell number
and normalized to the total number of BDs.

2000 —————————————————————— 03
0.25+

1500 P
m 0.2

Z

2 )
5 1000 8 o015

O g
s 01

500 | z

o

o

a
:

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Cell number Cell number

Figure 2.14: BDs localization in the S-band BTW HT determined via the edge method
for the entire run (left) and the last months of the test (right).

According to the result calculated via this method, BDs occurred predominantly to-
wards the input of the AS. The right part of Fig. 2.14 shows that the BDs are mainly in
the first cell at the end of run. This could be explained by the fact that the highest surface
field quantities occur in the first part of the structure due to the single-feed geometry of
the input coupler and its detuning.

Phase method

Another method has been used to increase the resolution of the BD localization. This
method is based on comparing the measured phase of the REF and INC signals [70, 71],
assuming that the reflection is always produced from the same place in the cell and BD
phases are spaced 150° in case of the S-band BTW HT. The resulting signal represents
the phase shift between the measured phase of the incident signal and the phase of the
delayed reflection, when the BD is triggered:

¢BD = ¢rEF(t + ta) — d1NC(t) (2.2)
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The resulting phase distribution is represented in the left part of Fig. 2.15. The
measured phases are wrapped into the interval between 0 - 360°, and distributed around
six peaks at about 150° of distance which corresponds to the phase advance between
the cells of the structure. The six populations are clearly separated, that confirms the
high resolution of the BD phase method. The right part of Fig. 2.15 demonstrates the
interconnection between the timing and the phase methods. The time difference can be
recalculated into cell numbers as in the edge method. The location of the BDs in phase
does not look completely uniform due to the time resolution constraints of the LLRF
detection system. This method shows that the BD distribution in the structure is similar
to the edge method.
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Figure 2.15: Distribution of breakdown phase measurements along the structure (right)
and accumulative number (left) obtained from BD recorded during the test of the S-band
BTW HT with the phase method.

Faraday cup method

The Faraday-cup method uses the signal from the FC situated upstream from the cavity
versus the falling edge of the TRA signal. When a BD occurs, a big spike in the FC signals
is observed, as shown in Fig. 2.13. The design of the S-band BTW HT structure is quite
specific, because the beam acceleration occurs opposite to the direction of the electric field.
For this reason, the upstream dark current is significantly higher than the downstream
current. These FC signals are saturated and give inaccurate timing to determine the BD
location. It is also important to note that the FC signal has a sample rate that is different
from the TRA signal. In order to use both signals together, the FC signal was interpolated
so that the distance between each point is the same as for the TRA signal.

Fig. 2.16 shows the BD distribution along the AS based on FC method. The distribu-
tion is different compared to the edge and phase methods. The reason of these differences
could be an alignment problem and variable waveform at low energy. The FC method
is more suitable for determining the BD location for RF signals with a long pulse length
relative to the rise time and a high dark current output, but FC method is not suitable for
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Figure 2.16: BDs localization in the S-band BTW TH with the FC method.

this type of AS since there are two zone with a high probability of BD location (noses and
holes). The BD in the holes causes a minimum value of the dark current that complicates
the measurement. Therefore FC signals are used for BD identification together with other
RF signals.

To determine the state of the structure, the BD caused by antecedent BDs in the
waveguide have been excluded. The appearance of such BDs was dominant in the last stage
of testing due to problems with the circulator. The vacuum discharge in the waveguide
not only distorts current signal but also affects the subsequent input pulses entering the
cavity. An example of a BD in the structure caused by INC signal distortion is presented
in Fig. 2.17. In this case, the dark current increases slightly, since only part of the input
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Figure 2.17: RF signals (left) and dark current signals (right) on a pulse during which
a BD occurred due to BD in the waveguide. The dashed lines show the previous pulse
signals.
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signal is included in the structure. The frequency and location of all BDs are controlled,
since this can lead to the destruction of the AS.

According to these results of the BD localization using these three methods, there are
no evidence of a ‘hot spot’. The BD scattered throughout the AS, and the main number
of the BD is located at the RF input region. Further increase in RF power was stopped to
avoid irreversible processes in the structure and due to the circulator issues. The S-band
BTW HT was tested with RF power going into the nominal output, which has lower group
velocity than the nominal input. It explains the non-linear distribution of BD along the
structure.

2.4.3 Investigation of limiting values of modified Poynting vector

S, is an important constraint for HG AS design that has been used for example to suc-
cessfully increase the gradient in successive generations of CLIC X-band AS designs. S,
is a measure of the local power flow [32]. In the AS tested so far, the maximum value of
S occurs in a region of high electric field, and tests have resulted in consistent limiting
values [72,73]. However, in this particular structure, S, is maximum both on the noses,
where the electric field is high, and on the coupling holes, where the magnetic field is also
high, as shown in Fig. 1.8. An important question for further design optimization and
also for the deep understanding of BD process, is if BDs are equally likely to occur, for
the same S, on the coupling irises where the fields are primarily magnetic or on the noses
where the fields are primarily electric. Consequently the possibility of distinguishing nose
versus coupling hole BDs have been investigated.
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Figure 2.18: Si; histograms during normal pulses (top) and BD events (bottom).
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In fact, the Sy signals during BDs show that are two distinct populations of BDs: with
a large reflection coefficient and with a relatively small one. This can be seen in Fig. 2.18.
The observation of this twin-peaked distribution lead to further investigation if the origin
is due to the location of the BD within the cell. A possible hypothesis could be that BDs
on the nose should cause a strong cell detuning, resulting in a large reflection coefficient,
while BDs on one of the 16 coupling holes results in a small change in the coupling, and
consequently a relatively small reflection coefficient.

HFSS simulations performed on the geometry models of 3D cavity [58] highlighted
that the reflection difference between the BD simulated on the noses and on the coupling
holes. In particular, the S11 is much higher when the BD happens on a RF gap, rather
than on coupling holes. According to the simulated data, the reflection on the noses is in
the range from 0 to -5 dB, and on the coupling holes is from -6 to -15 dB.

Taking a reflection coefficient of -6 dB as the cut-off value for separating the two
BD populations, approximately the same number of BDs occurred on the nose and on
the coupling holes during low power conditioning. This can be seen in Fig. 2.19 up
to approximately 150 millions pulses. At high power operation, the distribution shifted
towards BDs occurring primarily on the noses.

The determination of the BDs location can be perform in a post-mortem analysis.
However this analysis has been postponed following the discovery that the structure had
been operated backwards. The structure will be tested again, but in the correct direction,
and afterwards cut open and the surface analysed.
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Figure 2.19: Number of BDs with reflection coefficient during the conditioning of the
S-band BTW HT.

2.4.4 Dark current analysis

Another important phenomenon which occurs in an AS operating at a HG is the elec-
tron field emission and the resulting dark current. It can cause RF energy absorption,
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Figure 2.20: Dependence of the radiation level (top) and the dark current (bottom) as a
function of the incident power during conditioning (left). Linear fit of the Fowler-Nordheim
formula (right), where R is the radiation, that is proportional to the dark current.

background noise in the beam position monitors, and also ionizing radiation. Therefore
several measurements for determining the electron field emission were also performed. To
quantify the quality of the surface of the AS, a power scan measuring the radiation and
the dark current level were performed by an ionizing radiation monitor and the Faraday
cups. The top part of Fig. 2.20 shows that the radiation level of the AS depends on the
pulse length and magnitude of the applied RF field. The value decreases with the testing
time following condition theory. The upstream and downstream dark current values as a
function of the input RF power are presented in Fig. 2.20 (bottom). The radiation and the
signals measured via the FCs are considered, as these parameters are directly proportional
as shown in Fig. 2.21 (left). All this information need to be taken into account for the
radiation protection of facilities and equipment.

The amplitude of the dark current emitted from the AS follows the Fowler-Nordheim
model described in Eq. (1.31). The numerical value of the enhancement factor Srp can
be obtained by plotting logio(Irg/E?) versus 1/Eg [74]. In the right part of Fig. 2.20,
the measured points fall on a straight line, and we could obtain the enhancement factor
BrE by calculating the inverse of the slope. The value of Srg slightly increases with the
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Figure 2.21: Radiation versus FC signals for pulse length of 1.2 us (left) and dark current
versus pulse length for the accelerating gradient of 70 MV /m (right).

testing time being around ~ 27. In the first measurement, when the pulse length was
increased from 0.9 ps to 1.2 ps, the emission increased too, but the enhancement factor
did not change significantly. After some conditioning time, there is a reduction of the
emitted current. The measurement was performed when the structure reached the design
parameters. The dependence of the emission current as a function of the pulse length at
70 MV /m is presented in the right part of Fig. 2.21. The value of Srg is comparable to the
values of the X-band AS tested at CERN [75]. These results show very good performance
of the surface during the conditioning process.

The current measured by the Up and Down FC throughout the test of the S-band BTW
HT is presented in Fig. 2.22. The value of the dark current changes during conditioning
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Figure 2.22: History of Up and Down FC signals during conditioning of S-band BTW
HT. The vertical dashed lines separate areas with different pulse lengths (left). Zoom
part of the history plot: dark currents signals together with the BDR at conditioning with
constant power of 30 MW and pulse length of 1.2 us (right).
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of the structure. The value of Up FC is about two times higher than value of Down FC
which is associated with particle acceleration in the opposite direction of RF field. To
evaluate the emission reduction during conditioning, a selected fragment of the history
plot is presented in Fig. 2.22 (right) which corresponds to the test with a constant power
of 30 MW and the pulse length of 1.2 us.

From these results we can conclude that the current value is different for the same
accelerating gradient at different stages of conditioning. This could be explained by the
activity of the structure. The values of the Up and Down FC signals at regular pulses
depends on the dominant location of the BDs and the length of the incident signal.

2.4.5 A statistical analysis of breakdowns

A statistical analysis of the properties of the occurrence of BDs is performed to optimize
accelerator conditioning and operation algorithms [76-78]. The attempts to understand
the pattern of these events were also made for the medical AS prototype. The distribution
of BDs over time has also been investigated. This study is interesting due to the fact
that BDR during the period of measurement is not constant in time. This can be seen
in Fig. 2.23, which shows the accumulated number of BDs as a function of the number
of pulses for the S-band BTW HT. The variation in the slope of the curve indicates
that the BDR changes during the HG operation. A staircase form is visible due to the
clusters of several BDs that have been triggered in short intervals of time. The average
value is about 2.7 x 1076 bpp. In this case (Fig. 2.23), the BD events recorded during
the conditioning process with constant power corresponding to 80 MV /m at 1.2 us pulse
length were selected. After each BD, the pulsing was stopped to restore the system. The
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Figure 2.23: History of the cumulative number of BDs with respect to the number of

triggered pulses recorded during a period of the test of the S-band BTW HT at constant
power.
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input power was ramped up step-wise toward a set-point value after consecutive number
of pulses (typically 1500) since last BD and increased or decreased depending on whether
the BD occurred according feedback loop (3000 - 7000). Control algorithm parameters
were manually adjusted depending on the behaviour of the structure.

