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0 Zusammenfassung

0 Zusammenfassung

Der Radiofrequenzquadrupol (RFQ) wird typischerweise in Beschleunigeran-
lagen als erste Beschleunigungsstruktur nach der Ionenquelle eingesetzt. Mit
Hilfe eines hochfrequenten elektrischen Quadrupolfeldes werden Ionen fokus-
siert und beschleunigt. Zudem ist der RFQ in der Lage aus einem kontinuier-
lichen Ionenstrahl Teilchenpakete (Bunche) zu formen, die von den nachfol-
genden Strukturen benétigt werden. Ziel der vorliegenden Arbeit war die
Optimierung der Feldverteilungen im 4-rod RFQ im Bezug auf die Systema-
tisierung des Tuning Prozesses und Untersuchungen zu Randfeldeffekten. Hier-
bei wurde an vier verschiedenen RFQs fiir aktuelle Linearbeschleunigerpro-
jekte gearbeitet. Hierzu zdhlen Upgrades von Injektoren bei Fermi National
Laboratory (FNAL) [55] und Los Alamos National Laboratory (LANL) [13]
sowie RFQs fiir neue Beschleunigerkomplexe wie ReA3 am National Super-
conducting Cylclotron Laboratory (NSCL) an der Michigan State Universitét
(MSU) [18] und das Tumortherapiezentrum fiir lonenbestrahlung Med Austron
[23]. Fiir diese Projekte wurden RFQs im Frequenzbereich von 80-216 MHz
entwickelt und gebaut. In den letzten Jahren ist der Bedarf an hoch inten-
siven Tonenstrahlen mit gleichzeitig besten Strahlqualitdten stark gestiegen.
Um die Anforderungen solcher Projekte zu erfiillen, wird das Design und die
Fertigung der Beschleuniger stetig weiter entwickelt. Hierbei greifen die ver-
schiedenen Schritte, also die teilchendynamische Auslegung, das HF Design,
die mechanische Realisierbarkeit und Rahmenbedingen des Projekts selbst in-
einander. In diesem Umfeld wurden im Rahmen dieser Arbeit die Einfliisse
von Hochfrequenz (HF) Designelementen auf die Feldverteilungen im 4-rod
RFQ untersucht und Simulationsmethoden zur Vorhersage der longitudinalen
Spannungsverteilung entwickelt und analysiert. Zusétzlich wurden Simulatio-
nen zu Randfeldern der 4-rod Elektroden, die am Strahleingang und -ausgang
der Struktur auftreten konnen, durchgefiihrt und an Messungen verifiziert.
Basierend auf diesen Studien wurde das 4-rod RFQ Design in Bezug auf seine

Feldgeometrien weiter entwickelt.
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Die grundlegenden Prinzipien des RFQs werden in Kapitel 2]eingefiihrt. Hier
wird das teilchendynamische Design mit den verschiedenen Sektionen der Elek-
trodenmodulation beschrieben. Diese Modulation entspricht einer sinusoidalen
Storung des Quadrupolfeldes der Elektroden, wodurch eine beschleunigende
Feldkomponente entsteht. Typischerweise kann das Elektrodendesign anhand
von vier Sektionen beschrieben werden. Hierbei wird nach dem Prinzip des adi-
abatischen Bunchens, durch kontinuierliches Verschieben der Phase des Soll-
teilchens, der Tonenstrahl in den RFQ eingefangen, fokussiert, gebuncht und
schlieflich beschleunigt. Die entsprechenden Potentiale werden hergeleitet [59)
und die verschiedenen Resonanzstrukturen diskutiert. Hervorgehoben wird hi-
erbei der in Frankfurt entwickelte 4-rod RFQ, ein Leitungsresonator, dessen
Modenspektrum naher untersucht wird. Fiir diesen RFQ Typ wurde in Zusam-
menarbeit mit C. Y. Tan von FNAL eine Beschreibung anhand seines Er-
satzschaltbildes weiterentwickelt und im Folgenden auf das Tuning der longi-
tudinalen Spannungsverteilung angewandt [56]. Die Grundlagen dieses Models
werden in Kapitel [2.3] eingefiihrt.

Im folgenden Kapitel [3| werden die vier RFQ Projekte, an denen im Rahmen
dieser Arbeit gearbeitet wurde, vorgestellt. Der ReA3 RFQ bei MSU ist Teil
einer Strahlfiihrung zur Nachbeschleunigung abgebremster Tonen, die zur Un-
tersuchung seltener Isotope dient. Dieser 80 MHz RFQ ist 3.5 m lang und ist
fiir cw-Betrieb ausgelegt. Das typische Tastverhiltnis fiir 4-rod RFQs liegt bei
ca. 0.1%, somit ist fiir hohe Tastverhaltnisse und besonders fiir cw-Betrieb ein
verstirktes Kiihlsystem notwendig. Dieser RF(Q wurde 2011 in Betrieb genom-
men. Der zweite RFQ fiir schwere lonen wurde fiir das Tumortherapie-Zentrum
MedAustron entwickelt und gebaut. Hier werden Krebstumore basierend auf
den Prinzipien, die bei GSI in Darmstadt und HIT in Heidelberg untersucht
wurden, mit Kohlenstoffionen bestrahlt. Dabei wird die charakteristische En-
ergiedeposition im Gewebe, der Bragg-Peak, genutzt um Tumorzellen lokal
abzutoten und gleichzeitig das umliegende Gewebe zu schonen. Dieser RFQ
wird bei 216 MHz betrieben und ist seit 2013 im Testbetrieb der Anlage.
Neben diesen Schwerionenbeschleunigern wurden zwei weitere 200 MHz RFQs
fiir H™-Ionen, bzw. Protonen entwickelt, die bestehende Cockcroft-Walton
Beschleuniger ersetzen. Der H™-Injektor am FNAL wurde nach intensiver Test-
phase [50] 2012 voll in Betrieb genommen. An diesem RFQ wurde ein Grofteil

der Daten zur Untersuchung des Tuningverhaltens von 200 MHz Strukturen
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gesammelt und die Signifikanz von Randfeldeffekten auf die Ausgangsparame-
ter des Strahls untersucht. Die Erkenntnisse aus diesen Studien wurden im De-
sign fiir den Protonen Injektor an LANL bereits umgesetzt. Dieser RFQ steht
zur Zeit kurz vor der Fertigung. Die Kenndaten der RFQs sind in Tabelle
zusammengefasst.

Im Kapitel [d werden grundlegende Untersuchungen zur longitudinalen Span-
nungsverteilung im 4-rod RFQ beschrieben. Die zwei gingigsten Konzepte fiir
diese Verteilung sind zum einen eine konstante Spannung entlang der Elektro-
den und zu anderen eine zum Beschleunigungsteil hin ansteigende Spannung.
Je nach Auslegung des RFQs finden beide Konzepte ihre Anwendung. Ab-
weichungen in der Spannungsverteilung von ihrem Designverlauf haben Aus-
wirkungen auf die Transmission des RF(Qs, da die Fokussierstirke B direkt
proportional zur Elektrodenspannung V' ist. Es wurde gezeigt, dass Span-
nungsminima in der Bunchersektion des RFQs deutlich stirkere Auswirkun-
gen haben, als vergleichbare Anderungen an den Enden der Struktur. In dieser
Studie fiihrte eine maximale Abweichung von 30% in der Bunchersektion zu
einer Senkung der Transmission um ca. 40%. Dies kann durch Erhohung
der mittleren Spannung ausgleichen werden, was allerdings eine erhéhte Leis-
tungsaufnahme bedingt [50] und damit durch die Auslegung der Verstirker
limitiert ist. Desweiteren werden in diesem Kapitel die Einfliisse verschiedener
HF-Designparameter auf die longitudinale Spannungsverteilung im Detail un-
tersucht. Dabei handelt es sich um die generelle Geometrie des RFQs wie dem
Uberhang der Elektroden iiber die Endstiitzen hinaus oder dem Abstand der
Stiitzen, genauso wie um Tuningelemente der 4-rod Struktur wie Tuningplat-
ten und dynamische Tuner.

Aufbauend auf diese Basisuntersuchungen werden in Kapitel [5| drei ver-
schiedene Ansétze zur Simulation der longitudinalen Spannungsverteilung un-
tersucht. Die allgemeinste dieser Methoden ist die Simulation mit CST Micro-
wavestudio® (MWS) [35]. Hierbei werden die Feldverteilungen der Moden
simuliert und die Spannungsverteilung anhand von Integrationslinien bestimmt.
Diese Methode liefert gute Ergebnisse zur relativen Anderung der Spannungs-
verteilung durch Verschiebung der Tuningplatten. Die Rechendauer solcher
Simulationen liegt bei einigen Stunden, was fiir den direkten Einsatz im Labor
ungeeignet ist. Abgesehen davon stimmen die absoluten Verteilungen trotz

gezielter Anpassungen der Auflosung des Simulationsbereichs und Simulation
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von importieren CAD-Modellen nicht genau genug mit den Messung iiberein,
um MWS sinnvoll im Tuningprozess einzusetzten. Daher wird in den beiden
alternativen Simulationsmethoden ein Model auf Grund von Messungen der
RFQ Struktur an diese angepasst. Zum einen gibt es hier den von P. Fischer
eingefithrten Ansatz der Wirkfunktionen [10], der im Rahmen dieser Arbeit
untersucht und weiter entwickelt wurde. Dieser Ansatz liefert gute Ergebnisse
fiir RFQs im Frequenzbereich von ca. 100 MHz. Bei hoheren Frequenzen um
200 MHz verstiarken sich jedoch die Abweichungen zwischen diesem Modell
und Messungen, sodass eine weitere Simulationsmethode, die auf dem FEr-
satzschaltbild des 4-rod RFQs als Kette induktiv gekoppelter Schwingkreise
beruht, verfolgt wurde. Dieser Ansatz liefert die héchste Genauigkeit dieser
drei Modell im Vergleich zu Messungen an einem 200 MHz RFQ.

Der letzte Schwerpunkt dieser Arbeit sind die Untersuchungen der Randfeld-
effekte, die in Kapitel [6] dargestellt sind. Im Vergleich von statischen und reso-
nanten Simulationen treten in der Resonanz deutliche Feldspitzen an den Rén-
dern der Elektroden auf. Diese Peaks sind nicht im teilchendymischen Design
des RFQs enthalten und haben abhingig von verschieden Faktoren mehr oder
weniger starke Einfliisse auf die Ausgangsparameter des Tonenstrahls. Wichtig
ist hierbei die s.g. Crandall Cell, eine Ubergangszelle am Ende des RFQs, die
fiir eine symmetrische Ausgangsverteilung des Strahls eingesetzt wird. Durch
diese Zelle wird die Phase des Sollteilchens beim Eintreten in den Bereich zwis-
chen den Elektroden und Tankwand im Vergleich zum Design ohne Crandall
Cell so verschoben, dass die Amplitude des Randfeldes grade im Anstieg bei
90% ihres Maximums ist und damit maximalen Einfluss auf das Teilchen hat.
Dies wird bei Betrachtung des Transittime-Faktors dieses Feldpeaks deutlich.
Im Fall ohne Crandall Cell liegt die Amplitude an dieser Stelle bei 50% der
maximalen Feldstirke an der abfallenden Flanke. In der Studie zu diesen
Effekten, wurden verschiedene Parameter zur Minimierung der Randfelder un-
tersucht [51]. Hierbei hat sich vor allem die Offnung und Positionierung des HF
Abschirmung in den Endflanschen des RFQs als Einflussmdoglichkeit ergeben
[50]. Als Grofen zur Quantifizierung des Einflusses der verschiedenen Ele-
mente wurde zum einen die zusétzliche Beschleunigungsspannung, die auf die
Teilchen auf Grund der Randfelder wirkt, und zum anderen die Spannung, die
zwischen einer Stiitze und der Tankwand herrscht, genutzt. Diese Stitzenspan-

nung dient als Indikator der gleichmékigen Stromverteilung auf den Stiitzen.
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Aus diesen Untersuchungen ging unter anderem hervor, dass das magnetische
Feld um die letzten Stiitzen mehr Raum braucht, um die volle Stirke, wie an
den mittleren Stiitzen, zu entwickeln. Dies fiihrt zu einer Verbesserung der
Feldsymmetrie insgesamt.

Aus der Summe dieser Untersuchungen wurde ein modifiziertes RFQ Model
entwickelt, das in Kapitel vorgestellt wird. In diesem Model sind drei
wesentliche Punkte eingearbeitet: Eine Modifizierung der Positionierung der
HF-Abschirmung, verbesserte Geometrie fiir das magnetische Feld um die let-
zten Stiitzen, sowie reduzierte Langen der dufkeren HF-Zellen zur Optimierung
der Feldverteilung und Positionierung der Tuningelemente.

Zusammenfassend wurde in Messungen und Simulationen gezeigt, dass die
Entwicklung von 4-rod RFQs mit hohen Anforderungen und engen Spezifika-
tionen heute moglich ist, wenn klassische Design Codes wie Parmteq mit nu-
merischen Simulationsmethoden wie CST Mircowave® und Particle Studio®
sowie modernsten Fertigungsmethoden und verbesserten Strategien im Tuning

Prozess der Struktur kombiniert werden.
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1 Introduction

In modern injectors for ion accelerator complexes, the Radio Frequency Quad-
rupole (RFQ) is the standard device for the first acceleration step after the ion
source. During the last years the requirements for high intensity beams and
high power operation of accelerators have increased a lot, pushing the limits
of the machines. The RFQ projects which have been part of this thesis are
presented in chapter [3l They include the injector upgrades for the Fermi Na-
tional Accelerator Laboratory (FNAL) and Los Alamos National Laboratory
(LANL) as well as for the new reaccelerator facility ReA3 at Michigan State
University (MSU) and the cancer therapy center for ion radiation Med Austron.
In this challenging surrounding the careful design of RFQs is really important
in order to obtain highest beam quality and the best performance of the ma-
chine. The goal of this thesis is to optimize the field distributions in the 4-rod
RFQ. Therefore, the influence of RF design elements of the RFQ on its fields
has been studied in detail and a simulation method for the longitudinal voltage
distribution along the electrodes has been developed. To complete these stud-
ies, simulations on the boundary fields of the 4-rod RFQ have been performed
and this results have led to an improved RFQ design.