If BDs are uncorrelated random events, than they can be described by a Poisson distri-
bution. This distribution assumes that events occur at a constant event rate independently
of each other. A numerical probability density function (PDF) as a function of the number
of pulses between BDs was calculated and the result are presented in Fig. 2.24. PDF has
the form of a sum of two exponential which are shown as two sloping lines crossed at one
point. Part of the data from the low end was not taken into account since it is occurring
due to a ramp up of the power to the set point value. The two terms of the fit are used to
obtain the probability of primary BDs which occur randomly and follow-up (secondary)
BDs as direct result of a previous BD [78].
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Figure 2.24: Distribution of number of pulses between consecutive BDs and two-
exponential fit.

The fit of each PDF can be described by the following equation:
PDF (n) = A exp(—an)+ B exp (—fn) (2.3)

where n is the number of pulses between BD events. It is assumed that o < 3 to denote
the first term correspond to gentler slope and the second term to the steeper slope at the
start of the distribution.

Based on the Poisson model, the function can be viewed as a superposition of two
correlated BDR terms [78] and, in the simplest form, is represented as:

gA(npulses) = Al exp(_BDRlA(npulses)) + AQ exp(_BDR2A(npulses)) (24)
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where the normalization is defined by the following expression: A;/BDR; + Ay/BDRy =
P+ P, = 1. BDR; characterizes of random primary BDs that limit the performance of
the structure. BDRy corresponds to secondary BDs that occurred as a consequence of
the damage that remained from the previous event. The value of P; and P» estimate their
integrated probability respectively. A PDF of a number of pulses to BD was computed
for entire conditioning test and for each pulse length separately. The results of the fitted
parameters can be found in Table 2.2.

Table 2.2: Parameters of S-band BTW HT data and the two-exponential-fit results of the
PDF distributions of the number of pulses between BDs for different pulse lengths and
different gradients for 1.2 us.

Pulse length [us] 1035 | 0.9 | 1.2 | 1.6 | Total
Total number of BDs 5000 | 1899 996 948 9500
BDR [10~°] bpp 3.14 | 25 0.68 | 2.89 2.26
Cross point 5024 | 2135 | 75192 | 1100 | 3410

Primary BDR [10~3] bpp 4.05 | 5.21 | 027 | 3.02 | 3.97
Secondary BDR [1074] bpp | 3.35 14 0.53 19 5.84

BDRy/BDR; 8.27 | 26.87 | 19.63 | 62.91 | 14.71
P 0.65 | 0.61 | 0.31 | 0.54 0.7
Py 0.35 | 0.38 | 0.69 | 0.46 0.3
P/ P 0.54 | 0.62 | 2.23 | 0.85 | 043
Gradient [MV /m] 55 56.5 60
Total number BDs 133 82 109
BDR [le-6] bpp 6.3 2.4 3.77
Cross point 3797 78600 | 29720
Primary BDR [le-6] bpp 17.5 0.79 6.1
Secondary BDR [le-5] bpp 0.86 4.37 7.52
BDRy/BDR; 49.2 95.3 12.3
Py 0.65 0.61 0.55
P 0.35 0.39 0.45
P,/ P, 0.54 0.64 0.82

The BDR of secondary BDs is much higher than the primary. A difference in the ratio
P,/ P, is observed as well. These values give an estimation of the number of secondary BDs
that are produced per each primary event during the HG test. The number of primary
BDs is predominant when conditioning of the structure, but this ratio may change for
a well-conditioned structure. In the general case, the probability of the primary BDs
versus the secondary is 60 % higher when tested according to the algorithm limited by
BDR. The result obtained for 1.2 us demonstrates the effect of conditioning state on the
BD probability function. The values for this pulse length are completely different from
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others due to the fact that this measurement includes various testing modes. Therefore,
testing at different values of power for this pulse length are considered separately. The
results presented in the bottom part of Table 2.2 clearly demonstrate that the BDR is
decreasing over time while increasing the probability of secondary BDs and the interval
between them.

The BD distribution within the structure during testing at an accelerating gradient of
about 80 MV /m is shown in the left part of Fig. 2.25. The most of the BDs located at
the front part of the structure. The plot of the BD distribution against the number of
conditioning pulses (Fig. 2.25 (right)) demonstrates that during 25 million pulses the BDs
were distributed in the same region of the structure. This study shows that the individual
pulse induces a secondary BD in a highly sensitive area to BD caused by a previous BD
event. This can be explained in terms of strong emission current from the surface under
the influence of an external electric field. A similar trend of the PDF is observed in the
statistics of the previously tested CLIC X-band ASs.
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Figure 2.25: BD distribution along the structure during a period of the test with a constant
accelerating gradient of about 80 MV /m

2.4.6 Post-processing analysis

In order to determine the changes of the RF properties of the S-band BTW HT after
the high-power test, the low-power RF measurements have been carry out. In addition,
a borescope inspection has been also used to observe the visible physical damage of the
inner surface.

Low-power RF measurements

As shown in Fig. 2.26, the AS was mounted vertically at the bead-pull setup at CERN.
A dielectric bead was placed on a string aligned with the beam axis and pulled along all
cells to measure the S-parameters using a VNA. During measurements the AS was under
dry nitrogen flow to avoid influence of air humidity in the electric permittivity inside
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the structure. The neylong string used to hold the bead causes field inhomogeneity. To
correct this effect, the S-parameters measurements with and without the string have been
performed. Temperature was also monitored. The frequency offset of the nitrogen, the
temperature and the thread for bead-pull are calibrated. Taking into account all these
conditions, the resonant frequency and the phase advance of each cell of the structure were
determined. The state of the cavity cells was also inspected before and after the tuning
in the same way.

Nitrogen supply

Figure 2.26: Picture of the S-band BTW HT at the post-processing test in the CERN
clean room.

The further comparison of the various parameters of the S-band BTW HT have been
made before (described in section 2.2) and after high power testing. The measurements of
the complex scattering parameters S1; and Sa9, corresponding to the input and output RF
port demonstrate that the frequency of the regular cells did not change in general. There
is a noticeable detuning of the last two and first two cells, which results in -20 dB input
reflection at the desired conditions. The magnitude of S7; results have changed from -60.2
to -19.6 dB and Sss from -24.3 to -15 dB at the central frequency of 2.9985 GHz as shown
in the top part of Fig. 2.27. The field distribution is almost flat and the phase advance
per cell is in the range 145° - 155° as illustrated in bottom part of Fig. 2.27. Small local
changes can be seen in the first and the last cells of the structure after the test. Cells 3
to 10 changed only marginally in frequency (within +£0.1 MHz), while a frequency shift
of the first two and last two cells of up to 1.1 MHz occurred. The S7; parameters in the
complex plane are slightly detuned as shown in top part of Fig. 2.27. The quality factor
of the structure was insignificantly reduced from 7074 to 6823. The results are presented
for nominal parameters at a operating temperature of 32 °C under the vacuum.

The low-power RF measurements indicated that the AS has minor changes after the
high power test. Therefore the structure can be reused without retuning.
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Figure 2.27: Top: Comparison of the input (left) and output (right) reflection “after
tuning” and “after high power testing”. Electric field pattern along the S-band BTW HT
combined S7; in the complex plane (middle) and in magnitude and phase advance per cell
(bottom) before (left) and after high power test (right).
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Borescope inspection

After the low-power RF measurement was completed, the surface of the AS was inspected
by the borescope. A picture of the borescope setup is shown in Fig. 2.28. This technology
is used as a non-destructive test for recognizing defects or imperfections on the internal
cavity surfaces. The observation was done to determine the location of the BDs for example
to cross check against the longitudinal BD position distribution obtained from the RF
measurements and to see the relative occurrence of BDs on the nose and on the coupling
holes. The borescope was introduced through the beam pipe and through the input of the
iris as shown in Fig. 2.29.

Structure
g =n

* :
Stick of
borescope
1

’ Structure support
- i} VECNE —

Figure 2.28: Borescope inspection of the S-band BTW HT at CERN. The regulator per-
forms Y-adjustment, rotation and linear displacement on manual roller. [Courtesy of Serge
Lebet.]

Figure 2.29: Cross section of the input waveguide (left) and enlarged areas (right) around
the cell where the borescope analysis has been performed.
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1st input iris 2nd input iris

3rd input iris 12th input iris

Output hole

Figure 2.30: Borescopy images from the S-band BTW HT after high power test: the iris
of the 1st, 2nd (top), 3rd and 12th (middle) cells, one of the coupling holes of input and
output cells (bottom).
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Pictures from the borescope showed that most of the BDs occurred in the first cells of
the input power of the structure. The examples of the hole iris are shown in the bottom
part of Fig. 2.30. No significant damage of the surface around the holes is detected. These
measurements confirm the reliability of the data analysis based on the difference in time
of the RF signals and that BDs occur at area of high electric field according RF field
distribution presented in Fig. 2.10.

At this moment, the S-band BTW HT is stored remaining in a nitrogen environment
to prevent surface contamination. The structure is scheduled to be retested in the correct
position.

2.5 Comparative analysis of RF accelerating structures

A comparative analysis of the different conditioning histories of tested prototype allows
to efficiently reduce the time to achieve their best performance and to minimize the prob-
ability of BDs. A stable mode of operation is necessary for the performance of all linear
accelerators, in particular, for proton therapy. Since this requires an operation of the
accelerator complex without BDs during the whole treatment session what means less
than 7.7 x 10~7 bpp/m.

More than ten different CLIC X-band RF ASs have been tested by the CLIC RF
group up to now. A detailed comparison of the their conditioning result has been made to
determine the best test procedure to assess the RF design and the fabrication technology.
The conditioning histories of the S-band BTW HT and three different CLIC X-band AS
prototype tested at CERN have been chosen for comparison. The main features of these
structures are listed below:

e TD26CC: a CLIC design, 11.994 GHz, 26 cells, equipped with HOMs, damped,
tapered and with Compact Couplers. Discs were manufactured at VDL [79], and

assembled at Bodycote [80], under the supervision of X-band production team at
CERN. TD26CC N1 and TD26CC N3 were tested in Xbox-1 and 2 respectively.

e T24 PSI N2: a CLIC design, 11.994 GHz, 24 cells, the HOMs, without damping,
tapered. The discs were manufactured at VDL, assembled at PSI [81]. The AS was
tested in Xbox-3.

e TD24CC SiC: a CLIC design, 24 cells, tapered and damped with Silicon Carbide
(SiC) absorbers. Discs and manifolds were manufactured at VDL, assembled at
Bodycote, under the supervision of X-band production team at CERN. The AS was
tested in Xbox-3.

e S-band BTW HT N1: amedical design for TULIP project, 2.9985 GHz, 10 regular
and 2 coupling cells, not tapered. The discs were manufactured at Yvon boyer [82],
assembled at Bodycote, under the supervision of X-band production team at CERN.
The AS was tested in Sbox. A detailed description can be found in Section 2.1.
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2.5. Comparative analysis of RF accelerating structures

All these structures, that we will use for the comparison, have been conditioned with
the same algorithm. The strategy involves a stepwise increase of input RF power at a fixed
pulse length to nominal gradient. This process is repeated until the nominal input power is
reached, or if the BDR does not stabilize anymore, which indicate that the maximum field
has been reached at this pulse length. The structure is considered to be fully conditioned
when the BDR does not decrease at nominal gradient and pulse length.