1.1 Design of 4-rod RFQs

The design process of an RFQ can be split into three main parts. In each of
them the requirements and limitations of the other parts need to be considered.
In the first step, there is the layout of the particle dynamic properties of the
accelerating structure with Parmteq,,; which fixes the modulation profile of
the electrodes, the length of the RFQ and its electrode voltage. The second
step is the RF design, where the behavior of the resonant structure is studied
and optimized for the operating frequency and the field distributions of the
RFQ which have to match the particle dynamics. Here it is possible to observe
also the power distribution on the structure for example to support decisions

about the required cooling system. This brings us to the last step in the
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Figure 1.1: The transverse and longitudinal electric field of the RFQ. The trans-
verse quadrupole field focuses the beam and the longitudinal component
provides the accelerating potential.

chain, the mechanical design. Based on the results of the RF simulations and
using the data from the particle dynamic design, the mechanical setup of the
RFQ is elaborated and than cross checked again in RF and particle dynamic
simulations.

For the RF simulation of 4-rod RFQs CST Microwave Studio® (MWS) is
used. The simulation technique has improved a lot in the last few years, so
that detailed simulations of the fully imported technical models are possible
and tests using prototypes can be reduced considerably. The simulations can
be used to predict the resonant frequency within the range of a few MHz, to
study field distributions or the impact of changes in the modulation of the
electrodes. An important result from these simulations are the comparisons of
mechanical variations in reference to the power consumption of the RFQ.

In the RFQ, it is important to take care of the fringe fields between the
electrodes and the tank walls. For the 4-rod structure, this can be done with
particle dynamic simulations performed with CST Particle Studio® (PS). It
is used to cross check the Parmteq),, design with a focus on the influence of
boundary conditions. Especially these simulations on the fringe fields where
not possible up to now as a high resolution in the field calculation is necessary

to study its effects.

1.2 Electric Field Distribution in the 4-rod RFQ

The electric quadrupole field is the heart of an RFQ. All efforts in RF design
and the different types of RFQ structures are performed to provide the electric
field distribution that is fixed in the particle dynamic layout. This distribution
defines the properties of the ion beam as it travels through the RFQ. The
theoretical background of the particle dynamics and the RF properties of the
RFQ are given in chapter
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Fig. shows the distribution of the transverse and longitudinal electric
field in a 4-rod RFQ in comparison with the size of an electrode. The trans-
verse fields are dominating the focusing and can be mainly influenced by the
electrode voltage, the mean aperture or higher harmonics as well as varia-
tions in the longitudinal voltage distribution or a dipole field added onto the
quadrupole field. The longitudinal electric field determines the beam in its
energy gain and phase bunching.

Inside the RFQ electrodes, the fields are completely defined by the machining
of the electrodes’ modulation and their potentials. Any aberration of the
potential from each electrode can cause a shift in the beam line. In most
cases this will do no harm, but as soon as high currents are transported in the
quadrupole, these errors can cause changes in the output emittance or even
particle losses. Looking at local changes in the potential distribution along
the electrodes, particle losses can be generated as the focusing strength of the
quadrupole is lowered locally. In chapter [4] studies on the influence of the
mechanical parts of the 4-rod RFQ on the longitudinal voltage distribution,
the so called field flatness are presented. Techniques of its simulation have
been developed and are discussed in chapter [5

As in every part of an accelerating structure, also in the RFQ the boundary
conditions require special consideration as they have a strong influence on the
RFQ’s output parameters like the emittance or output energy for example. In
this case boundaries means the end of the electrodes, especially in the context
of the gap between the electrodes and the vessel wall with the beam pipe to the
next part of the accelerator system. In this part of the 4-rod RFQ, there are
a number of parameters influencing the fringe fields of the quadrupole which

are discussed in chapter [0
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2.1 The Radio Frequency Quadrupole

The Radio Frequency Quadrupole (RFQ) is a linear accelerator which com-
bines acceleration, focusing and bunching of the beam using electric RF fields
of four alternately loaded electrodes. The electric quadrupole field is perturbed
with a wave form modulation on the tips of the electrodes following the prin-
ciples introduced by Kapchinskiy and Tepliakov [16]. The resonant structure
around the electrodes can have many different forms depending on the operat-
ing parameters like the frequency or the duty cycle. It can be either a cavity
or a transmission line resonator. The velocity independent focusing strength
of the RF quadrupole and the possibility to bunch a continuous beam in the
RFQ explains its advantages in the low energy section of an accelerator com-
plex just after the ion source. As its shunt impedance decreases with /52 as
the acceleration cell length grows with the ratio of the particle velocity to the
speed of light 5. So the RFQ is used for energies up to 2-3 MeV /u typically

I].

SIS 100/300

Figure 2.1: The RFQ (left [14]) is the standard accelerator following the ion sources
(see stars right) in injectors of modern accelerator complexes like e.g.
FATR [36].
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2.1.1 Focusing and Acceleration

In a classical linear accelerator like an Alvarez structure or other drift tube
LINACs like Wideroe, TH- or CH-structures, for example, magnetic lenses are
added between the accelerating elements to provide focusing. In contrast, the
RFQ uses the internal electric quadrupole field of its four electrodes to provide
homogeneous electric RF focusing and acceleration. The electrodes are alter-
nately loaded with a potential of +V/2 to form a quadrupole field as pictured in
Fig. (left) which can transport the beam in the quadrupole channel. In the
static case, a beam in the quadrupole experiences a focusing force in one and
a defocusing force in the other plane. Due to the RF the polarization of the
electrodes changes sign with its period resulting in an alternating focusing and
defocusing force in one plane as the beam travels through the structure. Be-
cause of the radial gradient of the quadrupole field, this chain of lenses results
in an overall focusing effect following the Alternating Gradient Focusing [0]
method as illustrated in Fig. (right). The application limit of this method
lies in the size of the cells L which has to be big compared to the aperture a
of the quadrupole L < a.

— —1
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Figure 2.2: Alternating gradient focusing in the quadrupole field of the RFQ. In
one plane the beam is alternately focused and defocused leading to an
overall focusing effect in both transverse planes.

The acceleration component of the electric field is generated by applying
a modulation profile onto the quadrupole electrodes as it was introduced by
Kapchinskiy and Tepliakov [16]. In the picture of the electric field lines of
a sinusoidal modulated electrode (Fig. the perturbation of the field is
visible. A wave profile on the electrodes forms acceleration cells with a mid to
mid distance of #%/2 with § describing the ratio of the particles velocity to the
speed of light and A\ the RF wavelength. Every second of these cells is filled

10
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particle bunch =~~~
‘ ________________ beam axis

Figure 2.3: Particle bunches (red) in the electric field of the modulated quadrupole.
A sinusoidal modulation on the tips of the electrodes forms acceleration
cells with the length of 8\/2. The aperture a corresponded to the min-
imal distance between the electrodes and the beam axis. Its product
with the modulation factor m defines its the maximum.

with a bunch of ions, so that the bunch to bunch distance is S\. As the length
of the acceleration cell is proportional to 3, it gets longer along the RFQ. But
this is not the only value that has to be adapted for each acceleration cell.
Each of them is defined by two additional geometrical values, the aperture a
which is the minimum distance from the beam axis (dashed line in Fig.
and the modulation factor m whose product ma is the maximal distance in an

acceleration cell.

2.1.2 Sections in the Electrode Design of RFQs

By variation of the aperture, the modulation and the cell length the profile of
the electrodes is shaped so that different sections of the particle dynamics in
the RFQ are generated. These sections which are shown in Fig. are used to
focus and to bunch a DC beam from the ion source and to accelerate the beam
with an electric field. First of all the beam from the ion source is captured in
a short section of typically four cells with m = 1, the radial matcher (RM).
A large acceptance of the RFQ is needed to avoid losses at this critical point.
This is realized by setting the synchronous phase Phi &g of the design particle
to —90°. On this phase, the separatrix captures the maximum ratio of parti-
cles [59]. The beam from the ion source is continuous in most applications of
RFQs and is bunched in the RFQ itself. To prepare the beam for bunching it
is focused transversely in the shaper section and ®g begins to be shifted to a
value closer to the acceleration point, e.g. —70 to — 80°. This is continued in
the buncher section where the bunching takes place. Special for the bunching

in the RFQ is the concept of adiabatic bunching. Bunching in the longitudinal

11
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Figure 2.4: Scheme of the typical electrode design of an RFQ [59]. The beam is
captures in the radial matcher, then focused and bunched in the shaper
and the gentle buncher, before it is accelerated in the last section.

phase space can lead to a blow up of the beam transversely. This effect can be
described by the development of the transverse emittance along the structure.
The basic idea of adiabatic bunching is to change the parameters of the accel-
eration cells slowly from cell to cell, so that the geometric bunch length is keep
constant which is controlled by a constant length of the separatrix. This can
be expressed by the product of 5 of the synchronous particle and the phase

length of the separatrix ¥ being constant.

Bs - ¥ = constant (2.1)

In the buncher section ®g is fully shifted to typically —30 to — 40° and the
first acceleration occurs which is completed in the last, the acceleration section.
Here, the phase and the modulation profile do not change much any more and
the synchronous energy Wg,, grows faster to the output energy of the RFQ.

A short summary of this design which follows the principles set by the Los
Alamos Design is given in [3I] or [58]. For more detailed information refer to
[59] and [§]. Fig. pictures the development of Wj,, and ®g in compari-
son with the geometrical modulation profile after the radial matcher for the
FNAL-RFQ. This example follows the design presented in [42] that is optimized
for shorter RFQ structures. In comparison to classical accelerator structures
like Widerde the RFQ including adiabatic bunching on a short length are only
possible because the RFQ combines focusing and accelerating forces in its elec-
trode’s continuous potential without drift tubes that need to have a minimum

length for additional focusing magnets.
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Figure 2.5: Energy and phase evolution for the reference particle for the example of
the FNAL RFQ. It is compared with the electrode profile after the ra-
dial matcher. This design is a modification of the standard "Los Alamos
Design" for short RFQ structures following the principles described in
[42].

2.1.3 The Potential Function

To describe the field in the RFQ the Helmholtz equation
V’E + K°E =0 (2.2)

needs to be solved. This wave equation is used for a harmonic time-oscillating
field E in a charge-free space where k is the wave number k = «/c = 27/,
In these geometric scales, the electric field is concentrated around the beam
line are small compared to the RF wavelength A\, and thus the geometric term
V2E dominates the RF term k*E. The magnetic field in this area can be
neglected and with it the perturbation of the electric field by inducted ones
(Faraday’s law). This situation allows the use of the quasistatic approzimation
so that instead of the Helmholtz equation, only the Laplace equation needs to

be solved for a scalar potential U.

V’E =0 (2.3)
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This potential U can be written in polar coordinates, generally as a constant

potential V' with a sinus oscillation in time.
U(r,0,z,t) =V(r,0,z)sin(wt + D) (2.4)

Separating transverse and longitudinal components the general potential func-

tion leads to

V(r,0,z) = Z Ar@sth cos(2(25+1)6)—|—z Z Apslas(knr) cos(2s0) sin(knz)
s=0 n=1 s=0

(2.5)

For RFQ design codes like Parmteq, there are several ways to find a potential
function to use in the calculation of particle dynamics of the field. One way is
to simplify the general potential with a multipole approximation. The typical

two-term potential function is
V(r,0,2) = Agr® cos(20) + Aigly(kr) cos(kz) (2.6)

In this case k is defined as k = 27/r with the modulation period L = S,\. I is
the modified Bessel function I(r) = 1+ +*/4 while Ay and Ao are geometrical
factors including parameters like the aperture a and the modulation factor
m. Because of the separation of the transverse and longitudinal part of the
potential, the first term with Ag is often referred to as the focusing term and

the second, with A is labeled as the acceleration term.

~ Vo Iy(ka) + Iy(kma)
* 7 202 m2Iy(ka) + Io(kma)
Vo m? —1

2 m2Iy(ka) + Io(kma)

(2.7)

A =

This two-term potential is the simplest way to deal with the problem. Mod-
ern RFQ codes use higher order terms up to the order of eight [59]. Another
possibility is, for example, to perform a numerical calculation on a grid as it is
described in [32]. This approach is especially reasonable for high power struc-
tures where high currents have to be transported through the electrodes and
the fields at the boundaries of the quadrupole channel have a higher influence

on the beam than for low currents.
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From this point, after the potential function is defined, the field can be cal-
culated with the derivative of the potential U(r, 0, z,t) = V (r, 0, z) sin(wt + ®).

E=-VU (2.8)

2.2 Resonant Structure and RF Simulation of the 4-rod
RFQ

The resonant structure of the RFQ to generate the electrode voltage can be
realized in different ways. In general they can be divided into two groups of
RFQs, the cavity and the transmission line resonators. The cavity resonators
are based on transverse electric (TE) modes with currents flowing all over the
structure and the cavity walls. The most important one of these structures
is the 4-vane RFQ. In contrast, the second one of these two most common
RFQs, the 4-rod RFQ), is a transmission line resonators, formed by a chain of
A/4-resonators. Its fields are concentrated around the acceleration structure
while the vessel walls are almost current free. Fig. shows the 4-vane and

4-rod structure with its characteristic field distributions.

Figure 2.6: 4-vane and 4-rod RFQ. The 4-vane type is a cavity resonator with the
operating mode TEsp, typically used for operating frequencies above
250 MHz. The 4-rod type is the standard choice for lower frequen-
cies. It is a transmission line resonator working in the 7-0 mode (see

section [2.2.1)).

There are other designs like IH-RFQs, Spiral-RFQs and many more. A few
examples are given in Fig. The decision of which type of RFQ to use is
defined by many different parameters, especially the operating frequency and

the implemented power.
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Figure 2.7: Examples of the various RFQ resonators types [45]. Each of them has
a special characteristics optimized for a range of applications.

2.2.1 The Resonator Modes

Figure 2.8: The 4-rod RFQ as a chain of LC resonators. The capacitance is concen-
trated on the quadrupole electrodes where the electric field is located.
The inductance is associated with the currents on the stems and base

plate.

A 4-rod RFQ consists of a chain of »/s-resonators. A simplified model of the

resonator is a chain of LC oscillators with the electrodes corresponding to the

capacitance, while the inductance is given by the current path along the stems

and the ground plate or tuning plate (compare Fig. ). And thus, a pair of

two neighboring stems with the electrodes and ground plate in between forms

one RF cell of the resonator chain.
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The spectrum of an RFQ is important for the evaluation of possible pertur-
bations of the operating mode by higher order modes that are close in frequency
and might be excited too. A typical example for that situation is the operat-
ing quadrupole mode of the 4-vane RFQ (TEs;o) and its corresponding dipole
mode. In this case, a careful RF design has to make sure that the two modes
are separated artificially by special elements. In contrast to the 4-vane RFQ,
the operating mode of the 4-rod is the lowest mode in the spectrum and the
first higher order mode is typically about 20 — 30 MHz above it.

The labeling of the modes in the spectrum can be based on the phase shift

between each RF cell
_qm

N
with ¢ = 0,1, ..., N for N+1 RF cells [57] [34]. The operating mode of the 4-rod

RFQ is the m — 0 — mode. This indication describes the contrary distributions

v (2.9)

of the electric field £ and magnetic field H in this resonant structure. In the
operating mode (¢ = 0) the potentials on the electrodes of the RFQ need to be
constant, so the electric field shows no phase shift from cell to cell (0—modeg).

In parallel the direction of the electric currents on the stems are contrary on
each stem so that the magnetic field has the opposite sign from RF cell to RF

cell (1 — modey).

(N —q)m
N

The normal E-field components on the electrodes and the current distribu-

(2.10)

moder = QNW modey =

tion on the stems for the first two modes with ¢ = 0 and ¢ = 1 are presented
in Fig2.9] This distribution lead to the alternating charge of neighboring
electrodes to form the quadrupole field.

The full spectrum of the FNAL-RFQ up to 400 MHz calculated with MWS
is shown in Figl2.10] There are two groups of transverse modes distinguished
in the spectrum — the quadrupole modes and the dipole or mixed modes. This
additional information about the transverse distribution of the electric field is
needed for the complete description of the field characterization in the 4-rod
RFQ because there are more than one mode for the same g which differ only
in the transverse field. Especially for higher modes it is sometimes difficult
to determine the transverse mode. The first two modes in the spectrum are
quadrupole modes at 152.9 MHz with ¢ = 0 and 40 MHz higher at 192.1 MHz

17
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CST

Figure 2.9: The normal electric field (left) and the currents (right) of the 4-rod
RFQ’s ground mode m — 0 (¢ = 0) and first higher order mode (¢ = 1).

with ¢ = 1. The mode with a dipole potential on the electrodes occurs about
125 MHz above the operating mode without any tuning. This is one of the
points separating the 4-rod and 4-vane RFQs. In the 4-vane structure the op-
erating mode TE—210 is close to a dipole mode [59] and artificial modifications

are used to increase their distance in frequency.
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Figure 2.10: The dispersion relation of the FNAL RFQ up to 400 MHz calculated
by CST MWS [56]. The first two modes who’s fields are shown in
Fig. [2.9) are quadrupole modes and the first dipole like mode can be
found about 125 MHz above the operating mode.
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2.2.2 RF Simulation

The RF design of the 4-rod RFQ structure will be discussed in more detail here.
There are a few simulation tools to calculate electromagnetic field distributions
in resonators. A classical 2D-simulation code is SUPERFISH [15], but as the
4-rod RFQ does not have any cylindrical symmetry 3D-codes need to be used
like the MWS code by CST [35].

The theory which describes the simulation method of CST for calculating
the electromagnetic field distributions is the "Finite Integration Technique".
The basic idea of this method is to divide the calculation domain into two
orthogonal grids where the electric and magnetic fields on the edges are deter-
mined by solving Maxwell’s equations. More detailed information about the

numerical methods can be found in [60] and [61].

his
hiq
9
ek hE
Calculation o A1 A
domain B T"’ | g
: A, e
=
€, . elecinc voltage h; : magnetic voltage
magnetic flux d. : electric flux

1

Figure 2.11: Finite Integration Technique for the simulation of the field distribu-
tions in CST studio. The calculation domain is divided into grids
which are used to solve Maxwell’s equations. [35]

Fig. [2.12| shows a modern 4-rod RF(Q simulation model together with an
example of a possible mesh setup and the fixpoints of the mesh. Fixpoints
are certain points which define the edges and details of the resonant structure
where the calculation mesh needs to be concentrated in order to have optimal
simulation results. These example pictures show the standard meshing of such
a structure without further optimization of the meshing. Depending on the

simulation purpose, the mesh needs to be refined locally.
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For a simulation of the resonance spectrum a standard meshing with fix-
points all over the structure would be suitable, but for a simulation of detailed
field distributions in a certain region like the beam axis the mesh needs to be
more dense and uniform there. In the recent versions this can be realized in

the required details with additional mesh refining components and different

choice of fixpoints.

y=-84.078 z=-3u4
dy-8.9609 dz-1.15
iy-8 iz-729

Figure 2.12: Imported CAD models for full 3D analysis of the RF(Q with simulation
of field and power distributions and particle dynamic studies. The
meshing of the structure is important for the accuracy of simulation
results and needs to be adapted to the desired observable.
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2.3 Lumped Circuit Model of the 4-rod RFQ

The modeling of an accelerator by a lumped circuit model of coupled res-
onators is a standard technique in the tuning of accelerators. Examples for
the application of this theory for 4-vane RFQs can be found in [44], [37] and
[17]. The lumped circuit of 4-rod RFQs has been introduced for example by
J. X. Fang and A. Schempp in [9]. This model has been refined and further
developments have been done for the application in tuning of the 4-rod RFQ
in a collaboration with C. Y. Tan from FNAL. The results of these studies are
presented in detail in [56].

The model is formed as a chain of inductively coupled LC resonators like
it was introduced in section From the sketch that is shown in Fig.
the 4-rod RFQ can be translated into a model of LC circuits as shown in
Fig. In this model each RF cell is characterized by a capacitance C) and
an inductance L. Here, the alternating direction of the inductor’s "winding"
that is marked as dots in Fig. needs to be taken into account. The RF
cells are numbered with £ = 0...N, where cell kK = 0 or N are half cells at
the begin and end of the RFQ and k = 1...(N — 1) are the full RF cells. The
neighboring cells are coupled with the coupling constant 2a;, while 2as is the

constant for the second neighbor coupling.

a1 a1
. L] L ‘o s |» L] ‘o o | - »
sl ™l ™ ™l ™ N o~ ™
o S S00S Sacd INbia S0 = N
i Sl Pt T3 Eplee 0 E o Bl ol
i H<ra 3 I S |
| ( Il (| L1 Il
[ I I I Il il
Co Ck-z Cl-1 Cl Cl+1 Ck+z Cn

Figure 2.13: Lumped Circuit Model of the 4-rod RFQ. The RFQ as a chain of
LC-resonators translated into a lumped circuit model of inductively
coupled cells. In this model coupling between neighboring and next
neighboring cells is included.
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At resonance wy = 27fp, in each cell a current Jy is induced. For the
operating m—0—mode of the 4-rod RFQ the induced currents from a m —mode,
as it is given by equation from section 2.2.1]

For the analysis of the model, Kirchhoff’s law of the voltage in closed circuits

can be adapted.
Z U, =0 (2.11)

Here the two cases of the boundary cells and the middle cells can be distin-
guished. For the first cell £ = 0 and the last cell £ = N, Kirchhoff’s equation

can be written as

1 1
0= J —iwLo/nJ
iwCo/m o/N T 22w 0/NJ0o/N

) 2.12
— 11w/ LQ/NL1J1/(N_1) ( )
— tagwr/ Lo/n Laj(n—2)J2/(N~2)

From here, the two equations for the boundary cells are

1
0= —<1 — §w200L0)J0 — alwzv L()LlCojl — angv L()LlC()JQ (213)

and

1
0= —(1 — §UJQCNLN)JN — ale\/ LNLNflcNJNfl — angx/ LNLN,QCNJN,Q
(2.14)

In general, Kirchhoff’s equation for one cell k£ of this model is defined by

0 =—aswr/ Ly_2LCyJk—2 — arw/Ly—1 Li,Ci Ji—1

— (1 = W’ Ly,Cy) Ji (2.15)

— a1wy/ Lk+1Lka:Jk+1 — QaWn/ Lk+2Lkaka+2

Where in this notation for every index (k—i¢) < 0or (k+1i) > N with i =1

or 2, the element is equal 0.
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In the next step, the equations for each cell can be transformed into a matrix

system to form an eigenvalue problem.

0= (U-NI)J

(2.16)

Here, the currents in the cells correspond to the eigenvector J and the eigen-

mode is defined by the eigenvalue \2.

Jo
Ji
Ja
1
2
J — ; )\ — E
In-1
JIn

(2.17)

While the matrix I is the identity matrix with the entries 1 on the main

diagonal and 0 in all other elements, the matrix U contains the information of

the circuit model.

mo,0C0
mo,1C1
mo,2C2
U — 0
0
with
mo,0 =
Mmeg—1k =

mp,1Co  mp,2Co 0 0
m1,1C1 my 20 m1,3C
m1,2C%
m1,3C3 my_3 N-1CNn_3 0
my_2 N—-1Cn—2 my_2NCn_2
my—3 N—1Cn—1 mny_2N-1Cn-1 mn_1,N—1Cn-1 mny_1,NCn-1
0 my_2 NCn my_1,NCn my NCnN
(2.18)
lL 1
5L mynN = 5Ln myr = L
20 2 k=1 . N—1
—a1/Li—1Ly, Mrg—o2r = —Aa2v Ly_oLy
(2.19)
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2.3.1 Analysis of the Simplified Model

For the analysis of the oscillating behavior of the structure, the model is sim-
plified so that each RF cell has the same resonance frequency w. = 1/Vic = A..
This postulation can be met when all inductances L are set to be the same
value and the capacitance C}, is the same for all full RF cells and doubled in

the boundary cells.

Ly=LVEk

C  fork=1.(N-1) (2.20)
2C" fork=0or N

Cr =

When these postulations are included in equation the matrix U can

be transferred to

U(al,ag) = /\z . Uo(al,ag)

1 —2a; —2a, O 0
—aq 1 —a;  —ay
—ay —a 1 —a; —ay
0 —ay —a 1 —ar —as
=%
—a; —as 0
1 —a;  —ay
: . —a; 1 —ay
0 0 —2a, —2a7 1
(2.21)

The approach that was used for the analysis of this system follows the per-
turbation theory known from quantum mechanical problems. In the first step,
the second neighbor coupling is neglected with ay = 0 so that the system can
be characterized. Based on this solution, the influence of as can be added
again as a perturbation of the system.

A numerical calculation of the eigenvectors of the system is presented as the
blue line in Fig. for different modes.
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Figure 2.14: The numerically calculated eigenvectors (blue line) which correspond
to the current in the system compared to the results of the ansatz in
equation (red dots). For all these modes they match exactly. [56]
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Following this method an ansatz for the eigenvectors of Ug(ai,0) can be

chosen as

cos OxXnm

N
1Xnmw
COS N
coS —QX]\’,”
J, =4, _ forn=0,....,N (2.22)
COS (N—1)xnm
N
NXxnm
COS N

In this ansatz, n is the index of the mode where n = 0 is the 0 — mode
when the currents in the RF cells all have the same phase and n = N the
m — mode when the phase is contrary from cell to cell. A, is the inverse of the

eigenvector’s norm || J, ||

1 — _
4 T forn=1.(N—-1) (2.23)

1 _
T forn=0o0or N

Using the matrix J formed by the eigenvectors J,, it can be shown (see

[56])that the ansatz is valid and J,, are the eigenvectors of Ug(ay,0) because

Ao 0 ... ... 0
0 A :
J'Uy(ay,0)0 ] = | © - =A (2.24)
0
0 0 Ay
with the eigenvalues of Ug(aq,0) given by
Ay =1-20 COS% forn=1..(N—-1) (2.25)
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When the eigenvectors and eigenvalues of the unperturbed system J,, and
A,, are known, the second neighbor coupling for as < a; can be introduced

with an extension dUg(az). In this case

Ul(ay,as) = Ug(ay,0) + 0Up(az)
0 —2a, 0 ... ... ... ... 0
0 0 —ay
—as 0 0 0 —ao
0 —a 0 0 0 —a

0
0

= Up(a,0) +
0 —ay 0
0 0 —as
: . —ay 0 0 0
0 0 —2a, O 0
(2.26)

As the perturbation approach is based on quantum mechanical methods
the corresponding nomenclature of "kets" and "bras" will be used. So the
eigenvector J,, for the eigenvalue A,, will be written as |A,). But the matrix
Up(aq,0) is not symmetric because of its first and last line and so it has to
be proved that the analysis is based on an orthonormal set of eigenvectors. It
can be shown ([56]) with (J~1'), as the (n+1)’th row of the inverse matrix of

J that the orthonormality condition is satisfied.