After the conditioning, all the structures met the design specifications. The electric
field as a function of the number of the RF pulses are presented in Fig. 2.31. These results
show that the structures are behaving quite similarly in terms of conditioning speed. The
S-band BTW HT and the CLIC X-band acceleration prototypes reached an estimated
gradient of 50 and 100 MV/m after 200 millions pulses, respectively. The conditioning
process of each structure could be limited by the algorithm, available input RF power,
or individual conditioning speed of the structure. However the accelerating gradient Fg..
is not a relevant parameter to predict the best performance of a structure since this is a
resulting characteristic depending on influence of other multiple factors. Therefore, other
quantities such as the surface electric field E,,,y and the modified Poynting vector S,
should be also used to describe the conditioning process: Eyce = kg Egurp and Eyee =
ks +/S., where kg and kg are constants characterizing the structure. The surface electric
field is difficult to compare in our particular case for S-band BTW HT, because the value of
E,/Ey is twice the value of CLIC X-band prototypes as shown in the top part of Fig. 2.32.
This structure has different behaviour compared to the CLIC ones.
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Figure 2.31: Comparison of the electric field of different prototypes with respect to the
number of pulses for S-band BTW HT and CLIC X-band structures.
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Figure 2.32: Comparison of the surface electric field E,,,¢ (top) and the modified Poynting
vector S, (bottom) of different prototypes with respect to the number of pulses for S-band
BTW HT and CLIC X-band structures.

In order to directly compare the behaviour of the different AS, the data must be scaled
to some parameters. The most significant are the pulse length and the BDR. Based on
Eq. (1.36), a scaled gradient F,.,eq can be defined as:

1/6
Eoce * 1

BDR1/30
Using the established scaling laws, operational data can be represented in a smoother

progression in their conditioning, despite the changes in operating conditions. Accordingly,
the conditioning histories of the structures are presented in Fig. 2.33 (top), using a scaled

Escalea = (25)
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2.5. Comparative analysis of RF accelerating structures

electric field. The data was normalized to CLIC parameters: BDR = 1 x 10~% bpp/m and
7p = 200 ns. From this data, it is demonstrated that such normalization is quite suitable
also for the S-band BTW HT. In turn, the CLIC structures have similar behaviour at
late stages of conditioning. The TD26CC N3 structure shows the best performance in
Fig. 2.32. Despite, the high gradient values, a total performance of the structure cannot
be determined since the normalized gradient gradually increases during the entire test. The
tests of T24PSI N2 and TD24SIC N2 structure were terminated due to the limitation in RF
power of test bench. No significant effect is shown in case of damped and undamped AS.
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Figure 2.33: Comparison of the scaled electric field Fy o (top) and the scaled modified
Poynting vector S. (bottom) with respect to the number of pulses for S-band BTW HT
and CLIC X-band structures.
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The stabilization of the normalized curve of the TD26CC N1 indicates the complete con-
ditioning of the structures.

The cavities have been also compared in terms of the scaled modified Poynting
vector S. by applying the scaling law:
Se * 7'191 /3

BDRUTG (2.6)

Sc scaled —
These results are presented in the bottom part of Fig. 2.33. All the structures show a
smaller difference when comparing the peak modified Poynting vector with respect to the
peak surface electric field. The Poynting vector characterizes better the high gradient
limits of these cavities. However, the BDR measurement presented in Section 2.4.1, shows
a scaling law with a power of 10 for the accelerating gradient. In the future this can be
used for comparison of the test results of similar design structures.

There is a particular interest in studying the long-term behaviour of this kind of AS in
order to find the maximum gradient for stable operation and to estimate the time required
to complete the conditioning process necessary to achieve the target performance. The
CLIC prototypes and S-band BTW HT have different requirements regarding stability
of the operation. However the results of the S-band cavity test seem consistent with
the results from X-band experiments, and constitute the first experimental data for the
prototype of proton therapy at 3 GHz frequency. The peak surface field is more than
350 MV/m at different pulse lengths, see the top part of Fig. 2.32. This value has never
been achieved in similar RF structures.

The Fig. 2.34 shows the steady decrease in the BDR over multiple months of running
of the S-band BTW HT as a function of the number of pulses in double-logarithmic scale.
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Figure 2.34: Normalized breakdown rate for the S-band BTW HT structure tested at
CERN Sbox.
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2.5. Comparative analysis of RF accelerating structures

The behaviour of the AS actually improve with time. The structure’s conditioning is
performed with the intention of reducing the BDR. The conditioning trend starts to deviate
from the fit after about 2 x 10% pulses. The conditioning state, which no longer improves,
will demonstrates the achievement the limiting parameters of the structure. The evidence
of a conditioning limit in RF structures needs to be further investigated with longer tests
that accumulates more pulses and BDs. After a gain in the HG performance, the further
operation of the AS have to be performed at accelerating gradient around 10 - 20 % lower
to avoid damage of the AS surface.

To summarize, we could confirm that the S-band BTW HT provides the required RF
parameters of compact hadrontherapy linacs. The high power testing showed that this
AS can operate with high accelerating gradient that correspond to 80 MV /m at the first
cell or 65 MV /m average value for 1.2 us pulse length with a BDR of 4 x1076 bpp. If
we recalculate to the appropriate requirements for TULIP project, taking into account
the pulse length and the BDR using the scaling law BDR o E30, 7 (Eq. 1.36), then this
corresponds to 55 MV /m average gradient.
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Chapter 3

Experimental studies of RF
breakdowns in RFQs

RFQ technology has considerably progressed in recent years in terms of RF design, beam
dynamics design, tuning techniques, availability and reliability of construction techniques,
etc. The RFQ is widely used as injector by major laboratories and industries for ion linear
accelerators [83]. The RFQ represents the best transport option between the unbunched
beams that come out of ion sources and the bunched and accelerated beams that are
required by downstream RF AS.

HG is a very important requirement for different types of ASs including RFQs since
high fields increase the RFQ performance in areas of higher acceptance (larger emittance
beams), and gives greater space charge capability and acceptance even for heavy ions with
lower charge state. In addition, HG opens the possibility to reduce the overall length of
accelerators, that requires higher RF frequencies. But high fields have limitations, and the
study of these limitations is the main objective of this work. In particular, based on BD
studies of HG CLIC prototypes, we target a high surface electric field in the RFQ while
minimising risk of sparking and damage.

The typical frequencies used for proton linacs range from 200 to 750 MHz. The AS
design can be realized with different kinds of resonator types which determine the efficiency
of the RFQ, the cost, the size, and the construction feasibility. In order to improve the
performance of the RFQ), it is necessary to increase the gradient, which means to maximize
the field on the vane-tip. This can be done taking into account the proportion between
transverse acceptance and efficiency of acceleration (modulation factor), and by minimising
the transverse radius of curvature that leads to higher frequency. The impact of the main
parameters on the choice of frequency is described in Chapter 1. Examples of RFQs with
different frequencies and the main operation parameters are summarized in Table 3.1.
There are the most advanced structures that are of particular importance for scientific
and society applications. A number of innovative design solutions with higher frequencies
and higher gradients have been adopted to minimize cost and to contribute to the future
of industrialization.
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Chapter 3. Fxperimental studies of RF breakdowns in RFQs

Table 3.1: Parameters of the RFQs.

Structures, Frequency | Energy | Length | Gradient | Current
value [MHz| [MeV] [m] [MeV /m] [mA]
MedAustron RFQ 216.8 0.4 1.25 0.32 4
Linac4 RFQ 352.2 3 3 1 90
HF-RFQ 750 5 2 2.5 0.400

An overview of the main applications of these structures is presented below:

e The MedAustron RFQ is designed to accelerate protons and carbon ions from
8 keV to 400 keV for one of the most cutting-edge centers for cancer treatment and
research, located in Wiener Neustadt (Austria) [84]. The center started treating
patients in 2016 with protons and in 2019, with the availability of carbon ion ther-
apy. This RFQ is 4-rod structure with slim electrodes of 1.25 m length operated at
216.8 MHz.

e The RFQ Linac4 is the next step of the progress, that provides significantly higher
gradient than other existing structures. The Linac4 RFQ has been designed to
provide the beams to the PS Booster injector. The 352.2 MHz RFQ accelerates the
H- beam from the RF source to the energy of 3 MeV. This RFQ has the 4-vane
design.

e The High-Frequency (HF)-RFQ is a complex structure with higher precision
requirements due to the tight tolerances and machining. The HF-RFQ targeted at
low current applications requiring small dimensions, low cost, low radiation emis-
sions, minimum maintenance, up to portability. Additional limitations come from
the beam acceptance. The relatively higher operating frequency and small bore aper-
ture radius have been realized with the 5 MeV 750 MHz RFQ for a specific proton
therapy accelerator. This RFQ has been constructed as alternative to cyclotrons as
injector for linacs operating at higher frequency. Its overall design is general enough
to be used for other applications, such as medical radioisotopes production and ion
beam analysis of industrial components or of artworks. The gradient was chosen to
be safe for stable operation. The RFQ has a design similar to the one of Linac4.

In this chapter, two RFQs with high (750 MHz) and low (352.2 MHz) frequencies were
studied. Notice that, this is one of the first time a systematic study of BDs in RFQ is
reported.

3.1 Breakdown measurements in 750 MHz HF-RFQ for hadron
therapy applications

The BD studies were performed in the tests of the HF-RFQ in the experimental area
at building 2250, Point 2 of CERN. The measurements were made with beam during
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3.1.  Breakdown measurements in 750 MHz HF-RFQ for hadron therapy applications

the conditioning of the different RF components. The data have been collected without
disturbing the normal operation regime.

3.1.1 The LIGHT system and the HF-RFQ

The Advanced Oncotherapy (AVO) company [49] is developing a next-generation proton
therapy system for cancer treatment known as LIGHT system, which is the result of
many years of work at CERN and ADAM company [89]. The LIGHT system has been
designed to provide a high beam quality of protons with energies up to 230 MeV, required
for effective proton therapy treatment of deep-seated tumours. One of the target of this
facility is to significantly reduce the treatment cost of patients, and to be able to install
it in small to mid-size health care centres.
The main advantages of LIGHT compared to other existing systems as:

e High frequency. The linac has the highest frequency ever used in proton-therapy.
The high repetition rate of the very short pulses (a few us) gives the possibility to
vary the energy and the pulse current on a pulse-to-pulse time scale.

e Precision. The system has an active longitudinal modulation along the beam prop-
agation axis, that provides a change in treatment depth, and a dynamic transverse
modulation that allows a precise 3D treatment of the tumours.

o Modularity. The system consists of a assembly of modular units that can be
extended to higher energies by additional units or replacement with newer and im-
proved ones.

The AVO company has successfully integrated the main sections of the linac in a
testing facility in October 2018 [85]. The main parts of LIGHT accelerator are presented
in Fig. 3.1. The present design uses a proton source from Pantechnik (Monogan M-
1000) [86] that produces proton beams and chops them to pulses at 200 Hz. After the
source, the beam is injected into RFQ, developed by CERN. The RFQ is followed by four
modules of SCDTL, based on the experience of the IMPLART project of ENEA (Frascati,
Italy) [87]. Finally the last section consist of CCL structures, designed by ADAM based
on the experience of the LIBO prototype [47].