<An| = (J_1>n so that <An|Al> = OpJ and <An|U(CL170)|AZ> = Ak (227)
This allows the expression of the eigenvector |A!) of Ugy(ay, az) by
AL) = [An) + [0An)

N (2.28)
where |0A,) = Z Cnit| A1)
1=0
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These definitions can be used to write

U (a1, a9)|A;,) = (Up(ar,0) + 6Up(az))(|An) + [0A,))
= (A, + 0N (|AL) + |0AL))

When the pure second neighbor coupling terms are neglected it follows that

(2.29)

Uo(a1,0)|0A,) = Ap|oA,) + 6A,|AL) (2.30)

and when equation is included

N N
> i A) + 6Us(a2)|An) = An Y e[ Ay) + 0A,[A,) (2.31)
1=0 =0

the orthonormality condition (A, |A;) = 0, leads to

CromAim + (A |0Up(a2)|An) = cumMNy 4+ 0A00mn (2.32)

From here the shift in the eigenvalue JA,, and eigenvector |JA,,) of the system

can be determined when the two cases of m = n or m # n are studied.

m=mn
§An = (An|6U(a2)|An) (2.33)
m#n
_ {Am[0U(a2)|An)
Cnm -
Ap — Ay, (2.34)
N
_ _ N (Mi|oUo(a2)|An)
cm_O:|5An>_; —
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2.3.2 m-Mode

The operating mode of the 4-rod RFQ corresponds to the m — mode of this
model with n = N. In this case the eigenvector Jy of the unperturbed system
Uy(a1,0) given in equation becomes

1
1
1
Iy = +1 2.35
NN+ , (2:35)
(—)N

The resonance frequency of the RFQ in this mode yy including the second

neighbor coupling correction can be expressed by

We

Oy = ——— 2.36
M VAN + oAy (2.56)
From equation the correction of the eigenvalue is known
SN, = (N ]0Uy(a2)|An) = (J71)n6Up(as)J (2.37)
Now Ay and AN can be put into equation to give
AN =1+ 2@1
. 2(12(]\] — 1)
0Ay = - N (2.38)
Qy = e

V(1 2a;) — 220D

The same discussion can be done about the shift in the eigenvectors [0A,,)
due to the second neighbor coupling. From equation it can be found that

N
A A
A =3 { l\fj\UOEGj\)l\ n)
i (2.39)
_ Z (J*1)15U0(a2)JnJ
I#n An =Ny l
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when (J1);0Uq(az)J, is proportional to as and

2a1(1+cos’t  for 1 #0
4al forl=20

Ay — A = (2.40)

and it can be shown that

6AN) o 2 =4 (2.41)

ay
With this model the 4-rod RFQ is described in general. The current and
voltage distributions can be calculated for an ideal model when all parameters
are known. In chapter [5|the model is applied to tuning theory for the prediction
of the influence of tuning plates on the longitudinal voltage distribution with

the implementation of variations of the parameters in the real structure.
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3 RFQ Projects

Based on the work on four recent RFQ projects, all the studies in this thesis
were performed. Typically these projects are upgrades of injector lines or
the construction of new accelerator complexes either for fundamental research
institutes or applied facilities like for example for cancer therapy. An overview
of the variety of RFQ projects in the last years is given in [43].

In this chapter the projects to which this thesis has contributed will be

introduced. An overview of their basic parameters can be found in table

3.1 ReA3 - Reaccelerator for Rare Isotopes at MSU

A new reaccelerator facility ReA3 has been constructed for National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU)
[18]. Experiments with reaccelerated beams are of high interest for example in
astrophysics. Highly charged rare isotops can be produced with energies from
0.3 MeV/u up to 3 MeV /u for ions with Q/A=0.25 or 6 MeV /u for a Q/A of
0.5. The combination of a gas stopper, charge breeding and the reaccelerator
provides a very high beam quality, compared to conventional electron strip-
ping, with a broad energy range to be used for nuclear science experiments.
A scheme of the ReA3 beamline is shown in Fig. 3.1l The ions from the gas
stopper are transferred into an electron beam ion trap (EBIT) as the charge
state breeder, are separated due to their charge to mass ratio and then reac-
celerated in a line of a multi harmonic buncher (MHB), a room temperature
RFQ and two superconducting quarter wave resonators from where they are
distributed to the experiments. In a fist step the gas stopper will be filled with
ions provided by NSCL‘s Coupled Cyclotron Facility (CCF) and later by the
accelerator of the Facility for Rare Isotope Beams (FRIB).

As part of that project, a 3.5 m long 4-rod RFQ has been designed, developed
and built working at 80.5 MHz. The 4-rod structure is shown in Fig. This
RFQ accelerates ions with a Q/A ratio of 0.2 up to 0.5 from an input energy of
12 keV /u to the final energy of 600 keV /u and it is special in various aspects. It
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238 0.3 — 3 MeViu
4Ca 0.3 - 6 MeV/u

600 keViu
re- bu )

odule  Bgopt = 0.041
’ module

EBIT charge

state breader Bopt = 0.085

module
j J

Figure 3.1: Scheme of the ReA3 accelerator. The reaccelerator with multi har-
monic buncher, room temperature RFQ and two superconducting quar-
ter wave resonators follows an EBIT charge breeder [52].

is designed to work up to cw-operation so there is an enhanced cooling system
of all parts of the structure including electrodes and tuning plates. This is
necessarily as a typical duty cycle for RFQ operation in in the order of 0.1%.
It is one of the first 4-rod RFQs with a square cross section and with a vessel
made of aluminum. Another project which used this kind of RFQ vessel is
the Frankfurt Funneling Experiment [33]. To preserve a small longitudinal
emittance and a relatively short RFQ, an external MHB was chosen to sit in
front of the RFQ. Fig. shows the results of the field tuning of the ReA3-
RFQ which was done at TAP Frankfurt. The original voltage deviation of 6%
was tuned to £1%.

After the RF set up, the RFQ was delivered in 2010 [52] and came into
operation one year later [29]. In tests with helium and hydrogen the output
energy of the RFQ has been confirmed and a transmission of 82% was measured
which fits the design value. Now the RFQ is operated routinely with 20% duty
cycle.

On this RFQ, a lot of data for the basic tuning studies were collected.
Comparisons of different perturbations have been done and the tuning theory

based on effect fuctions was tested. The results of this study are presented in

section
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Figure 3.2: The ReA3 RFQ in the beam line at MSU [52]. A clean room has been
installed due to the superconducting resonators following the RFQ.
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Figure 3.3: Results of the field flatness tuning of the ReA3 RFQ. The field has been
tuned to have a maximum deviation of £1% [48].
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3.2 MedAustron - Cancer Therapy Center

The MedAustron RFQ is part of the accelerator for an ion beam cancer therapy
center in Wiener Neustadt, Austria. For this kind of radiation therapy the
characteristic energy deposition of ions in tissue which is described by the
Bragg-Peak (as shown in Fig. left) is taken advantage of. In contrast to
photons, ions show a sharp peak in the energy deposition for a certain depth
which depends on the energy of the ions. Positioning this peak in the overlap
with the tumor enables the ions to kill tumor cells in a very defined region while
the radiation of healthy tissue around the tumor is minimized. Typically this
type of radiation therapy is chosen for patients with tumors in very sensitive
organs like the brain, for example. It was significantly developed at GSI,
Darmstadt and therapy centers like HI'T, Heidelberg are already in operation.
The MedAustron facility will treat patients using this method with protons
and carbon. The test phase has started in 2013 and the first treatments are
planed in 2015.

This 4-rod RFQ works at 216 MHz and accelerates ions from 8 to 400 keV /u
with an electrode voltage of 70 kV [23]. Fig. shows the therapy accelerator
and a picture of the RFQ.

For this thesis, a full set of effect functions was measured on this RFQ
in order to compare measurements to simulations. The measurements are

discussed in section (4.2
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Figure 3.4: The MedAustron RF(Q is part of a cancer treatment facility which radi-
ated tumors with ions taking advantage of the Bragg peak in the energy
deposition of ions in tissue [11].
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3.3 H™ Injector for FNAL

The main project of this thesis was the 4-rod RFQ for the new injector at
Fermilab (FNAL) that replaced the old Cockcroft-Walton Accelerator (C-W)
which is shown in Fig. left. The C-W has been in operation for 30 years
and issues about its maintenance started to come up. So the modernization of
the complex was meant to lead to a high reliability of the injector to serve the

increasing demand for protons. As part of this project the 4-rod RFQ acceler-

Figure 3.5: The Cockcroft-Walton (left [38]) is replaced by a 1.2 m long 4-rod RFQ
(right) in the H™ injector upgrade at FNAL.

ates H™ ions from a 35 keV magnetron source to 750 keV, operating at 201.25
MHz with a duty factor of 0.1%. A very compact RFQ was designed with a
length of only 1.3 m and an intervane voltage of 72 kV. Its Parmteq,; simu-
lations predict a transmission of 98% with a transverse output rms emittance
of 0.377 mm mrad for x and 0.37 mm mrad for y. For this performance an
input emittance of 0.377 mm mrad in z and y with an input energy of 35 keV
is required. The particle dynamic design results are summarized in Fig. 3.6

The results of the field tuning for this RFQ are shown in Fig. [3.7] The
voltage distribution was improved from +10% to +3% with the shown tuning
plate distribution and the use of additional tuning half cylinders. For more
details of the setup values with all information about the RF installation see
[47].
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FNAL, H-, 201.25 MHz, I=60mA
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Figure 3.6: Results of the Parmteq particle dynamic simulations of the FNAL RFQ
[50]. The design predicts a transmission of 98% with a transverse output
rms emittance of 0.377 mm mrad for x and 0.357 mm mrad for y.
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Fig. 3.5 on the right shows the RFQ in the test stand at FNAL during the
first beam test phase. The whole set up of the injector test stand at FNAL is
pictured schematically in Fig. 3.8

Figure 3.8: Test Stand of the H™ injector at FNAL including the magnetron source,
LEBT, RFQ and MEBT [50].

Connected to the commissioning of this RF(Q, the main studies on the bound-
ary field of the 4-rod structure that are presented in chapter [6] have been done
together with other accompanying studies [27][19]. In the first beam test, the
output energy was measured to be more than 2.5% too low compared to the
particle dynamic design. This has been found to be caused mainly by special
irregularities in the boundary fields of this RFQ. Here, the advantage of the
modular construction of the 4-rod RFQ was used. Following the studies that
have been done, the RFQ structure has been modified. The aperture of the
RF shielding at the low energy end has been opened and the RF shielding has
been removed completely at the high energy end of the RFQ. In addition, new
electrodes with a reduced capacitance had been installed so that the tuning
could be reduced and an enhanced shunt impedance of 51.6 kQm could be
achieved. With these modifications, the nominal output energy of 750 keV
could be confirmed and the power consumption of the RFQ could be reduced
by about 23%. The details of the commissioning of this RFQ with an overview
of the measurements and simulation studies can be found in [50]. Since De-
cember 2012 the RFQ has replaced the old Cockcroft-Walton. Fig. shows
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an oscilloscope picture of the beam pulse of 40 mA at the entrance of the DTL
that follows the RF(Q in the final configuration. For the whole MEBT and
the RFQ, including every part between the source and the drift tube linac, a

transmission of 67% is achieved recently.
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Figure 3.9: 40 mA beam pulse from the RFQ in the first DTL at FNAL in December
2012.|50]

In parallel to the commissioning of the RFQ, the tuning theory based on
the lumped circuit model of the 4-rod RFQ that is discussed in section 5.3 was
completed at this time. The results of this collaboration with C. Y. Tan is
published in [56].
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3.4 LANSCE Proton Injector at LANL

The Los Alamos Neutron Science Center (LANSCE) provides protons and H™
ions for a variety of experimental programs with neutrons. In the current
LINAC there are two Cockcroft-Walton (C-W) injectors, one for protons and
one for H™ions. The two beams can be injected into a shared Drift Tube Linac
(DTL). In the long term it is planned to substitute the two C-Ws with a new
front end which will consist of three separate RFQ lines. Each of them having
a different pulse scheme depending on the experimental requirements. The
proton injector will be operated un-chopped while the H™ions are operated in
a micro or long pulse mode. In the first stage of the upgrade, only the proton
line will be replaced with a 4-rod RFQ and the C-W for H™ions will stay in
operation. The merging point of these two beam lines in front of the DTL is
shown in Fig. [3.10

For this project, design studies for the RFQ working at 201.25 MHz have
been performed. The RFQ will be able to accelerate a beam of up to 60 mA
from 35 keV to an output energy of 750 keV. It has been optimized in two major
points: the RF design for an optimized field distribution and an advanced
cooling system. The cooling system is necessary because of the high duty
factor of 15% that is planned for its operation. This design has been proved
and the RFQ is about to be built. Further details about this project are given
in [13], [28], [12] or [41].

Compact SNS-Style
Quad &
Compact 1/4-Wave
Buncher

H+/H- Merging |
Dipole

Figure 3.10: Merging point of the proton and H™-line in the LANSCE injector at
LANL with the planned 4-rod RFQ.|[I3]
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Table 3.1: Parameters of the 4-rod RFQs.