After a successful test of the main components of the linac at CERN, the work is
progressing at Daresbury Laboratory to build and prepare the test facility ready for the
installation and assembly of the full LIGHT system. The LIGHT will be installed in the
basement of a townhouse in Harley Street, central London [88].
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Figure 3.1: General view of full size LIGHT accelerator.
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Chapter 3. Fxperimental studies of RF breakdowns in RFQs

The HF-RFQ is the most compact RFQ ever build operating at 750 MHz and capable
of producing low-intensity beams with no significant losses. The prototype of such RFQ
has been built for ADAM company by CERN with the support of the KT, CERN medical
application office. The HF-RFQ have been constructed based on experience in the design
of AS for the Linac4 project, adapting the previous TERA technologies, and expertise in
HG AS gathered by the CLIC group at CERN.

This structure has about double the frequency of the existing RFQs. The RFQ was
constructed to accelerate protons from 40 keV to 5 MeV within only 2 m length, and
to minimise beam losses above 1 MeV [90]. The length of the RFQ corresponds to 5 A,
which is considered to be close to the limit for field adjustment using only piston tuners.
It consists of four modules with a length of about half a meter each. The RFQ frequency
has been selected to be a sub-harmonic of 3 GHz as required for the application in proton
therapy. While the higher frequencies decrease the acceptance, increase the power loss
density and make difficult the machining of the first cells [91].

The electrode voltage is designed to be constant along the RFQ that requires a con-
stant longitudinal field distribution. Therefore there are 16 antennas or pickups along the
structure (four pickups along each vane) to measure the field during the tuning process.
The four power couplers are placed in the two middle segments of the RFQ, one in each
quadrant. Fig. 3.2 shows a schematic configuration of the power coupler. The HF-RFQ
design is optimised to use multiple units of solid-state amplifiers combined into the HG-
RFQ providing high reliability, no High Voltage (HV), and low cost [54]. Each power
coupler is fed by a 100 kW Inductive Output Tube (IOT) in order to maintain a nominal
voltage of 67.6 kV. The maximum RF peak power is 400 kW, and the maximum electric
field on the vane tip is 50 MV /m corresponding to twice the Kilpatrick limit [91]. The
Q-factor due to losses in copper is about 6440 according to 3D RF design simulations.
The HF-RFQ is designed and built for a maximum duty cycle of 5%, which is required for
hadron therapy and other numerous applications.

Figure 3.2: 3D drawing of the RFQ with tuners, pumping ports, and power couplers (left)
and a cross section of the RFQ indicating the numbering of the quadrants and the power
couplers (right).

The HF-RFQ has a high transmission efficiency, which was one of the requirements on
the choice of the design parameters. The design was optimized to match the acceptance of
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the subsequent components of LIGHT, and to minimise the losses at the transition of the
two structures to avoid activation of components. The main parameters are summarized
in Table 3.2.

Table 3.2: Main parameters of the HF-RFQ at the ADAM test bench.

Parameter ‘ Value
Frequency 750 [MHz]
Length 2 [m]
Vane voltage 65 [kV]
Peak RF power 400 kW]
Beam Input energy 40 [keV]
Beam Output energy 5 [MeV]

3.1.2 Description of experimental area for the LIGHT accelerator

At the moment of writing this thesis, the first prototype of the LIGHT system was un-
der commissioning at the ADAM testing area [89]. Installation and test of the different
components were carried out in stages, starting with the proton source and the RFQ, and
continued with the conditioning of the four SCDTLs and two of the high-energy CCLs.
The beam commissioning of the RFQ was successfully performed in 2017 and the mea-
surements are reported in [93]. The beam current at the output of the RFQ is 50 pA, and
the horizontal and the vertical emittances are 0.032 x 0.025 7 mm mrad. Fig. 3.3 shows
the layout of the linac during the beam commissioning of the SCDTL cavities up to an
energy of 37.5 MeV.

b1 33 .

Figure 3.3: Top view of the present configuration of the LIGHT prototype with two
SCDTL modules on the beam line followed by the diagnostic test-bench at CERN.

The test bench hosts a control room, a mechanical and electronic workshop, a rack
room, and a bunker [94]. Standalone test systems are available to execute 200Hz pulse
tests on individual accelerator devices. Fig. 3.4 shows the RFQ installed at the ADAM
test facility at CERN.
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Figure 3.4: The HF-RFQ after the installation at the ADAM test facility at CERN.

All systems are successfully integrated in the testing facility. The proton beam has
been accelerated through all these units up to the design energy of 52 MeV [85]. Today the
work is progressing at Daresbury Laboratory to build the full system providing a 230 MeV
proton beam acceleration.

The proton injector, including the RFQ and the other tested acceleration modules,
are controlled by a dedicated control system. A data-logging system allows to perform
data analysis and monitor trends on vacuum, cooling temperature, and RF signals. The
accelerator control and safety system are mainly based on commercial hardware: Siemens
PLCs and PXIe based electronics.

The LLRF test bench controls the magnitude and phase of the RFQ pulse, ensuring
stable system operation. The schematics view is presented in Fig. 3.5. The system provides
a cavity field control function, and incorporates the machine protection functions. The
cavity is filled by 4 RF ports. The required peak RF power of the cavity is 400 kW at
750 MHz with 200 Hz repetition rate and 10 us pulse length. The HF-RFQ is equipped
with RF pickups used to monitor the RF fields inside the cavity and measure transmitted
(TRA or PKR) signals. Directional couplers are located before the IOTs to allow the
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Figure 3.5: General functional block diagram of LLRF system for the HF-RFQ at the
ADAM test facility at CERN.
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measurement of the forward power from drives (Driver FWD), the forward power, and
the reflected powers from the cavity (IOT FWD and RFL or REF) by coupling a small
amount of power to the waveguide. In this case, the amount of coupling is small enough
such that the loss of power in the cavity is less than 0.1 dB.

The RF signals are effectively read and displayed in real time at the Test Bench Control
System. The data are sent to a PC in the operator’s control room. The waveform graph
of these signals and their average values at nominal operation are presented in Fig. 3.6.
The peaks at the beginning and at the end of the RFL pulse correspond to the rising
and falling time of the FRW RF pulse, where the frequency is different and the power is
reflected by the cavity as it is a resonator. The amplitude of the peaks depends on how well
the I0OTs, the coaxial lines, the HF-RFQ are matched and on the relative amplitude and
phase between the four RF signals at the RF(Q input. The level of reflection in the middle
of the pulse indicates that IOT2 and I0T3 are slightly out of phase. The coaxial lines do
not have a circulator to suppress the RFL power, therefore the RFL peaks stay bouncing
in the coaxial between the IOT and the RFQ. This creates an SW that is presented in the
RFL signal from IOT3 in this example.

RFQMonitor

RFQ Monitor

1or4.reL [ 1013 R

RERRENR Ry

Figure 3.6: Control panel of RFQ signals at the ADAM test facility: 4 Driver FWDs, 4
IOT FWDs, 4 RFQ RFLs, 4 RFQ PKPs (top) and their average values (bottom).

3.1.3 Description of the breakdown measurement set-up at ADAM test
area at CERN

The high-power operation of the RFQ is limited by the undesired BDs that cause beam
losses and by the capability of the RF power supplies. The primary BD study was done
by measuring the FWD, RFL and pickup signals using an oscilloscope. The pickups were
located along each of the vanes. Falling of the PKRs, rise of the RFLs and vacuum spikes
were observed during the study. These signals can be used for the identification of the BD
events. An example of RF signals during BD is shown in Fig. 3.7. The measurements are
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performed from the interlock system of the test bench in the electronics room. The pickup
signals were not reduced to zero after the BD and some field was kept in the structure.
The vacuum system was used to keep the RF structure under UHV below 1.5 x10~7 mbar.
A typical event of discharge was monitored by an increasing in the vacuum pressure up
to 3 x10~7 mbar. The system comes back to normal operation at the next pulse without
being affected by the previous discharge.

Figure 3.7: Example of RF pulses during a BD event in the HF-RFQ at the ADAM test
facility: FWD (yellow), RFL (pink) and 2 RF pickups (blue, green).

For a better understanding of the BD behaviour, a dedicated DAQ for the HF-RFQ at
test bench of ADAM was developed. The DAQ have been implemented in LabVIEW and
connected the NI PXIe hardware through Ethernet with the services in the processing tier,
i.e. SCADA (OPC UA) and configuration servers (http). Real-time control and monitoring
was implemented on a FlexRIO platform with embedded FPGAs to monitor the incoming
signals. This DAQ has been written based on an existing software for monitoring signals
developed at ADAM. The program records 16 RF (4 Driver FWDs, 4 IOT FWDs, 4 RFLs,
4 PKPs) and vacuum signals.

This Virtual Instrument (VI) provides a user friendly interface for BD identification
in a single interface parameter monitoring and data logging. The VI contains two tabs:
one for signal “Control and Acquisition”, and another one to specify all the settings and
inputs needed by the program. The VI creates a subscription to the Programmable Logic
Controller (PLC) using an intermediate OPC (Object Linking and Embedding for Process
Control) server. Each time a value in the server changes it is automatically notified to
the VI, and it is also updated in the monitor. Calibration constants of each channel are
used in operation together with the PLC readings. A picture of the control panel used to
monitor the RF signals is given in Fig. 3.8.

Two methods have been implemented in the program in order to improve the accuracy
of BDs identification. Both approaches are based on the analysis of the flat top of the RF
pulses. The first one determines the average value of the selected part of the signal and
compares it with the specified nominal value. If these values are significantly different,
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Figure 3.8: Control panel for high power test of the HF-RFQ: RF signals of 4 Driver
FWDs, 4 IOT FWDs, 4 RFQ RFLs, 4 RFQ PKPs (top), their average values (middle)
and the plot for BDs identification (bottom) with setting parameters.

then the RF pulses are recorded. A segment size of the pulse for calculating the average
value have been selected for reasons of convenience. The second method calculates the
roughness of the pulse and the deviation from the limit value gives the possibility to
detect the unstable pickup signals. The parameters used to set up this analysis are shown
in Fig. 3.9. The flat-top of the pulse or subsignal, is filtered by median filter to remove
impulse noise and glitches. Then a polynomial data fit is applied and a residual value is
calculated to indicate instability that use as trigger to start acquiring record data to the
file. The date of each event is added to the filename. All threshold values can be modified
from the LabVIEW Front Panel. The manual settings are saved only for the current
session. To save data for the next use, the values have to be set in the software with
subsequent re-compilation. A more detailed explanation can be found in Appendix B.
This program also allows to impose restrictions on the selected signal for triggering.
Depending on the waveform, a more suitable approach can be used. Buttons with LED
visualization are applied to select methods and indicate trigger response times. Constant
green light on the BD button are used as an indicator of incorrect parameter settings
that lead to record unnecessary events. In addition, the time of the last recorded event
is displayed on the monitor. The recorded events by the DAQ correspond to the data
from the oscilloscope and the vacuum pressure read-out. The main advantage of the DAQ
that all 16 RF signals entering the system can be analysed and saved simultaneously. The
restrictions given by the Ethernet-cable limit the transmission of digital signals.
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Figure 3.9: Identification parameters to determine flatness of the pickup pulse: [P1] - start
time of the subsignal to use for analysis, [P2] - length of the subsignal, [P3] - the order of
the polynomial fit and [P4] - residue value accepted.

The test bench operates at the maximum RF power that limits the possibility of
increasing BD statistics. At the same time we are limited in flexibility to change any
settings and parameters of operation as this RFQ is operated as a beam injector for
LIGHT prototype.

3.1.4 BD measurements and data analysis

The history plot of the BD events in the HF-RFQ from June 2018 to January 2019 is
presented in Fig. 3.10. The total FWD power is 400 kW and the pulse length of signals is
10 ps. BD probability is quite low, the measured BDR is about 1.28 x10~7 bpp, mainly
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Figure 3.10: Operation history plot of the HF-RFQ at the ADAM test bench: BD number
versus the number of pulses. Tests were carried out at the pulses of 400 kW and 10 us.

66



3.1.  Breakdown measurements in 750 MHz HF-RFQ for hadron therapy applications

during restarting the RFQ at full power. This corresponds to less than one BD per day of
operation. This value is consistent with the requirements for a medical facility to provide
stable operation during treatment.

Additional analysis of each recorded signals has also been carried out for better under-
standing of the BD behaviour. An example of a BD event is shown in Fig. 3.11. The large
rise time of the FWD pulse (about 3 ps) is due to the need to reduce the RFL signal. A
high peak of RFL from the IOT2 is present due to a slight mismatch between a coaxial line
and the HF-RFQ. After the BD, the pickup signals exponentially decayed to zero and the
REFs have increased significantly following the IOT FWD signal. Note that the normal
operation of the HF-RF(Q with a proton beam is about 4 us pulse length.
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Figure 3.11: RF signals from the HF-RFQ at a BD event: Drive FWDs, IOT FWDs,
REF's and pickups respectively.

The signals measured by pickups during BDs have a different behaviour. An example
of such signal from two pickups located along one vane is presented in Fig. 3.12. The
field rapidly decreases after the BD, but remains at some value for some time and it has
a different magnitude depending on the position of the pickups. This information can be
used to determine the location of BDs in the RFQ. In this example, it was suggested that
the BD occurred in the area near pickup 4.

An initial understanding of the BD localization is carried out based on available RF
signals from the HG-RFQ at the ADAM test facility. The waveform data shown in the
example presented in Fig. 3.11 were taken with an oscilloscope that started (t=0) after the

67



Chapter 3. Fxperimental studies of RF breakdowns in RFQs

BD. The field is rapidly going to zero at the pickup 1, while the field measured by other
pickups decays at a slower rate. This indicates that the BD occurred at the beginning of
the structure, corresponding to the low beam energy part. The problem of determining the
location of BDs become more complicated when they occur in the middle of the structure
as the HF-RFQ is filled up by 4 ports. After the BD, the structure continues to be filled
from some power coupler and the reflected wave affects the incoming signals.
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Figure 3.12: Normalized RF signals measurement by pickups during BD event.

The HF-RFQ is not equipped with a diagnostics setup that supports the measurements
of all required signals to determine the location of BDs. But still, based on this study, we
can conclude that the BD occurs along the structure, with a predominant amount in the
central part.

To complete the analysis of the BD, the Q-factor and the dark current have been
measured respectively. The Q-factor due to losses in copper is about 6500 according to 3D
RF design simulations. The measurements of an effective Q for the four power couplers
yield demonstrate a slight over-coupling of 3 % on average [95]. The purpose of these
experiments is to see how the Q-factor is affected by the BD.

As shown in Fig. 3.13, this value significantly changed during the discharge of the
cavity. The rise time method (time domain) for evaluating attenuation through the quality
factor Q is used. The rise time defined as the time difference between the 90 % and the
10 % amplitude levels of the first peak pulse arrival. The difference between the two
definitions is insignificant (deviation of about 5-10 %). When the RF pulse is turned off,
the decay of the pulse is about 0.85 us for pickups 1, that correspond to 1880 of loaded Q-
factor. Thus, attenuation is decreased by 3.5 times. For pickup 2 - 4, the Q-factor is about
4500. In this case, the undesired RFL power gives impact on the FWD power. Deriving
the Q-factor at the BD event is also limited by the FWD/RFL power calibration. The
HF-RFQ calibration has been performed during a standard S-parameter measurements.
The measured FWD and RFL power always deviates from the real powers that goes into
and is reflected from the cavity. This is due to RFL in the waveguide, the cables, the
directivity and the coupling factor [96]. Their impact increases during BDs.
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Figure 3.13: Normalized power on the falling edge of the pickups located along the RFQ
at the BD event.

The operation of an AS is generally limited by BDs caused by high surface electric
fields present on vanes in case of the RF(Q. The high fields reached during the tests lead
to high levels of field-emitted current or dark current (DC). DC can cause RF energy
absorption and additional radiation that is generated by the AS.

A first approach to observe DC from the HF-RFQ has been performed. At the be-
ginning we tried to use the existing current detectors located on the beam line. The
measurement starts with use of the existing Beam Current Transformer (BCT) and Av-
erage Current Detector (ACD) that are located at the downstream position. The ACD
is derived by summing the four electrodes of a BPM and it selects only 750 MHz con-
tributions. Both detectors show the results on the noise level. The ACD is limited to
approximately 1 pA current sensitivity. This means that electrons don’t go outside of the
structure or their number is very small.

According to the method proposed [97], the DC level can be measured by monitoring
the cavity voltage for different RF input levels. At normal operation, the nominal power
P is proportional to the voltage V squared, the coefficient being the inverse of the shunt
impedance (from Eq. (1.6)). The nominal vane voltage given by the beam dynamics
simulations is used to calculate the corresponding nominal power P. Once this power
is going into the cavity, the FRW IOT signals are recorded as the nominal RFQ level.
This is the voltage on a monitoring loop inside the cavity, detected and processed in the
RF chain, and proportional to the vane voltage. DC appears at high voltages and the
electrons are accelerated over the cavity gaps and extract an additional power P =1 x V
from the generator. When plotting P vs. V2, the deviation from a straight line at high
power gives the power driving the DC. Figure 3.14 shows the measured input power as
a function of the cavity voltage for the nominal pulse length of 10 us. In this case, the
DC is not detected. This can be explained by the fact that the nominal power (400 kW)
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is not enough for a significant emission of electrons. Moreover, such a deviation from the
straight line indicates that the IOTs was saturated after 330 kW at the moment of the
measurement.
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Figure 3.14: Input Power vs. vane voltage square for the HF-RFQ at the ADAM test
facility.

In summary we can conclude that this setup is not ideal to perform the study of BDs
but we have obtained the confirmation that this HF-RFQ is very well suited for applica-
tions with demanding HG requirements. For better understanding of the BD behaviour
and identifying the main parameter limits, the test have to be performed in a dedicated
set-up as we have described for a S-band structure in previous Chapter 2.

3.2 Breakdown measurements in 352.2 MHz Linac4 RFQ

The RFQs are one of the initial component of accelerator chains. The Linac4d RFQ is part
of the injector complex of the Large Hadron Collider (LHC). The HG performance and
BD behaviour of this element is crucial aspect of this study.

3.2.1 Description of Linac4 and 352.2 MHz Linac4 RFQ

The Linac4 is a NC linear accelerator [98], intended to replace Linac2 as injector of the
Proton Synchrotron Booster (PSB) belonging to LHC injector chain. The replacement is
being performed during the long shutdown for 2019 - 2020. Linac4 accelerates negative
hydrogen ions (H™), consisting of a hydrogen atom with two electrons. The increase of
energy from 50 MeV (Linac2) to 160 MeV (Linac4) allows to overcome the space charge
limitations at the PSB injection. The new linac can increases the beam brightness out of
the PSB by a factor of 2, making possible an upgrade of the injectors for higher intensity
and eventually an increase of the LHC luminosity [99].
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Linac4 is located in an underground tunnel connected to the PSB transfer line to
PSB. A surface building houses the RF equipment, the power supplies, the electronics
and other infrastructures. A schematic layout is presented in Fig. 3.15. The location of
Linac4 is connected to the existing accelerator infrastructure by a transfer line equipped
with debunching and collimation sections.

T

LINACA

Figure 3.15: A schematic view of the connection between the Linac4 and the PS ring. The
light grey colour of construction at the end of Linac4 indicates a possible extension called
Superconducting Proton Linac (SPL) [100].

The H- ions leave the ion source with an energy of 45 keV and travel along 86 m
line of RFQ, chopping line, DTL, CCDTL and Pi-mode structure (PIMS) that accelerate
beams to the final energy. The overall architecture of Linac4 is shown in Fig. 3.16. The
main Linac4 parameters are based on the requirements for the PSB injection and the LHC
respectively, and other experiments such as ISOLDE [101]. The operating frequency of
Linac4 (352.2 MHz) is defined by the availability of klystrons, circulators and waveguides
from the LEP RF system (Large Electron Positron Collider). This frequency is suited for
a linear accelerator because it provides a good correlation between the simplified design
tolerances at low frequency and the high gradients and efficiencies allowed by higher fre-
quencies. The total number of RF chains is initially 21 at 352 MHz frequency: 1 RFQ,
3 Buncher cavities, 3 DTL, 7 CCDTL, 6 PIMS and 1 Debuncher.

Considering the limits of the source technology and the RF requirements, the Linac4
machine will pulse at a 1.2 Hz repetition rate, with up to 0.6 ms beam pulse length and
up to 40 mA current. All structures have been build for the SPL duty cycle of up to 5%.

71



Chapter 3. Fxperimental studies of RF breakdowns in RFQs

\K PIMS ccOTL| | DIL | | chopperiine | | RFQ
\ ] \

ﬁ
.\4 «

86m

Figure 3.16: Scheme of Linac4.

The low-energy front end of Linac4 is based on a 352 MHz, 3 m long Linac4 RFQ [102].
The RFQ is designed to accelerate a 45 keV, 70 mA, H™ beam from the ion source to the
energy of 3 MeV, with an efficiency of 95 % while preserving the transverse emittance.
The RFQ is a 4-vane structure consisting of three modules of 1 m length with one power
coupler. The electrical length is 3.5 A allowing the direct coupling of the three RFQ sections
without using coupling cells between sections. The result of this design is a compact RFQ
with an intra-vane voltage of 78 kV and a peak surface field of 3 MV/m. The Linac4
RFQ is operated at low duty cycle (0.1 %) when used as injector to the PS booster, but its
design is compatible with higher duty cycle (10 %) for a possible high-intensity upgrade of
the CERN linac facility [103]. The RF operational parameters of the RFQ are summarized
in Table 3.3.

Table 3.3: Main parameters of the Linac4 RFQ.