Parameter Unit ReA3 @ MSU FNAL LANL Med-
Austron
Design
op. frequency MHz 80.5 201.25 201.25 216.612
injection energy keV /u 12 (8 =0.005) 35 35 8
final energy keV/u 600 753 750 400
Q/A from 0.2 to 0.5
A/Q max. 5 1 1
duty cycle cw max.1% max.20%
norm. acceptance mm-mrad 0.6 0.3(rms) 0.2(norm.)
modulation factor 1.15 to 2.6 1to 2.1 2 (max)
intervane voltage kv 86.2 (Q/A=0.2) 66.87 50 70
transmission % 82 (MHB+RFQ) 98 96
beam current mA 50 60 4 (max)
Mechanics
aperture (mid cell)  mm 7.3 4.17 3.8 2
tip radius electrode  mm 6 3.2 2.85
rf cells 17 11 23 15
stem distance mm 190 100 75/70 78
beam hight in tank  mm 200 130 150 155
electrode length m 3.3 1.1817 1.75 1250
tank length m 3.5 1.2 1233
tank diameter mm 390 (inside) 300
tuner diameter mm 80 50
RF Meas.
res. frequency MHz 80.28 201.06 216.612
(no tuner) (no tuner)
average Qo 4238 2200 3600
total tuner range kHz 300 ca. 700 500
flatness % < 41 <43 +1.7
shunt impedance kQm 200 63 74.05
coupling dB -35 -25 -27.4
Specials External Var.Stem
Buncher (MHB) Distance
in operation since 2011 2012 not yet test phase
2013
transmission (meas.) % 82 67 98
(MHB+RFQ)  (LEBT+RFQ) (pencil beam)
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4 Characterization of the Longitudinal Voltage
Distribution

The transverse quadrupole field defines the focusing strength of the RFQ. This
can be expressed by the focusing parameter B which is proportional to the ratio

of the electrode voltage V' to the square of the aperture a. It is defined by

qeN’V

mc? a?

B=x (4.1)
where y is a geometric parameter and A the RF wavelength [I]. This is why
the aperture is kept as small as possible with a voltage as high as possible
to achieve an optimal focusing in the RFQ design. This is limited by electric
breakdowns. There are two main designs of the longitudinal voltage distribu-
tion, the field flatness, of the RFQ: (a) a constant voltage along the electrodes

and (b) a raising voltage in the acceleration part of the structure.

a) The design with a constant longitudinal voltage distribution, or a uniform
power distribution, is the most common approach for RFQs. Especially
all RFQs that have been studied for this thesis follow this design. It
provides a smooth change of the beam characteristics in order to avoid
emittance growth and to have a homogeneous particle distribution in the
output beam. [42] [43]

b) The alternative design with a raised voltage towards the high energy end
of the electrodes was presented in [2][3]. The idea of this concept is to
enhance the accelerating component of the electric field which can be

written as

E, = EAV sin(kz) sin(wt + ¢) (4.2)

The straight forward way to do this is to apply a higher voltage V' on
the electrodes. A limiting factor for this method is the peak electric field
because of sparking in the RFQ. In order to prevent this, the bore radius
ro needs to grow with the voltage so that the ratio V/r, is kept constant.

But with this also the focusing strength is lowered and minor emittance
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growth can occur. Another limit are thermal effects in the electrodes.
With this design a higher acceleration gradient can be obtained compared
to the constant voltage and there are actual projects like presented in [5]

which use this method, too.
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e Reduced Focusing - Trans. 57.08%
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Figure 4.1: The longitudinal distribution of the focusing parameter B and the cor-
responding voltage V' in the original design of the FNAL RFQ (black)
and a modified design with locally reduced focusing in the bunching
section of the RFQ (red).

Whatever design is chosen, for the performance of the RF(Q it is important
to match the measured flatness of the structure to the designed voltage profile
from the particle dynamics. Otherwise there is a difference in the focusing
strength profile of the RFQ. Fig. shows a comparison of the original FNAL-
RFQ design and a modification of it where the tip of the focusing parameter
B is canceled out by changing the values manually in the Parmteq,, input file
which corresponds to a lower voltage in the middle of the RFQ as B oc V. The
modification leads to a drop in the simulated transmission of the RFQ from
99.67% to 57.08%. Comparable studies with a reduced focusing at both ends of
the RFQ had a much smaller effect on the transmission of a few percent. Such
defects in the focusing strength can be balanced by applying a higher total
voltage on the electrodes as shown in [50], but again that leads to a higher
power consumption of the RFQ and is limited by the maximum output of the

power supply.
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4.1 Influences of RF Design Elements on the Field

Flatness

The influence of tuning methods and RF design elements of 4-rod RFQs on
the voltage distribution have been studied. Every change in the field geometry
or the voltage distribution could, for example, lead to particle losses or a
increased surface current with thermal effects on single parts of the RFQ. That
is why further research has to be done about the behavior of the 4-rod RFQ.
The results of this analysis which is concentrated on simulations using CST
MicrowaveStudio to evaluate the effects of the overlap of electrodes, spacing of
the stems, RF shielding insert, the modulation and additional tuning elements

on the fields in the RFQ are presented in this section.

4.1.1 Overlap of Electrodes

The overlap of the electrodes is the dominating factor for the non-constant
voltage along the RFQ. It is the part on both ends of the electrodes reaching
out of the last stem as marked in Fig. The idea of it is to improve the
field symmetry at the end of the 4-rod structure [10]. Due to the additional
capacitance of the electrodes which influences the boundary RF cells, their
frequency is lowered compared to the middle cells of the RFQ. This leads to
a higher voltage in the end RF cells, what is reflected in the typical tub like
shape of the field flatness. In section [5.3.1] is is shown that, in the lumped
circuit model of the 4-rod resonator, this effect is described by the strength
of the second neighbor coupling between the RF cells. The model shows that

only with this coupling the forming of the tub shape occurs.

Figure 4.2: The overlap is the part of the electrodes reaching out of the last

stem. [14]
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Fig. shows the changes in the field flatness caused by a growing overlap
in an RFQ model which is a high frequency RFQ at about 200 MHz with a
length of 1.2 m. The structures shows the building of the typical tub form
with a maximal difference of 10% between the highest and the lowest voltage.
Comparative studies with a 3 m long 80 MHz RFQ show that the structure
reacts less sensitively to changes of the overlap. For this long 4-rod RFQ), the
geometric influence of the overlap is much smaller because its size is negligible
compared to the length of the electrodes and small compared to one RF cell.

So the frequency shift of the outer RF cell compared to the inner ones is small.
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Figure 4.3: Field flatness with variation of the electrode’s overlap from 0 mm to
45 mm. Without an overlap the field flatness is constant while with its
growth the typical tub form appears. [49]

4.1.2 Spacing of the Stems

The second parameter that defines the resonant frequency is the inductance of
the RF cell. It is defined by the current path over the stems, the tuning plates
and the electrodes. Concentrating on that influence on the field flatness, the
distance of the stems (SA) was swept from a value of SA =100 mm down to
half of the width with a constant overlap, meaning a resonance shift of nearly
110 MHz from 150 MHz to 258 MHz. Taking the SA = 50 mm stem width

as a reference of 100% voltage, it is especially clear that the low frequency
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Figure 4.4: Field flatness with variation of stem distance SA [49]. SA is changed
from 100 mm to 50 mm covering a frequency shift of about 100 MHz.

structure reacts less sensitive, as the deviation in field flatness is much smaller
while its magnitude is reduced, like shown in Fig. [4.4]

In the following study, the stem to stem distance has been varied. Equally
positioned stems have mechanical advantages in fabrication, so the stem dis-
tance was varied block wise with two different values along the structure in-
stead of a gradual increase. The original design is a 4-rod RFQ for 200 MHz
with a length of 1.75 m, a stem distance of SA =73 mm and an overlap (OV L)
of 25.5 mm at both ends of the electrodes. Starting with this set up, different
positions of the stems have been studied where the inner RF cells were kept
constant at SA = 75 mm and one, two or three stems at both ends of the RFQ
were moved closer into the RFQ by changing the parameter SV. With these
variations, the field flatness was studied. A similar study of an RFQ with a
reduced SA in the last REF cells can be found in [40].

As was discussed before, the overlap dominates the formation of an non-
constant field flatness, but has other advantages in case of field symmetries
at the end of the RFQ. The idea that was followed in this simulations was to
distribute the stems equally so that there is nearly no overlap (1 stem, SV
=0) and then move the outer stems into the structure to form an artificial
overlap again. The results of this simulations are shown in Fig. 4.5 By the

reduction of SA in the outer cells, the extra capacitance due to the overlap
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can be compensated and even overcompensated. In the original design (black)
there is a difference between the maximum and minimum voltage of 26.9%
with the typical tub like shape. With a growing shift of the outer stems this
shape can be flattened and can even switch around when the capacitance is
over compensated (violet). In this case the profile is changed to a hill like
shape with minima at the outer RF cells and a maximum in the middle of the
RFQ. A minimal difference between maximum and minimum voltage of 4.1%
could be achieved in this simulations. This study shows the possibility that
by a fitting spacing profile of the stems, every desired field flatness could be
produced. The requirement for an RF design on an 4-rod RFQ that includes
these optimization is that the possibility for an exact simulation of the field

flatness needs to be at hand.
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Figure 4.5: The field flatness with shifts of the stem positions [51]. The stems have
been positioned on the electrodes equally without an overlap. Then
one, two or three stems have been shifted into the RFQ so that shorter
RF cells were created at the ends of the RFQ.
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4.1.3 RF Shielding Insert

Another component, which is interesting because of its influence on the voltage
of the electrodes with respect to the tank wall, are inserts at the RFQs entrance
and exit. Their effect on the beam can be compared with a drift tube, which has
been analyzed with varying diameters of the drift tube are shown in Fig.
The drift tube is connected to an insert in the end wall of the RFQ at its high
energy end. It causes a reduction of the electrode ends voltage compared to
the open boundaries on the low energy end, so that it has a positive a effect
on the field flatness. This effect is similar for different diameters of the drift

tube, because all curves lie close to each other.
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Figure 4.6: An insert with an aperture similar to a drift tube (left) shielding RF
leaking out of the RFQ and its influence on the field flatness at the
high energy end of an RFQ (right) [49].

4.1.4 Modulation

In most 4-rod RFQs the only parameter that is changing along the electrodes
that distinguishes one RF cell from the others is the modulation profile of the
vanes. In the low energy section of the RF() the modulation factor m is close to
one, so that there is only a small sinusoidal profile visible on the vanes. Moving
on to the high energy end and the acceleration part, that profile becomes more
significant. Here m grows so that the accelerating component of the electric
field gets higher.

Looking at the untuned field flatness, the simulation results of electrodes

without modulation are presented in Fig. [4.7] compared with the correspond-
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ing measurements. The simulation without modulation reflects the degree of
the deviation from a constant voltage, but does not include the capacitance
distribution along the electrodes due to the changing modulation profile. The
measured curve shows a different behavior with a shift symmetry point in
the voltage distribution towards the high energy end of the RFQ, where the

electrode voltage is a bit lower compared to the low energy end.
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Figure 4.7: Simulation with unmodulated electrodes (red) compared with a corre-
sponding measurement of an untuned modulated RFQ [49]. The min-
imum of the measured field flatness is shifted towards the high energy
end compared to the unmodulated simulation model.

4.1.5 Tuning Plates

To manipulate the deviations from cell to cell in the longitudinal voltage dis-
tribution of the electrodes, tuning plates are used between the stems to change
to current path of the RF cell. An example is pictured in Fig.

These so called tuning plates shorten the current path in an RF cell, so that
the inductance of this cell is changed. In principal they do nothing else than
to detune the oscillator similar to what happens in a trombone. The detuning

follows the Thomson formula

L - ! (4.3)

h=Jtc (LtAL) - C
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Figure 4.8: Tuning plates shorten the current path between the stems in 4-rod
RFQs. They are used to tune the field flatness by changing the RF
cell’s inductance.

When the resonance of that cell is changed, what results in a lowering of the
voltage in that and the neighboring cells. This effect is plotted in Fig. 4.9
where a simulation of the untuned field flatness which means the longitudinal
voltage distribution without any tuning plates (blue) is shown together with
the field flatness when the tuning plate in cell three is set to a height of 30 mm
(red). In the comparison, the tilting of the field flatness that is induced by the
tuning plate is visible. While the voltage drops around cell three it raises at
the other end of the RFQ. This effect with its dependence on the tuning plates
height, position in the RFQ and on the whole length of the RFQ are discussed

in this section.

Effect Functions

For the quantification of the effect of the tuning plates so called "effect func-
tions" EC have been introduced in [10]. These are basically the ratio of the
tuned field flatness Ur to the untuned field flatness Uy;.

_Ur
-

Looking at this function it is clear that EC' = 1 corresponds to no change

EC (4.4)

in the voltage, 0 < EC' < 1 means a decrease and EC' > 1 to an increase of
the tuned voltage compared to the untuned one. The effect of a tuning plate

is dependent on three parameters.
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Figure 4.9: Simulation of field flatness without and tuning (black) and one tuning
plate in RF cell 3 (red) [46]. The voltage in the RF cell of the tuning
plate is lowered while it is raised in RF cells that are more distant.

1. £ - which tuning plate is moved, respectively which RF cell is tuned
2. z - the longitudinal position of the voltage value

3. hi - the height of the tuning plate in RF cell k

The most obvious of these parameters is the height of tuning plate h; as this
is the parameter which defines the current path in the RF cell. Fig. shows
ECy—3(z) for three different hj of 0 mm, 31 mm and 55 mm. For hy =0, EC
is one as was discussed above, but for a growing h; effect of the tuning plate
gets stronger.

This dependence is studied further in Fig. Where ECy .—r(hy) is plotted
for all possible ks of a 11-cell RFQ. In this case the change in the simulated
voltage is observed at the longitudinal position z in the RFQ where the tuning
plate is moved at z = k. So what can be extracted from this graph is that the
maximum effect of a tuning plate is strongly dependent on the position where
it is located. The tuning plates in the middle of a 4-rod RFQ have only a small
effect on the voltage compared to the ones in the outer RF cells. The different

influence of the RF cells can be explained by the capacitance distribution.
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Figure 4.10: The effect of a tuning plate EC with the height of the plate. The
higher the tuning plate the stronger is the suppression of the RF cell’s

voltage. [46]

As it was described in chapter [2.3]the end RF cells carry a higher capacitance

than the rest of the cells. Because of second neighbor coupling these cells are

coupled with the outer RF cells what leads to a higher sensitivity to their

tuning plate’s position.
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Figure 4.11: EC(h) plottet at the position of the tuning plate (z = k) [46]. Each
tuning plate in RF cell & is raised separately. The boundary cells have

a stronger effect than the inner cells.
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4 Characterization of the Longitudinal Voltage Distribution

In comparison to EC,—x(h) in Fig. ECy—4.(ht) is shown where only
the tuning plate in RF cell four £ = 4 is moved and the voltage is observed
in different RF cells at z = 1, 4, 7 and 11. Here the tilt effect of one tuning
plate is visible: the voltage drops in the cells closest to the tuning plate while
it increases on the other side of the RFQ.
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Figure 4.12: EC is observed at different positions z in the RFQ when tuning plate
= 4 is raised [46]. EC shows a contrary gradient depending on the
position where the voltage is observed.

4.1.6 Additional Tuning Elements
Piston Tuner

There are several tuning methods used in the RFQ aside of tuning plates. The
most common ones are piston tuners, which are used to tune the resonance fre-
quency during operation. Effects like vacuum pumping, heating, beam loading
or others are compensated that way. These tuners are moved into the resonant
structure where they are placed middle of an RF cell between the stems. The
maximum position in the 4-rod RFQ is pictured in Fig. where the tuner
is inserted from the left side into the area of the stems.

The piston tuner suppresses the magnetic field between the stems so that the
inductance of the RF cell is changed and an increase of the resonant frequency
in the order of hundreds of kHz is observed. Fig. shows the frequency
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4 Characterization of the Longitudinal Voltage Distribution

Figure 4.13: Piston tuner in the 4-rod RFQ. The tuner (violet) in an RF cell sup-
presses the magnetic field for dynamic tuning of the RFQs resonant
frequency in operation.

shift when two tuners are moved into a 100 MHz-RFQ simultaneously for
three different piston diameters. The beam axis is at 0 mm in this case, at
100 mm the tuners are completely out of the resonator and at -45 mm the
edge of the piston is at the same position as the opposite edge of the stem
(as shown in Fig. 4.13[ ). The highest change in the frequency relating to a
certain step in the position of the tuner occurs when the piston enters the space
between the stems until it reaches the beam axis depth. From this point on,
saturation starts. As soon as the piston leaves the space between the stems,
the tuning effect vanishes, because the overlap with the magnetic fields gets
smaller again. There is also a strong correlation with the maximum frequency
shift that can be obtained with the diameter of the piston, because a higher
ratio of the magnetic field can be suppressed with a bigger piston.

The piston is a resonator itself, so in the design, it is important to check its
eigenmodes in comparison to the operation frequency of the RFQ in a separate
model and when the tuner is inserted into the RFQ. Inducing a resonance in
the tuner by either the operating frequency or a higher harmonic, can lead to
heating and in worst case, to melting of components of the tuner. This effect
was observed for example in the high power RFQ for SARAF [I0]. A resonance
simulation of a piston tuner that has an inner diameter of 76 mm is shown
in Fig. Its first mode occurs at 693 MHz, which is high compared to
the typical 4-rod operating frequencies of about 80-300 MHz. But for greater

piston diameters, the modes of the tuner and the RFQ can be much closer.
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Figure 4.14: Resonance Shift with Piston Tuner. The increase of the resonance
frequency depends on the size of the piston.

Type E-Field (peak) ) \
Honitor Hode 1
Maxinun-8D  5.43474e+087 U/m at 3.33333 7 -10 / 113.117 =

Frequency  693.027
Phase 0 degrees

Figure 4.15: The piston tuner is a resonator itself [49]. If a resonance is exited by
the operating frequency or higher harmonics, the tuner can heat up
or perturb the resonance of the RFQ itself.

Depending on the length of the structure, there are typically one or two
piston tuners in use. This number is pointed out especially in the comparison
to 4-vane RFQs which need to have typically in the order of 30 static and
dynamic pistons for a similar structure. In Fig. the offset of the field
flatness on the upper and lower electrodes with one tuner in the middle of
the RFQ is illustrated. Because of the tuners geometric position between the
stems, the effect on the voltage of the lower electrodes is slightly higher than on

the upper pair. It is important to mention that the insertion of the tuner can
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15— —&— Upper electrodes
—e— Lower electrodes

Offset in relative voltage [%]

RF cell

Figure 4.16: Influence of the Piston Tuner on the Field Flatness of Upper and
Lower Electrodes. Because of its position in the RF cell the tuner has
a stronger influence on the lower electrodes than on the upper ones.
[49]

effect the electrodes’ voltage in both ways: either increasing or decreasing it.
The reaction of the RFQ structure to the suppression of the magnetic field in
an RF cell depends on the individual characteristic. In one case the capacitive

in the other case the inductive influence of the tuner seems to be dominating.

Half Cylinders

In some special cases, half cylinders like they are pictured for example in
Fig are used in combination with tuning plates. They offer the possibility
for expanding the regular tuning range of the tuning plates so that greater
flexibility can be gained. This can be helpful, for example, if there are other
elements limiting the tuning plate height, like the coupling loop. The half cylin-
ders are screwed onto a tuning plate and can have different sizes depending on
the desired tuning effect. The way they influence the field is the perturbation

of the magnetic field between the stems, similar to the piston tuner.
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4 Characterization of the Longitudinal Voltage Distribution

Figure 4.17: Tuning Half Cylinders. In addition to tuning plates half cylinders can
be used for tuning the field flatness [47].

4.2 Measurement of the Longitudinal Voltage
Distribution

All the graphs that have been presented up to now are results from MWS
simulations. But when an RFQ is built, the field flatness has to be matched
to the one used in the particle dynamic design, so it has to be measured. This
is done by a perturbation measurement of the resonant structure. In a cavity
resonator with homogeneous fields the measurement is done with a small bead
while in the 4-rod RFQ an additional capacitance AC that is put onto the
electrodes is used. The total energy that is stored in the resonator W with the

electrode voltage amplitude U and the total capacitance C' is
i

Adding a small perturbation capacitance AC' changes the field locally so that
the new energy W’ with the perturbed voltage amplitude Us can be written
as

W = %(C + AC)U? (4.6)

The perturbation here is just a capacitive one so that the magnetic field is not
changed in this case. The perturbation is chosen to be small so that AC < C
and thus the approximation U ~ U, can be followed. In the measurement,
only the effective values can be measured so U — U/v2. When these steps are

included, the change in the resonator energy can be defined by

1
AW = ZACU2 (4.7)
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4 Characterization of the Longitudinal Voltage Distribution

Using the Slater Theorem [54] for an energy change, the frequency shift A f

compared to the unperturbed resonance frequency fy can by written as

Af AW LACU?
fo - w W

(4.8)

At this point two other resonator parameters need to be introduced namely
the quality factor () and the shunt impedance Rp.
The quality factor describes the oscillation capability of a resonator. It con-
nects the stored energy W with the dissipated power in an oscillation period
N by W
Q=2m foW (4.9)
The shunt impedance helps to define the power that is needed to obtain the

electrode voltage. Similar to @ it shows the capability of an accelerator to

transfer the driving power to the field. It is defined as

U2
Putting all this together results in
o2 A
U?=RpN =" —--N 4.11
F T2 AC (4.11)

For an absolute measurement of the electrode voltage, a well defined per-
turbation capacitance is needed. But for the measurement of the longitudinal
voltage distribution this is not necessary because only the relative voltage is

considered. In this case equation [£.11] can be simplified to

U x /Af (4.12)

In order to measure a longitudinal voltage distribution, the frequency shift
from the perturbation is measured for each RF cell. Examples of perturbation
devices are pictured in Fig. [4.18] Different ones can be used, that range from
simple capacitors or ceramic blocks to perturbations with tight contacts and
because of that better defined connection to electrodes and, of course also

calibrated ones.
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4 Characterization of the Longitudinal Voltage Distribution

Figure 4.18: Different kind of perturbation capacitors and a ceramic perturbation
for the measurement of the field flatness.

The choice of the perturbation capacitor is important as it can affect the
results of the field flatness measurement. This is shown in Fig. where one

RFQ is measured with different capacitors in comparison. It is important to

design a fitting perturbation capacitor for each RFQ so that changes in the

contact to the electrodes during a measurement cycle can be neglected.
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Figure 4.19: The results from the field flatness measurement with three different
perturbation capacitors C1, C2 and C3. The choise of the pertur-
bation capacitor influences the results especially in the boundary RF

cells.
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4 Characterization of the Longitudinal Voltage Distribution

4.3 Results of Field Flatness Measurements

The following Fig. shows in principal the measurement of the same data
that is simulated in Fig. but for all possible tuning plates TP, with k =
1...15 of a 15-cell RFQ. For each curve; one tuning plate in cell & is shifted
to 40 mm and the field flatness on the length of the RFQ is plotted. The
difference in the effect of each cell that was mentioned before is also visible
in this measurement. The outer RF cells have a greater influence on the field
flatness than the middle cells. In addition an asymmetry between the low and
high energy end of the RF(Q occurs in these measurements. This is typical as
the high energy part of the electrodes carries a higher capacitance than the
low energy part due to the changing modulation along the electrodes. This

causes a small shift of the symmetry point towards the low energy end.
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Figure 4.20: A full set of measured effect curves EC(z) for all tuning plates in RF
cell k for a 200 MHz RFQ. The symmetry point is shifted towards the
low energy end of the RF.
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Figure 4.21: Measurement of effect curves in the dependence EC (k) for all positions
z in the RF cells showing the change of the voltage at one z-position
when one after the other tuning plate in RF cell k is raised.
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Figure 4.22: The full measurement set of the height dependence of effect functions

EC(h) for the example of the first tuning plate k = 1 for all 2.
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4 Characterization of the Longitudinal Voltage Distribution

A similar picture is generated in Fig. instead, when for each curve,
here, it is referring to EC' of one RF cell is plotted over the number of the
RF cell in which the tuning plate is moved to 40 mm. So one curve shows the
dependence of one RF cell’s voltage on each tuning plate.

For a full set of measurements the height dependence is still missing in these
pictures. Fig. shows this set of measurements for only one, the first, RF
cell as an example. Each curve, presents the dependence of EC in the RF cell
z on the height of the first tuning plate. This measurement was done for each
RF cell to complete this series of measurements.

From these data sets, it is obvious that a full measurement of the effect of
all the tuning plates in this way is not useful for the RF setup of a 4-rod RFQ.
Up to now, the positioning of the tuning plates has been done by an iterative
process of shifting the plates. In [L0] first attempts to structure this process

was done with the implementation of the effect functions.
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5 Simulation Methods of the Longitudinal Voltage Distribution

5 Simulation Methods of the Longitudinal
Voltage Distribution

There are various attempts used to predict the flatness of 4-rod RFQs that have
been around for a while. In general, the simulation technique with MWS as it is
used in the design of 4-rod RFQs has been introduced in section Another
strategy that was followed in this thesis is based on the effect functions that
are discussed in section [£.1.5] The experience of these studies in combination
with early attempts like in [9] and techniques that are used in the 4-vane RFQ
community [37] led to the development of the lumped circuit model that has
been introduced in section These methods with their application to 4-rod
RFQs have been compared and analyzed in the following section. A different
approach is to describe the 4-rod RFQ completely analytically by calculating
the inductance and capacitance for each part of the RFQ based on its geometry.

A model for that has been described for example in [53].

5.1 MWS Simulations

As presented in section MWS is a powerful tool for RF simulations of
accelerator cavities. One aspect of the simulations is the flatness prediction.
The voltage between the electrodes is defined by the integral over the electric
field component which is tangential to curves between the electrodes. Conven-
tionally, the position of the integration path is chosen so that it is placed in
the field maximum at the closest point between the electrodes. An example of
such a curve (blue) is shown in Fig.

For a proper simulation an enhanced meshing is needed compared to the
standard eigenmode simulation leading to an enhanced solver time in the order
of a hours. The volume around the electrodes tips needs to be modeled in detail
with high resolution. In order to achieve this, a mesh refinement with a regular
distribution of mesh cells is used like it is pictured in Fig.
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5 Simulation Methods of the Longitudinal Voltage Distribution

Figure 5.1: The curves for the simulation of the field flatness in CST. The electrode
voltage in a simulation model can be calculated by the integral of the
tangential electric field on curves between the electrodes.

Figure 5.2: For field flatness simulations the mesh needs to be refined in the area
of the electrodes and it has to be distributed equally.

In a first step, the flatness simulations concentrated on unmodulated RFQ
models in order to analyze the influence of the tuning plates along the struc-
ture. A comparison of the simulation results for such a model and the cor-
responding measurement with no tuning and tuning plate 4 raised is shown
in Fig. In the simulation the untuned field flatness shows the typical tub
form with a deviation of 9.2%. For comparison, the measurement is much
flatter, with a deviation of 2.6%. The tuned field flatness when tuning plate 4
is raised shows the expected drop in the voltage, but the resolved distributions
do not fit each other.

But when the effect function for tuning plate 4 is extracted from the sim-
ulation and the measurement, they nearly completely overlap as it is shown
in Fig. This is an example of a typical observation in 4-rod RFQs. The
measured field flatness distribution is not reflected in the simulations, but the
change that is induced in the distribution, the effect function, can be simulated
with a good precision. But as it is visible in the graph in Fig. the error in
the simulation is more significant at the boundaries of the RF(Q. The simulated

effect in cells one to three is smaller than in reality.
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Figure 5.4: Comparison of a simulated and measured effect function EC(z) for a

tuning plate in RF cell k = 4.
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To study the simulation of a model that is as close to reality as possible,
complete CAD models of RFQs were imported into CST studio suite. Here all
details of the modulation of the electrodes are included. Fig. presents the
results of such a simulated field flatness together with it’s measurement for a
certain tuning plate distribution in case of the FNAL RFQ. In this study, the
meshing of the simulation volume has been analyzed in order to optimize the
simulation accuracy. Five models with several million mesh cells have been
developed. All of them have mesh distributions which differ slightly as they
were refined step by step. The most obvious difference between the simulation
and the measurement is a slope that all of the models show from the low to
the high energy end of the RFQ. This slope is not present in the measurement.
Except of that, the shape of the field flatness is similar, but still the comparison
between the measurement and the simulation shows a deviation of up to 14%.