Parameter Value
Frequency 352.2 [MHz]
Length 3.06 [m]
Vane voltage 78.27 [kV]
Peak RF power 600 [kW]
Beam Input energy 45 [keV]
Beam Output energy 3 [MeV]
Coupling coefficient 1.593
Quality factory 6800

The decision to design this RFQ, as part of the injection system for Linac4, came
after the chopper line elements had already been procured and assembly plans made. The
initial plan was to use the RFQ developed and built by CEA and IN2P3, for the IPHI
project [104]. However finally, in order to get better beam performance, CERN decided
to redesign this structure. The new design has been developed in the way that the output
beam parameters of the RFQ were compatible with the existing chopper line. The results
of the redesign is a compact RFQ of 3 m vs 6 m of IPHI. The design of a short RFQ has
helped in minimizing the RF power requirements from one klystron. A general view of
RF design is presented in Fig. 3.17.
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Figure 3.17: Linac4d RFQ with the characteristic 4-vane structure.

The Linac4d RFQ has been designed in collaboration with CEA/IRFU in 2008 - 2009
and fabricated at the CERN workshop, the assembly and RF tests were performed in 2013.
The precise fabrication has allowed achieving a field flatness of 1 %. The high-power
conditioning to the nominal power of 390 kW has been performed successfully. The RFQ
has been commissioned in the tunnel with beam in October 2013. The RF chain of
the RFQ consist of a LEP-type klystron feeding the structure via a circulator-waveguide
system. The maximum RF power generated by the klystron is 1.3 MW. The RFQ at first
phase of beam commissioning is shown in Fig. 3.18.
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Figure 3.18: Linac4 RFQ at first commissioning phase.

The beam dynamics of the HF-RFQ have been carefully optimized to have minimum
emittance growth at maximum transmission. Beam transmission was measured by a BCT
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and a Beam Position Monitor (BPM) located upstream and downstream of the RFQ. The
measured value is about 75 % at nominal RFQ settings (equivalent applied RF power
of 390 kW at standard pressure of 5 x 1078 mbar), showing good agreement between
measurements and simulations. To improve the beam transition, the RF cavity voltage
and, accordingly, the gradient has been increased.

The electromagnetic fields inside the RFQ cavity are monitored during operation
thanks to pickup loops located on tuner axes. All signals are calibrated. To keep the
field constant, temperature regulation is used. The dynamic tuning strategy is based on
two cooling circuits: vanes and body water channels. Dynamic tuning of the RFQ cavity is
obtained by regulating the difference in water temperature between the two circuits [102].

3.2.2 Update of the data acquisition system of Linac4 RFQ

The LLRF system of the RFQ consists of an I/Q feedback loop to control the magnitude
and phase of the pulse, and a tuning loop to control the resonance frequency of the RFQ.
An RF feedback keeps the accelerating voltage at the desired value in the presence of
transient beam loading. The closed-loop delay is around 1.2 us, that includes generator
and circulator group delay, waveguide to cavity, and cable delay in the antenna signal path
and time for processing in the LLRF.

The control system interface uses the same standard hardware and software compo-
nents as in the LHC LLRF. The software running in the CPU uses the CERN Front-End
Software Architecture (FESA) framework [105]. FESA allows real-time synchronisation of
program actions and control with timing events from the various accelerator’s equipment.
Important data is logged into two sets of memory: the measurement database (MDB)
where it remains for 3 months, and the logging database (LDB) for long-term storage.
The system can be monitored by an operator during operation, and all adjustments can
be done remotely. The TIMBER application (LHC Data Storage) [106] allows grouping
and plotting of data on multiple Y-axes according to their units.

The RF signals are controled by the LLRF: the cavity field probed by an antenna, the
klystron output forward power measured by a directional coupler between the klystron
and circulator, and the FWD and RFL powers at the module input measured on the
waveguide before the main input coupler. Directional couplers allow the measurement of
forward and reflected power from the cavity by coupling a small amount of power of less
than 0.1 dB. The coupling coefficient is essentially determined by the ratio of the reflected
to forward power in steady-state regime. The RF is switched on 100 us before injection.
The filling ramp raises the cavity voltage in 50 us. At that time the RF feedback is closed
resulting in a small visible transient. Fig. 3.19 shows the antennas and reflected signal of
the Linac4 RFQ, without beam, with 3.2 MV demanded voltage. The initial settings of
the common DAQ allow to record the average value of the signal relating to the Linac4
RFQ.

The vacuum signals are constantly monitored at different sections of the Linac4 RFQ.
Additional vacuum pump and pressure gauges to control the residual gas coming from the
source are used. The vacuum level of the RFQ is maintained in the range of 10~8 mbar.
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Figure 3.19: The real-time signals measured from Linac4 RFQ and visualized at Front-End
Software Architecture (FESA).

A schematic connection of the pumping systems is shown in Fig. 3.20. All signals are
controlled by an interlocking system. During a BD event, a vacuum spike appears, the
values of the vacuum parameters change by one order of magnitude. This does not cause
a system shutdown, because the vacuum is calculated as the average value for a certain
period of time.
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Figure 3.20: Vacuum readers in the Linac4 RFQ.

The DAQ for BD detection was based on an already existing system developed by
the CERN LLRF group for test and conditioning of the Linac4 RFQ. This system allows
to measure 16 pickups signals connected via coaxial cables and processes using NI PXI-
6133. The graphical user interface is based on LabVIEW software. The acquisition system
delivers samples proportional to the RF amplitude at pickups outputs. A schematic layout
of signal connections are shown in Fig. 3.21.
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Figure 3.21: Physical and Acquisition layers of LLRF system for the Linac4d RFQ.

This system is able to calculate the maximum and the minimum values, the rise time
and the fall time, the width at 50 % and 90 %, the root mean square (RMS), and the
integral of a given value at a chosen point and instability of the pulses. To detect an
instability, a selected part of the signal can be analysed by filtering and fitting a polynomial
to the signal. If the area of the pulse is flat, the residue of the fit should be small (noise
level). The results above the noise level is due to detected instability. This principle can be
used for BD identification. During a BD event, there is a drop in the voltage of the signals
from the antennas measured by the DAQ of the RFQ, and also a greater REF detected
via TIMBER. These systems are not synchronized. This should be taken into account in
subsequent analysis. The software is constantly visualizing all 16 signals from pickups and
their average value. For more convenient data reading, these values are displayed near
each pickups on a schematic picture as shown in Fig. 3.22.

The parameters are setted depending on the stability of the signal and its pulse length.
Pickups are calibrated upon assuming that Linac4 RFQ voltage at low RF power (in the
kW range) is identical to voltage derived from bead-pull measurements, otherwise an
additional coefficient is affected to each pickup channel. According to the numbering
given to each antenna, antennas 1 to 4 are located in the first plane in clockwise from the
ion source. The rest are located in a similar manner with subsequent planes. Following
this, the antennas 1, 5, 9 and 13 are located along the same vane 1, and the power coupler
is between the antennas 5 and 9.

In order to perform the BD studies, some changes have been made in the existing
DAQs. As part of the work of this thesis, the update of DAQ for Linac4 RFQ has been
made. Some details of LabVIEW changes are shown in Appendix C. The ability to save
the signal from the pickups during BDs has been added to the software related to the

76



3.2.  Breakdown measurements in 352.2 MHz Linacd RFQ)

RFQ. Thus, we record the signals only during BDs and the average value of signals for
each regular pulse to follow the history of changes in parameters over time. The INC and
REF signals from DC of each pulse are saved via the DAQ of LHC to LDB. Through
the FESA class we get an array of 2063 points that correspond to the length of the pulse
before the RF is turned off. Therefore the attenuation slope is not recorded to TIMBER.

Dvariniy o Aensnt’ R
e ot _eninwy [
i ot amioow [
Vsl i R
i stz
ik ol s [
RECTTET e
e o i) [
vt e
PETITER N |
TSGR TECANE ]
st st or Aecsa [
wiue_ot viof_sruiiaw) [
e i of_snttan [

1]

{433,796 1288349 |455.369 {430.726 |260478 W W i:zs.m
U 1 ) 10 9 3 6 5 \ 2 1 \j
1516 ) o1/ 7 8/ 3 4L
Jssaes | " eamsz  [zesss  Tamen [essae —lasa |esss ——" Dnowu
| ‘ ANALY! Vies
| SIS :
RECORD | STOP RECORD NOW 4 Signals siop
| i SETTINGS & :

Figure 3.22: LabVIEW’s VI front panel of the automatic reading pickups signal in the
Linac4 RFQ.

3.2.3 Linac4 RFQ breakdown measurement and data analysis

The BD studies in the Linac4 RFQ have been performed during two experimental periods.
The first one, from September until mid-December 2018, was aimed to understand the BDs
in the RFQ and the identification of the BD location, and the second, from March 18 to
April 18, 2019, was focused on obtaining more detailed information about the BDs and
the behaviour of the structure at higher power operation. The history plot of the first
measurement of the BDs in the Linac4d RF(Q are presented in Fig. 3.23. The operation
was performed mainly with beam at FRW power of 480 kW and 1.2 Hz repetition rate.
The data have been collected also without impacting the normal operation regime. A non
linearly increasing number of BDs versus number of pulses indicates the appearance of BD
clusters. This can adversely affect the structure. The high BD activity could be caused by
external factors. Since at the time of measurements, the system parameter settings and
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beam debugging have been made. A particularly large number of BDs occurred when the
pulse length was changed. This indicates the need of implementing a conditioning algo-
rithm, which ensures the target BDR and the vacuum level to maintain a safe operation.
Such mechanism gives the possibility to increase the pulse length to higher levels. The
measured BDR was 3.85 x10~ bpp for 700 us and 6.22 x10~° bpp for 900 us. In order
to reduce the number of BDs, it was decided to return to the previous pulse length for
stabilization of the BD activity.
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Figure 3.23: Operation history plot of the Linac4 RFQ: BD number versus the number of
pulses at different pulse lengths are indicated on top.

The typical regular and during BD RF pulses measured by a oscilloscope at operation
without beam are shown in Fig. 3.24. The values are normalized to the mean FWD. The
RFL signal carries a contribution to the increasing FWD during the BD. This can be the
main cause of subsequent BDs. The RFL has a jump in power at the beginning and the
end of the pulse. This is because the rise and the fall time of the signal are longer than the
filling time, which is associated with the need to reduce the REF for klystron protection.
And furthermore, the Linac4 RFQ is overcoupled according to design, the INC power is
reflected back through the coupler.

During a BD event, there is a drop in the voltage of the signals from the antennas,
and an increase of REF signal. The moment of BD, namely when the antenna signal
drops to half the initial amplitude, has been analysed. The left part of Fig. 3.25 shows
that during the first month of the test the BDs occurrence when beam presents in the
structure. The pulse length of RF signals was 700 us and the bunch length was 400 us,
that entered structure after 250 us. The planned updating work has been carried out
which allow to increase the power capabilities. After this, the dominant number of BDs
occurs at the beginning of the pulse after full filling of the structure and are affected by
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Figure 3.24: Regular (left) and BD (right) RF pulses from the Linac4d RFQ: FWD, signal
from antennas and RFL.

closing the feedback loop. The beam passes the structure immediately after feeding of the
RF power, that causes an overshoot in the power. The effect of the beam on the FWD
and RFL signals are presented in Fig. 3.26. A power increase of 7 % is observed in the
presence of the beam. This increase depends on the actual beam length. The slight excess
at the beginning of the pulses was due to LLRF settings. According to the result (see
Fig. 3.25 (right)), the most BDs occur during operation with beam in the first 50 us.
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Figure 3.25: BD positioning in the pulse for Linac4d RFQ with beam: at the first stage of
conditioning (left), after the update of LLRF and HPRF (middle) and zoom of the first
histogram area from middle plot (right).
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Figure 3.26: FWD and RFL signals of the regular pulse without beam (left) and with
beam (right) in the Linac4 RFQ.