Also other accompanying studies have shown similar results [27].
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Figure 5.5: MWS simulation of the field flatness simulation of a full 3D CAD model,
including modulated electrodes, for five different meshings, refined step
by step. The simulation is compared to its measurement. All models
give the shape of the measured field flatness, but they show a slope to-
wards the high energy end that does not occur in the measurement.[56]
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In summary, the MWS simulations of 4-rod RFQ’s field flatness do not give
results that can be used in the tuning design directly at the moment. But
the change in the field flatness that is induced by a change of the structure or
tuning plates can be predicted with reasonable accuracy. For particle tracking
simulations there is a work around that can be used: the measured field flatness
can be reproduced with a fictive tuning set up in the simulation. This method
is used for example in [26]. Here, it is shown that advanced particle dynamic

studies can be performed based on this approach.

5.2 Simulations based on Effect Functions of RF Cells

Based on the work of P. Fischer, who introduced the effect functions EC' in
[10], a NI LabVIEW program has been developed and tested for RFQs in the
frequency range from 80 MHz to 200 MHz.

In section [4.1.5] the effect functions have been defined by

EC = —
Uy

(5.1)
to be the fraction of the tuned Ur to the untuned Uy voltage distribution.
Each RF cell has a different influence on the RFQ depending on its longitudinal
position and modulation profile as well as on the height of the tuning plate.
So a single effect function ECy(z,h) for each tuning plate respectively each
RF cell k£ can be defined.

If this function is known, the tuned flatness that corresponds to the posi-

tioning of a tuning plate in cell £ with the height hy can be calculated by

Measurements on the dependence of £C on h in 100 MHz RFQs show a linear
growth for small heights that gets a minor quadratic part large hs.In order to

simplify the calculations, the following approximation is made

The 4-rod RFQ can be described as a chain of coupled oscillators so the be-

havior of the complete system can be described by the superposition of the
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Figure 5.6: Field flatness simulation with effect functions generated by MWS sim-
ulation or measurement compared to a measured field flatness of a final
tuning plate set up of a 80 MHz RFQ [48]. This study supports the
approach to use measurements as the basis of a simulation model.

single oscillators [30]. So the field flatness that is created with a tuning plate
distribution of N tuning plates can be calculated by

Ur(z,h) = Uy(z) x [ [ - ECw(2) + 1] (5.4)

This opens up a strategic work flow for the field flatness tuning of 4-rod
RFQs. The splitting of the z and h dependence of EC' allows to define one set
of EC for all k for one tuning plate’s height. This set can be integrated into the
program to predict the tuned field flatness so that different set ups of tuning
plates can be tested before installation. The generation of the set of EC can
be done either by measurement or simulation. In Fig. these two methods
are compared with the measured distribution. Here the dots are the measured
values, the bars correspond to the final tuning plate distribution (TPV 12) of an
80 MHz RFQ. The measured EC's predict the red curve while the simulated
ones result in the blue curve. The predictions based on simulated EC's are
more exact than a pure MWS simulation of the system, but still the measured
EC's bring the best result with the smallest deviation from the measured field

flatness.
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Figure 5.7: Results of field flatness simulations based on measured EC's for three
arbitrary tuning plate configurations (TPV 1, 2 and 3) of a 80 MHz
RFQ [48]. The accuracy of the simulation is good enough to be used
in the tuning process.

In Fig. three more tuning plate distributions (TPV 1-3) with their mea-
sured (dots) and predicted (curves) field flatnesses are shown. These are three
setups that were tested in the tuning process of the RFQ and the trend of the
flatness optimization is reproduced very well in the predictions.

The same theory was tested on RFQs with an operating frequency of 200 MHz.
Compared to a 100 MHz RFQ this system, is much more sensitive to all per-
turbations in general [49]. This character reflects also the sensitivity on tuning
implementations. The higher order dependency of the effect function EC(z, h)
on the tuning plate height becomes stronger (see Fig. ) so that its linear
approximation does not work anymore. Full sets of effect functions have been
measured for this kind of RFQs as they have been presented in the previous
sections. These measurements were analyzed and used to fit a higher order
polynomial function for FC(h) so that the height dependence as well as the

longitudinal dependence were fully defined and imported into the program.
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The results of these simulations are shown in Fig. [5.8] where the measured
field flatness (blue) is compared to the predicted distribution either with the
linear approximation (green) or a polynomial fit (red). The results of the
polynomial approach is overall smoother than the strongly varying distribution
of the linear one. Tt reflects the total deviation between the maximal and
minimal voltage, but the field flatness shape is not predicted to the desired
accuracy. This model includes simplifications that are not working reasonable

in the tuning of high frequency 4-rod RFQs.
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Figure 5.8: Results of field flatness simulations for a 200 MHz RFQ with linear
or polynomial height dependence of EC' [46]. Even with a polynomial
ansatz in EC(h) the effect funtions are not able to predict the field
flatness with the desired accuracy.
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5.3 Results of Lumped Circuit Simulations

In section the lumped circuit model of the 4-rod RFQ has been introduced.
In this system, the field flatness is defined by the voltage V} in each tuning cell
k. With the current J, and the capacitance Cj of the cell k, V}, can be defined
by the resonant frequency of the RFQ 2 by
Vi = Qié*k Vk =0...N (5.6)
The deviation in the relative field flatness in cell k£ compared to the mean
absolute voltage of the full RF cells k = 1...(IV — 1) is

W= (v
14))
The half cells of the RFQ with £ = 0 and N are left out of the mean

voltage because they are dominated by boundary effects and it is not possible

(5.7)

to measure their voltage with an acceptable error as a perturbation capacitance
has to much interaction with the boundaries here. Indeed, the tuning plates in
these cells are not used for tuning, but are there to provide an optimal current
flow between the vessel wall and the last stems. So, the normalized voltage of
cell k is defined as

Vi
>t Vil

An example of this normalized voltage distribution for the m — mode in the

(5.8)

normalized V,, =

currents is given in Fig. together with the corresponding current profile.
The discussion on the eigenvectors and eigenvalues together with an analysis
of the model in the operating mode of the 4-rod RFQ was given in section
Based on that theory the influence of the tuning plates can be treated similarly
like second neighbor coupling, as a perturbation of the system. Compared to
the RFQ model, when all tuning plates are at the bottom hy, = 0 V k the

inductance of cell k£ is changed from its original value L V k to L.

Ly =L+ 0Ly (5.9)
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Figure 5.9: The normalized voltage in the m mode of the lumped circuit model
compared to its currents. [56]

The cell frequency is shifted as well. In terms of the unperturbed cell fre-

quency w, = \/%—C the shifted cell resonance frequency wj, can be written as
. 10L
Wy, = L N we(1 — ——k) for 0L, < L
(1 — o) 2 L
L (5.10)

0Ly —2(wj, — we

= = =9

L We F

In the original matrix for the untuned system U (a;, as) there are two terms
which include the inductance: one on the main diagonal L,C' and v/L;L,,C

for all other entries.

LiC — (L + 6L;,)C

oL
=LC(+—) (5.11)
1
in terms of w, : = —(1— )

c
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VILiLnC = /(L + 6Li)(L + 6 Lm)C

5Ln . OLn
~ LC\/(I + 50+

S (04 5,) (5.12)

-2
wC

in terms of w, :

with 0 + 0y, = Apm
and 0Ly - 6L, neglected = %(1 — 1Akm)
W 2
With the above as background the whole system can be summarized as the
matrix U (ay, ag) that includes the unperturbed system described by Uy(ay, 0),
the second neighbor coupling perturbation dUj(as) and the tuning perturba-
tion 6Wy(ay, az).

2
U(al, ag) = )\CUo(al, 0) + (5U0(a2) + 5W0((11, (12) (513)
with
—d0 ale,l aQAO’Q 0 0
Ao, =61 YA A3
LAoa YAl —d2 YAoz LAy
0
5WO -
BAN-3N-1 0
—dN_2 PFAN_ o N1 BAN_2N
—0N-1 LAN_1N
0 0 agAN7N72 alAN’Nfl —ON
(5.14)

Analogous to the analysis in section [2.3.1] the shift in the eigenvalue 0A,,

and eigenvector |JA,,) are calculated. The results of the tuning influence are

6A, = (J),0Uo(az) + 6Wo(ar, az)J,,

and
N (T1Y,6Us(as) + Wo(ar, as)J (515
_ 10U\ a2 old1, az)Jn
0A,) = ; T J;
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If just one tuning plate in cell k is moved the correction in |[0A,) can be

simplified to

N N
(J 1)1 0Wo(ay, as)d,
; A, — A Ji= 0 ;wl(a1> a, k)J, (5.16)

This separation of the inductance change 6, with the height of the tuning
plate and the w; function is the ansatz that was discussion in section for
the separation of the effect functions to £C(h) that is a function of h only and

a longitudinal component EC(z) that is a function of z only.

5.3.1 Application of the Lumped Circuit Model

The strategy for the application of the lumped circuit model is the following:
first the value of L is calculated with EMS simulations. Then a;, as, L and ‘5%
are fixed by fitting MWS simulation results. Afterwards a set of capacitance
corrections AC}, on C is extracted from measurements of the RFQ. Because
in this model L and C are mathematically equivalent, so that L can be kept
constant. If all these values are known, the system is defined and predictions

of arbitrary tuning plate configurations are possible. The results are shown for
the case of the FNAL H~ RFQ in table [5.1]

Calculation of C'  For the calculation of the capacitance C, the original elec-
trodes of the RFQ are imported into CST EM Studio. Here, it is possible to
associate a certain potential Vj o34 to the electrodes, as shown on the right
side in Fig. and calculate their capacitance matrix. The entries of this
matrix correspond to the separated capacitances between all potentials in the
system.

In order to define the real capacitance of the electrodes from this matrix
the "quad star" model from transmission line theory that is introduced for
example in [25]. The scheme of the quad star is shown on the left side of
Fig.

According to that model, the capacitance of the quadrupole electrodes can
be separated into three parts. The first one is C4, which is the capacitance of

the four parallel capacitors ¢;; between the neighboring potentials V; and V.

Cy = c12+ o3 + ¢34 + cay (5.17)
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Figure 5.10: The capacitance of the quadrupole electrodes can be described by the
"star quad" model from transmission line theory. [56]

The second ones are the capacitances Cg and C¢ of two serial capacitors.
They represent the capacitance of the electrode pairs at the same potential
with respect to the boundaries. It should be remembered that the quadrupole
configuration of the electrodes include the condition that V; = V3 = =14, =
V.

Cp=c1+c
B = C11 + (33 (5.18)
Co = ¢+ cay
This configuration forms a m-network as described in [25]. In such a network

the total capacitance Cr is given by

CgCe
Cp = Oy + —B2C_
4 A+CB+CC
— (N —1)C +2x2C (5.19)
Cr
- U=3i3

Fitting the coupling parameters a; and a; to MWS Data To find the
values of the coupling parameters, two simulation results from MWS are fitted.
One is the simulated field flatness of unmodulated electroded] when all tuning
plates are on the bottom and the other one is the resonance frequency for this
set up. Both are necessary as as = pa; and the eigenvector results themselves
can not be distinguished as long as p stays the same. A result of a least squares

fit of the eigenvector from the lumped circuit model and MWS with variation

!The aperture of unmodulated electrodes in a MWS model is the mean aperture of the
real electrodes weighted by the corresponding cell length.
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Figure 5.11: When a; and as are fitted to MWS data the result for the field flat-
ness stays the same as long as p is kept constant, but the resonance
frequency changes.[56]

of a; and p is shown in Fig. In the two graphs u stays the same while ay
is changed which leads to a change in the resonant frequency. Here it gets clear
that a; determines the resonance frequency while a; dominates the curvature
of the field flatness.

With the values of a; and p fixed, the inductance L can be calculated using
the definition of the RFQ’s resonant frequency Qy in equation [2.36]

Fixing 0L, The studies that are presented in the simulations in Fig.
or the measurements in Fig. show that the inductance due to the tuning
plate’s height can be represented by a quadratic function that can be found
by fitting ¢ and p to MWS data.

SL(h) = L(qh® + ph) with 6L(h) = 0Ly(h) ¥ k (5.20)
Table 5.1
Parameter Value in Case of the FNAL RFQ
Full RF Cells N 11
Capacitance C' 8.3 pF
Inductance L 0.108 pH
first neighbor coupling a; 0.0936
second neighbor coupling as 0.0031
inductance change parameter for h? g —1 x 107%/mm?]
inductance change parameter for h p —0.38 x 10~*[mm]*
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Figure 5.12: Fitted set of ACs for the adaption of the model to a measured field
flatness. [56]

5.3.2 Adapting to Measured Field Flatness

When all these parameters are fixed, the model needs to be refined to fit to
the measured field flatness. For this purpose a capacitance correction AC) is
introduced. This correction carries the influence of the varying modulation
profile along the electrodes as well as deviations from the ideal case due to
manufacturing defects. The full set of ACYy is shown in Fig. [5.12] extracted
from the measurements of the effect functions EC;,.

Based on a set of ACY} from the measurement of two out of all tuning plates
of the FNAL RFQ, the effect when each tuning plate in the full RF cells
k = 1...11 is set to a height of 20 mm separately was simulated with the lumped
circuit model described above. The results are presented in Fig. (magenta
squares) in comparison to the corresponding measurement (blue dots). The
predictions fit the measurements quite well with just small deviations for the
tuning plates in cells in the acceleration part of the RFQ with bigger modula-

tion.
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Figure 5.13: Prediction of a single tuning plate’s influence with the lumped circuit
model. The calculation is based on the set of ACs that is extracted
from the relative voltage with tuning plate £ = 3 and 9 at 20 mm.