As a complement to the BD studies, the measurements of the quality factor has also
been performed in the Linac4d RFQ. The stored energy was measured with the pickups. A
dramatic decrease of the quality factor during the BD is observed, the decay time of the
stored energy varied from event to event. For regular pulses the quality factor is 6880,
but in case of a BD event the value was reduced to 2650 as shown in Fig. 3.27, where we
can observe that all pickups have similar decay with some small oscillation at the end of
pulse. The decay of the stored energy took about 5 us to decrease by 20 dB. In general,
the quality factor of the structure during BD has been elevated in the range from 2800 to
5700, that are twice smaller compared to normal operating regime. The DAQ of the RFQ
has a limitation in the resolution of registered signals. Therefore this cannot be used to
identify the BD location.
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Figure 3.27: Decay measurement with the RF pickups in the RFQ Linac4 at BD event.
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A large variation of the stored energy in the decay rate was observed in the cavity after
the input power have been tuned off. The signals measured by the antennas in different
areas of the structure during BD have different behaviour. For instance the majority go to
zero, but some of them record the residual value and much lower RF power continues to
enter the structure. In the following, we will consider two common behaviours of the signals
from the antennas. The first example is shown in Fig. 3.28. The amplitude of the signals
are normalized to maximum values for better comparison. The signals from antennas 13 -
16, that are located at the same transverse section at the end of the structure, drop to zero
after the BD. Some antennas still measure a certain value, moreover, the maximum values
are at the beginning of the structure, followed by an attenuation. When a BD occurs, the
cavity is divided in two sections: the power continues to flow into the section with the
coupler, and the other section is blocked. Based on these assumptions, we can conclude
that the BD occurred at the end of the structure for this example. About 60 % of BD
events have similar signal behaviour, that can be caused by the high-energy of the beam.
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Figure 3.28: Antenna signals during a BD in the Linac4 RFQ: 60 % of all events have
similar behaviour.
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Another example of a BD event is shown in Fig. 3.29. A BD event like this occurs in
20 % of the cases. Antennas 3, 5, 9 and 15 drop to zero, antennas 1, 7, 11 and 13 keep
very small value, and the rest of the antennas that are located along the vane 2 and 4
measure constantly present voltage. Based on this, we can assume that the BD occurs in
the middle of the structure, namely in the area between antennas 5 and 9, and this affects
all the length of vanes 1 and 3. Notice that the power coupler is located between 5 and
9. A small mismatch in the power flow, that feeds the RFQ, can lead to high surface field
that causes the BD. This area requires careful supervision as damage of the surface of this
area can have an impact on the reflection coeflicient of the coupler.
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Figure 3.29: Antenna signals during a BD in the Linac4 RFQ: 20 % of all events have
similar behaviour

According to the preliminary review of BDs location, the main number of BDs, about
60 %, were at the end, 20 % - in the middle, 10 % - at the beginning of the structure, and
10 % are difficult to determine.

A study of the cavity modes of the decay spectra for various pickups in the Linac4
RFQ have been performed. Measurements of the probe power for the regular pulse and
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BD event are shown in Fig. 3.30. The Fourier Transform (FT) of the probe power has
been applied in the downstream section after power-off. The frequency of the regular pulse
corresponds to the design parameter of 352.2 MHz, other frequencies appear during BD.
The values depend on the section of BD location. To explore this phenomenon in detail,
more dedicated measurements are required.
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Figure 3.30: Frequency domain study of BDs in the Linac4d RFQ.

During second period, a more detailed study of the BDs was continued. The Linac4
RFQ has been operated with different powers at 900 us pulse length. The history plots of
the operation with and without beam are presented in Fig. 3.31. The high BD activity in
the test without beam can be explained by the fact that the structure was not conditioned
with such high power before. The maximum power of the previous test was 440 kW at
900 ps. The BDR dependence on gradient demonstrates E25® and E*? with and without
beam accordingly as shown in the bottom part of Fig. 3.31. However, the BDR dependence
on the pulse length has not been taken into account. These results are close to the
established law for CLIC prototypes, where BDR o« E3° 7°. This allows to determine
the BD probability for certain forward power. For example for 440 kW unloaded forward
power: BDR = 1.4x107° bpp and loaded case: BDR = 7.1x107° bpp.

The measurements taken in the first phase of the testing period show that frequency
information can be useful for the study of BD locations. Therefore the DAQ requires
further changes. The easiest solution was to split the signals read from antennas to the
existing system, that continuously monitors the power on the vane of the Linac4 RFQ, and
to the ‘oscilloscope readers’. Four oscilloscopes were connected to the front panel of the
Linac4 RFQ pick-up acquisition matrix (crate) as shown in Fig. 3.32. The connection was
performed to the -20 dB output with 50 2 attenuation on the oscilloscopes. These devices
have been set to identify BDs and to record them to external memory cards. The ratio
between the resolution of detected signals and speed signal processing was determined to
have precise measurement of the frequency. This measurement allows to observe changes
of the field along the structures.

The analysis of the field in the Linac4 RFQ measured by the antennas located in one
plate (transverse section) shows that new frequencies appear during a BDs. The Fig. 3.33
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Figure 3.31: History plot (top) of the Linac4d RFQ with different operation regimes: with
beam (left) and without beam (right), and BDR versus electric field measurements (bot-
tom).

shows the frequencies of 346.1 MHz and 355.3 MHz at each antennas of the same plate.
However they are different along the vane. Longitudinal analysis of BDs presents a wide
spectrum of frequencies. BDs divide the volume in two areas: with minimal frequency
variation, and with a large frequency range that depends on the BDs location. Transmitted
signals in area blocked from the power flow from the coupler go to zero. As shown in
Fig. 3.34, the frequency at the end of the structure are kept unchanged, while the rest of
the structure has higher frequencies.

The difficulty of this experiment is that the klystron/modulator generates additional
frequencies after a BD due to a big reflection back to the klystron creating a standing
waves in the waveguide. Fig. 3.35 presents non resonant frequencies that go from incident
power and provoke secondary BDs. It is important to note that these frequencies have
an interval around 350 MHz between peaks that correspond to the operation frequency of
the Linacd RFQ.
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Figure 3.33: Frequency spectrum of the probes power located at the transverse section of
the Linac4d RFQ.
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Figure 3.34: Frequency spectrum of the probes power located along the vane of the

Linac4 RFQ.
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Figure 3.35: Power spectrum of FWD, RFL and two power probes signals located along
one vane in time (top) and frequency domain (bottom) measured from the Linac4 RFQ.
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Similar to previous measurements made for the HF-RFQ at the ADAM test bench (see
Section 3.1.4), a field emission measurement has been realized in the Linac4 RFQ. Ac-
cording to the assumptions, the emission of electrons are caused by the high electric field
from the vane at negative RF potential and then accelerated to the adjacent positive vane,
absorbing power from the generator. This process has been observed in the RF signals
for the RFQ at Linac2 [107]. Some part of the power from the generator was not going
into establishing the voltage across the vanes, but a certain amount of this power was
going somewhere else. Therefore the dependence of the RF power measured by the probe
on the square of the accelerating voltage has to be determined. The measurements have
been performed for power exceeding the nominal parameters (3.2 MV that correspond to
440 MW) with variations pulse length. Fig. 3.36 shows the power scan for the voltage
ranged from 2.7 to 3.7 MV with pulse length of 400 us. Several measurements have been
taken per each given amplitude values to increase measurement accuracy. From a direct
proportionality between P and V2, no deviations are observed putting of evidence that
there is no DC.
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Figure 3.36: Input Power versus vane voltage square for the Linac4 RFQ.

Finally, simulations of the field distribution have been performed for Linac4d RFQ.
To obtain a design model, 3D drawings of the structure in AutoCAD format have been
converted to the STEP file format. After that, this file was imported to CST as 3D model.
A general view of the electric field distribution in a total structure and in one cell randomly
chosen from the central part of the structure, are shown in Fig. 3.37. A TE21 mode is
observed along all cells. In our case, the most interesting zone is near the irises, where
the surface electric field is the highest. In accordance with this result, the electric field
is perpendicular to the Z-coordinate or the direction of the beam propagation, as shown
in Fig. 3.38. Therefore the emitted electrons remain inside the structure. The beam is
accelerated due to the modulation of the vanes. It is important to note that the distance
between the irises is not symmetrical in cross section as was previously demonstrated on
a simplified model of HF-RFQ in Chapter 1 (see Fig. 1.6).
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Figure 3.37: Electric field distribution along the entire length (left) and one cell (right) of
the Linacd RFQ.

This model can be used to simulate the field distribution during BDs. If a BD is
presented as a short circuit between nearest vanes, the cavity is divided in two sections:
with and without field. The distribution may vary based on the position and the size of
short circuit. But we will not consider such simulations in this work, since it does not
carry physical meaning because many other processes have to be implemented. BDs are
very complex processes as there are many physical parameters involved such as the electric
field, the pulse heating, and the modified Poynting vector.
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Figure 3.38: Simulation results of the electric (left) and magnetic (right) field distribution
near the vane tip of the Linac4 RFQ calculated in CST.
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In summary, we can conclude that the Linac4 RFQ is running quite stable at nominal
RF parameters without beam. The measurement shows that the incident power can be
increased without impact on the performance of the structure. With beam the situation
is coming differently. The BDR has increased factor five. Therefore we need to take the
beam into consideration in the next generation design of RFQ if we want to increase the
gradient from 36 to 50 MV /m (40 %).

The BD measurements in the RFQ requires proper conditions in order to avoid the
influence of additional factors as: the gas and the charge particle from the ion source,
and the reflected power from the structure. Only after the elimination of these external
factors, we could properly study a RFQ performance.
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Chapter 4

Conclusions

HG RF technology gives the possibility to construct very compact and efficient linear
accelerators extending its applications outside of high-energy physics. HG operation of
AS, which is carried out under UHV conditions, is limited by the BDs or the vacuum
arcs, and is characterized by the BDR. The AS after fabrication initially operate at a
reduced performance, and must be high-power conditioned in order to reach the maximum
operational gradient. A better understanding of the BD phenomenon could decrease the
time required for conditioning and improve the structure performance. This thesis has been
focused on the BD studies in various ASs: a 3 GHz HG structure dedicated to medical
application, and two RFQs with low (352.2 MHz) and high (750 MHz) frequencies. The
main contributions of the thesis work to this field are summarized in this chapter. Further
more, the DAQs upgrade have been developed to record the BDs, and to perform the
analysis of each of theses ASs.

The first study concerns a prototype of S-band BTW AS for medical applications. The
Sbox at CERN has been optimized to test the AS and RF components at higher power.
After a conditioning process have been used to safely operate the structure. A peak power
level of 32 MW that corresponds to a gradient of 82 MV/m and bunch length of 1.6 ms
with a BDR of 2 x 107% 1/pulse has been obtained. This power level is above the nominal
design parameters of 21 MW at 2.5 ms that corresponds to 55 MV /m.

Different studies have been performed to provide a better understanding of the BD
limitations in the S-band BTW HT AS. BD localization techniques are used as edge, phase
and FC methods. Of particular interest was the location of the BDs around the noses and
the coupling holes, since the modified Poynting vector, which is used as one of the main
parameters for the design of AS, has maximum value around these areas. According to
the results obtained by the post-processing analysis, the BDs occur mainly on the noses.
This indicates that the modified Poynting vector cannot be used as the main parameter
for the design of AS. Further measurements are required to confirm these results.

The radiation control and the dark current measurements of the structure have also
been performed during all the testing period. The electron field emission depends on
different parameters such as: the RF input power, the pulse length, and the BD activity.
It has to be noted that the dark current, and accordingly the radiation, decreases at a
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stable operation of the system when the BDR decreases and BDs occur in one area.

The statistical analysis of the occurrences of BDs have been also performed. The results
have shown that BDs are not a random sequence of events and they follow a combination of
double Poisson distribution. The probability of BDs event can be described by a two-rate
process which assumes primary and secondary BDs. Long term operation demonstrates
that the primary BDs are dominant in the first stages of the conditioning, and over time
when BDR is decreasing, the probability of secondary BDs and the interval between them
are increasing. The conditioning process requires deep studies to explain this phenomena.

The comparative analysis of the conditioning histories obtained from the test of differ-
ent RF prototypes have shown that the S-band BTW HT and CLIC X-band AS behave
in a quite similar way in terms of conditioning speed. The conditioning is limited by the
algorithm and the available RF input power. The scaled electric field and scaled modified
Poynting vector have been used to directly compare the conditioning histories in order
to avoid the influence of the operational parameters of the tests. The results of compari-
son demonstrate that such normalization is quite suitable also for the S-band BTW HT.
However the measured BDR dependence on gradient is quite different from the empirical
scaling law determined for other HG prototypes. The conditioning state improves with the
number of RF pulses, therefore the high repetition rate of the updated HPRF of CERN
S-box gives the possibility to reduce the testing time.

All these results confirm that the S-band BTW HT provides the required parameters
for hadron therapy application as well as an additional information on the BD occurrence
in the NC HG AS with different designs. The knowledge gained through the work on
this thesis can be used to develop a further test stand for conditioning of AS and RF
components, in order to calculate the required shielding of the facility and also to perform
other studies of vacuum arcs. A deeper study requires further measurement with higher
statistics.

A general review of the most leading RFQs that have particular importance for scien-
tific and medical applications have also studied from the point of view of BDs. The main
focus of this study was to confirm the possibility to reach higher gradient, which is one of
the most important issues in AS optimization.

Two RFQ with high (750 MHz) and low (352.2 MHz) frequencies known as HF-RFQ
and Linac4 RFQ respectively have been considered in this work to determine the main lim-
iting parameters of the HG performance, in particular to understand the BD phenomena.
The high-power operation of the Linac4 RFQ and HF-RFQ and also their RF systems are
described in detail. The data have been collected without disturbing the normal opera-
tional regime. It is important to note that, this is one of the first times BD studies have
been carried out systematically in these type of devices.

The behaviour of RFQs during a BD event is very different from previous studies of HG
AS. In the RFQs, the RF energy is reflected from the structure during BDs without being
absorbed. Based on the observations of BD events, an attempt to develop techniques for
determining the BD location were made using all available RF signals. EM-fields in the
RFQ collapse just after BD starts, and the stored energy is dramatically decreased. The
RF resonance cause a shift in the working frequency due to power reflecting from the pole-
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tip of the vanes. The BD occurring on the pole-tips blocks the coupling between cells,
therefore the measured signals from the pickups in the longitudinal direction can have
different amplitudes and frequencies. Based on the assumptions of the BD behaviour, the
main number of BDs in the Linac4 RF(Q occurs at the end of the structure can be caused
by the high-energy of the beam at the end of the structure. While for HF-RFQ, the BDs
occurred along the structure with a small predominant amount in the central part. This
could be related to the location of the power couplers and to small mismatch in the power
flow that feeds the structure.

The BDR and RF parameters of HF-RFQ are consistent with the requirements to
provide stable operation during treatment. However, the measured BDR of the Linac4
RFQ is quite high. According to observations from the high-power test, most of BDs occur
when the fields are building-up and the beam enter in the structure. This could be an
indication that the beam and its long length are the main cause of the BDs. In addition,
there are also many external factors that have an impact on the system as: the gas and
the charge particle from the ion source, and the extra resonant frequencies coming from
the klystron. Only after the elimination of external factors, the RFQ performance can be
determined.

The measurement of BDR versus gradient have been performed during operation with
and without beam in the linac4 RFQ. The high BD activity have been observed in both
cases because the structure was not conditioned at such high power before. However, these
results are close to the established law for CLIC prototypes.

According to the results, the frequency signal is one of the most relevant parameter of
BD location in the RFQs. The frequency shift gives a precise information about BDs. To
explore this approach, a dedicated system with high resolution of signal logging is required.
The experimental equipment for BD diagnostic can help to draw further conclusions about
the BD limitations in HG AS.

Based on all the results presented in this thesis, we can conclude that an all-linac
facility for hadron therapy is now a perfectly feasible base on the HG NC AS and the
HF-RFQ. These structures can also be used for other facilities where a HG is needed.
Another important aspect that has been developed in these thesis is the updates of the
DAQs for Sbox, Linac4 RFQ and ADAM RFQ in order to perform the BD studies. All

these developments could be used in future studies of the BD phenomenon.
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Appendix A

DAQ upgrade at CERN’s Sbox

The DAQ at CERN’s Sbox that was used during the conditioning of the S-band BTW
HT have been based on an adapted version of the DAQ system from the CERN’s Xbox-2.
Due to insufficient computing resources for this software and numerous internal errors,
the DAQ has been rewritten to a simplified version of the Xbox-3 LabVIEW. The front
panel window of the main Virtual Instrument (VI) is presented in Fig. A.1. The general
view is very similar to previous version. The system has been successfully tested with a
pulse RF generator. The settings concerning the phase of the pulse have been included in
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Figure A.1: Control panel of CERN Shox for high power test.
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the DAQ. The current and the previous pulses in case of an interlock have been added to
a waveform display as shown in Fig. A.2, this could be useful for comparative analysis of
the RF and the DC signals. The BD flags have been assigned to the triggering signals.

Acquisition and threshold systems have been reorganized, the block diagram of acqui-
sition VI is presented in Fig. A.3. A list of items to which access is available through
the DAQ is also displayed in this figure. The acquisition control contains all the data
and settings needed by the acquisition loop. One of the main tasks was to increase the
efficiency of the system.
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Figure A.2: BD detection VI with flags corresponds to triggering a signal and waveform
display of current and previous pulse in case of BD for Sbox at CERN.
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Figure A.3: Block diagram of Acquisition VI in Sbox at CERN.
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The initial stage for BD set up is displayed in Fig. A.4. This VI calculates the length
of the array and the indexes for the various channels. The data from all cards is stored
in a single 1D array. The first element in the data array starts from zero. After that, an
analysis is carried out to determine the BD and subsequent generating TDMS file.
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Figure A.4: VI for the set up of the initial state for a BD detection in Sbox at CERN.

Settings A

Simpie Classification

Settings A

out

L ]

Figure A.5: Conditioning algorithm settings used for Sbox at CERN.
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Appendix A. DAQ upgrade at CERN’s Shox

The number of BD pulses is counted through the BD buffer by a pulse counter that
is used to calculate the BDR. The conditioning algorithm is similar to the one used in
the Xbox—3 (see Fig. A.5), that was developed for CLIC X-band AS. Input settings as
the target power, the power step and the power ramp are also used for conditioning.
Additional settings are imposed through the triggers used for BD detection that could
be set manually depending on the input power. This approach allows to respond more
effectively in the case of BD clustering.
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Appendix B

DAQ upgrade of HF-RFQ at the
ADAM test stand at CERN

The initial DAQ version at the ADAM test stand was developed for the high power tests
of the different type of AS implementing: signal generation control, signal acquisition
and calibration, PLC parameters monitoring and data logging. The upgrade have been
performed to logging all available RF signals related to the HF-RFQ during BD events.

This DAQ provides a single interface parameter monitoring and data logging. The VI
contains two tabs: one for signal “Control and Acquisition” and another one for “Settings”
all the inputs needed by the program. Logging is performed in an automatic way. When
the program is running, all the data is monitored constantly. The list of signals read by
the program and the main processes of reading and writing files with set the properties
and specifies the property names of the specified channel group are displayed in Fig. B.1.
The program reads 16 RF signals in the following order: 4 forward from drivers, 4 forward
from 10Ts, 4 reflected and 4 pickups.

The VIs of two methods of the BD identification that have been implemented in the
program are shown in Fig. B.2. Both approaches are based on the evaluation of the
flatness of RF pulses. The conditions for BD identification can vary, depending on the
field stability in the RFQ and the mismatch between the coaxial line and the structure.
The first one determines the average value of the selected part of the signal and compares it
with the specified nominal value. The acquisition window responsible for the “Breakdown
detection” based on this approach is presented in Fig. B.2. For this case, the reflected
power from one of the directional coupler have been selected as a reference signal. The
second method named as “Detect instability” calculates the roughness of the pulse and the
deviation from the value specified in the settings gives possibility to detect the unstable
pickup signals. The block diagram of this process is shown in Fig. B.3.

The “Export BD” or “Export instability” switch has to be activated (as show in
Fig. 3.8) to save the RF signals. The logging occur when the calculation and specified
parameters are met. The date is added in the automatically generated filename. Errors
related with data logging are shown in the error field of this group. The scheme of signal
logging is presented on the block diagram in the bottom part of Fig. B.3. Such analysis is
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Appendix B. DAQ upgrade of HF-RFQ at the ADAM test stand at CERN

applied to each input pulse.
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Appendix C

DAQ update of Linac4 RFQ

Different versions of the DAQ were developed and used for the high power test and com-
missioning of the Linac4 RFQ at the 3 MeV Test Stand and after in the tunnel driven by
a fully digital LLRF system. The purpose of this system was to control the uniformity
of field along the structure by pickups reader. The last updated version of the DAQ has
been reorganized to constant monitoring of the system and logging signals in the case of
BD events.

The detection of BDs in the DAQ of Linac4 RFQ have been accomplished by imple-
menting a general polynomial fit to the flat-top of the read signal (see Fig. C.1). This
algorithm is applied to one of the pickup signals. While for the remaining signals, we
indicate the time to determine the value of the signal for visualization in analysis result
display with further recording to a history file. The block diagram of the pulse instability
detection implemented in the DAQ of Linac4 RFQ is shown in Fig. C.2.

Besides, other calculations can be performed, for example: the maximum and the
minimum values, the rise time and the fall time, the width at 50 % and 90 %, the root
mean square (RMS) of the pickup signals. To accomplish this, the following parameters
must be set: type of analysis, read signal and required parameters. All explanations are
indicated in the program. A window, where all requirements for execution are indicated,
is shown in Fig. C.3.
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