[56]
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Figure 5.14: Simulation of the field flatness of three arbitrary tuning plate con-
figurations of the FNAL RFQ with the lumped circuit model. The
predictions show a good overlap with the measured distributions for
setup 1 and 2. The deviation between measurement and prediction in
setup 3 is a bit bigger, but still small enough to be used in the tuning
process. [56]

To complete these studies, the measured field flatness of three arbitrary
tuning plate configurations are compared to the lumped circuit results. For
the quantification of the fit of the prediction to the measured data the reduced

x? is used.

N

1 ‘/re.meas. k _V:re.sim. k 2

XQ/V:;Z( l., ( )02 l., ( )) (5'21)
k

k=1
where o, is the variance of the measurement in cell k, v is the number
of tuning plates in the full RF cells which is the degree of freedom for that
system. The data of the relative voltages is plotted in Fig. [5.14] Tt fits the
measurements quite well but y? grows when the tuning plates are at high

positions in the RF cell and their height h differ greatly from cell to cell.
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6 The Longitudinal Electric Field

The accelerating field component in the RFQ is the longitudinal electric field
E.. In each neighboring acceleration cell of the modulated electrode, E, has
the opposite sign, so that particle bunches fill only every second cell, having a
distance of BA. The oscillation of E, at full amplitude is shown in Fig. for
the example of a perfectly symmetric RFQ potential which has been extracted
from a static simulation with CST EM-Studio® (EMS). The different stages
in the RFQ from matching, with a small z-component for a high focusing
strength, and bunching, where F, rises slowly, to the nearly constant F, of the
acceleration part are clearly visible in this field distribution.

In this simulation, the potential on the electrodes has been fixed to a certain
value. This is an ideal situation that can change dramatically in reality. Vari-
ous effects lead to changes in the electrodes’ potentials along the structure or
differences in the potentials of each electrode. The field that includes all effects
in the resonant circuit can be simulated with the Eigenmode Solver in MWS.
In this case the simulation of the same RFQ model as it was used for Fig.
generates the F, distribution presented in Fig. Here the influence of the
varying potential on the electrodes on the electric field is visible. The simu-
lations are sensitive to the meshing, for example the sharp peeks in the field
like the two between z = 200 and 400 mm. These peaks are artifacts of the
meshing because they vanish when the meshing is varied. As mentioned above,
from the accelerator physics view, the behavior of the field in the boundaries
of the structure is the most interesting point here. In the comparison of be-
tween Fig. and Fig. the two broad peaks at the start and exit of the
RFQ (markers) are outstanding. They are located just in the gap between the
electrodes and the vessel wall. Such fringe fields can have different influences
on the beam, for example a shift of the beam axis at the end of the electrodes
or a shift of the particle energy. Other studies on this phenomenon of nonzero
potential on the beam axis in RFQs are presented in [4] for a split coaxial RFQ
and in [39] for a rod-type RFQ with symmetric supports.
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Figure 6.1: F, in a static simulation with fixed potentials on the electrodes. The
different sections of the RF() can be seen in this distribution.
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Figure 6.2: The same model as in Fig. simulated in a resonant solver. In the
comparison of the static and resonant simulation the two additional

peaks (marked) at the entrance and exit of the RFQ. Their sources and
influence on the beam are studied in this chapter.
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Figure 6.3: Mechanical set up in the boundaries of a 4-rod RFQ [5I]. The picture
on the right side illustrated the possible geometric parameter that can
be used to influence the fringe field of the structure.

A view of the mechanical setup at the boundaries of a 4-rod RF(Q and
the parameters which can influence the fringe field is given in Fig. [6.3] The
boundaries are specified mainly by two parts of the RFQ: first there is the last
RF cell with the overlap of the electrodes behind the last stem and its ratio to
the RF cell length, the distance to the tank wall and the last tuning plates —
second there is the beam pipe that connects the RFQ to previous and following
elements of the accelerator, and the RF shielding plate which is attached to
the beam pipe that defines the aperture in the tank wall. With respect to the
electric field one has to keep in mind that the 4-rod RFQ does not have any
symmetry axis at its end, for example a TM-mode accelerator like the Alvarez

has.

6.1 Optimization of 4-rod RFQ Boundary Conditions

In order to minimize the fringe fields of the 4-rod structure simulations of
variations in the boundary design of the resonator and its influences on the
fringe fields have been analyzed. The modulation on the electrodes has been
removed in these studies, to exclude side effects. So E. in the electrodes
vanishes everywhere and only the peaks remain in the gaps which are presented
in the following figures. As a first step, the geometric parameters of the overlap
of the electrodes hanging over the last stem and the distances to the vessel wall
are varied. Four different cases of these simulation series are shown in Iig.
with the geometric setup (left) and E, at the beginning of the RFQ (right).
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Figure 6.4: Simulation of the influence of the electrode’s overlap. Four cases of a
regular set (1), a cutted overlap with a huge gap to the wall (2) and
a close wall(3) as well as an artificial overlap with a shorter last RF
cell have been studied. The artificial overlap with the biggest space
between the last stem and vessel wall shows the smallest fringe field of
these cases. [51]

Case (1) corresponds to a regular RF design where the electrodes start at z =
25 mm. Starting from this geometry, in a first step, the overlap of the electrodes
has been cut off, with the outer edge of the last stem at z = 62 mm for case (2).
This change induces a suppression of the peak by a factor of almost 1.2 and a
shift of the peak position due to the new end of the electrodes. Case (3) and
case (4) are variations of case (2). In case (3), the distance between the vessel
wall and the end of the electrodes of case (2) has been readjusted to the same
value like in case (1). This small gap leads to an amplification of the peak back
to the original amplitude like in case (1). Following the idea of case (2) applied
to case (4), an artificial overlap has been created by moving the last stem closer
into the RFQ which leads to a shorter last RF cell compared to the others.
Here a reduction of the field peak by a factor of 1.44 can be achieved. This
can also be seen in the voltage along the beam axis in a simulation without
modulation on the electrodes. The only voltage a particle experiences here is
the additional voltage on axis due to the fringe fields in the gap. Comparing

the four cases, a suppression of this voltage by about 10% can be observed

(see. table|6.1]).
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Table 6.1: Voltages on the Beam Axis for the Four Cases Presented in Fig. with
Reference to the Regular Overlap Model.

Case Voltage on Beam Axis
(1) Regular Overlap 100%
(2) No Overlap 98.56%
(3)  No Overlap - Wall Close 115.3%
(4) No Overlap - Stem Moved 91.11%

CST

Figure 6.5: Simulation of the absolute currents on the 4-rod resonant structure.
The current on the last stem is of less intensity than on the middle
stems.

To summarize the results of these simulations, one can follow that the end
geometry of the electrodes has a strong influence on the amplitude of the
fringe field and that the magnetic field around the last stem needs to have
enough space. The magnetic field encloses each stem. If there is only a small
distance from the outer edge of the last stem to the vessel wall, the last stem’s
magnetic field is suppressed strongly compared to the other RF cells. This
suppression leads to a lowered potential on the electrodes at their very last
section connected to the last stems. This can be described by "cold" and "hot"
electrodes, meaning a higher potential on the free electrodes, not connected to
the last stem, compared to the fixed ones at the end of an RFQ. This effect
becomes clearly visible when the absolute currents on the stems are displayed
in Fig.[6.5] Compared to all other stems, the currents on outer side of the last
stem has much less intensity.

For a quantification of this phenomenon, the voltage between the stems

and the vessel side wall can be compared. This voltage is calculated by the
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Figure 6.6: To compare the currents on the stems quantitatively the voltage be-
tween the stem and the vessel wall was calculated. This figure shows
the tangential electric field on curves in different angles. The difference
for the stem voltage for these angles is negligible.

integral over the tangential component of the electric field on the curves which
are pictured in Fig. (left) for different angles. Fig. [6.6|right) shows the
influence of the curves’ angle on the field along this integration path. The
fields have a strong decay with a growing distance from the stem and vanish
in the metal of the stem and the vessel. Due to the different field maxima and
path lengths at different angles, the voltages vary as well, but the results for
the stem voltage on these paths have a difference of up to one percent. This
shows that the stem voltage is a robust value to study. Still, for an accurate
comparison of different stems, the same position of the integration path is
used. In the following discussions, this voltage will be referred to as the "stem
voltage" Ugyen, and if not named, the chosen angle is 0°.

The stem voltage for different stems along an RFQ for all four electrodes is
pictured in Fig. From this graph, a bunch of information can be extracted:
(a) Comparing Uge,, between the last Usyenr and second last stems Usgiems
of the RFQ reveals that in this standard RFQ simulation Ugepr, is 17% of
Ustems at the low energy end and 15% at the high energy end of the RFQ,
while two neighboring middle stems (11 and 12) show only a difference of about
2%. (b) In addition, this difference in the stem voltages longitudinally reflects
the shape of the flatness described in chapter (c) As a further point, the

difference in Ugye,,, on just one stem has to be explained. For example, on the X
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Figure 6.7: Stem voltage along the X and Y electrodes. The comparison shows a
raise of the stem voltage from the fixed end of an electrode (for example
X electrode at stem 1) to the free end (X electrode at stem 23). This
distribution explains the differences between the hot and cold electrodes
at the end of the RFQ.

electrodes the two data points on one stem are the stem voltages on both sides
of the stem from the upper right arm (top right) or the lower left arm (low left)
and vice versa on the Y electrode. Over the length of the electrodes, Ugyern on
the lower electrode is less than on the upper one,i.e. there is a dipole effect
between the lower and upper electrode pair. This dipole and its optimization is
studied in detail in the PhD thesis of B. Koubek. Information on this subject
can be found in his papers for example in [21], [24], [20] or [22].

In addition to the four cases of the boundary geometries discussed in Fig.
Fig. shows Ugyen, for the last Ugyenr, and a middle stem Ugyepnns with a
growing electrode overlap (OVL) from no overlap to 40 mm when the distance
between the vessel wall and the electrode end is kept constant. With a growing
overlap, the difference gets sightly smaller, but there is no significant influence

of the length of the overlap on a uniform stem voltage.
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Figure 6.8: The stem voltage with a growing overlap from 0 mm to 40 mm. This
variation has a very small influence on the stem voltage.

The idea to give the magnetic field enough space to close around the last stem
was followed with another series of simulations for different shapes of the last
stem. Fig.[6.9presents two shapes of stems: one which consists basically of two
columns holding the electrodes and another one with waist like cut outs on each
side. They have been studied together with a third model where additional
capacitances have attached to the vessel wall close to the electrode ends which
are fixed at the last stem. The idea here is that these extra capacitances
should raise the potential on these "cold" electrodes. In table the results
of these studies on the last stems are summarized. Compared is Ugye,, of the
last stem to the second last and a middle stem for all three end configurations
and the standard RFQ model (case (1) Fig.[6.4). The extra capacitance has no
influence on Usy,,, because the differences between the stems remain the same
in this case. But variations in the stem shapes show an effect on Ugsep,. In
the comparison of the last and second last stem Ustemr/Ug,,,.s the column stem
raises the ratio by 4%; and in the comparison to a middle stem Ustems/Ug, .
there is an increase of 5%. The stem with the waist shows a similar effect: an
increase of 5% for Ustemr/Ugy,,,s and 7% for Ustemr/Ug,..,n With respect to the

reference model, case (1).
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Table 6.2: Comparison of Ugyep, of the last stem with the second last and middle

stem.
Case USt‘"”L/UStems USt‘"”L/UStemM
Case (1) Fig.[6.4] 17% 24%
Column 21% 29%
Capacitance 17% 24%
Waist 22% 31%

Column

Waist

|

Figure 6.9: Alternative designs for the last stem have been studied to created ad-
ditional space for the magnetic field to close around the last stem.
According to table the waisted stem shows the best results of theses
study.

To conclude these investigations, two parts of the RF(Q which were intro-
duced in Fig.[6.3 remain to be discussed. These are the position of the tuning
plate in the last RF cell and the aperture radius of the RF shielding plate.
The fringe field with with two different positions of the last tuning plate is pre-
sented in Fig. In these simulations of the standard RFQ model (case (1)
in Fig. two extreme cases are compared. The black line represents the
peak in F, when the tuning plate is at the bottom of the RF cell. Raising the
tuning plate to its maximum position which has 55 mm free space under the

plate increases the fringe field by a factor of 1.2.

87



6 The Longitudinal Electric Field

Tuning plates low
2.5x10° 4 - Tuning plates at max. height

2.0x10°
| y\%

1.5x10°

apepreLr:

low
1.0x10°

5.0x10° 4 ‘Q;
0.0 1

5.010° +——F——F———T———T 7T T T T T
10 O 10 20 30 40 50 60 70 80 90 100

z-Position [mm]

z-Component of Electric Field on Axis [V/m]

Figure 6.10: Fringe fields simulated with position of the tuning plate in the end
RF cell [5I][50]. When the last tuning plate is raised to its maximum
position in the RF cell the fringe field is increased by a factor of 1.2
compared to the tuning plate on the bottom of the RF cell.

This behavior coupled with the reduction of the fringe field by an artificial
overlap of the electrodes like it is discussed in Fig. case (4) presents an
important interaction. To create this overlap, the last stem of the RFQ is
moved closer to the second last stem which leads to a shortening of the last
RF cell. This change of the resonant circuit also changes the flatness as well
(which was presented in section so that the tuning implementation takes
place mostly in the middle of the RFQ instead of the boundary cells in the
standard RFQ model. So, the optimization of the fringe field benefits from this
artificial overlap in both ways: the reduction of the fringe field due to better
distribution of the magnetic field and the low position of the tuning plate in
the outer RF cell.

As a last step in these studies, Fig. shows the change of the fringe field
due to growing aperture radius of the RF shielding from 3 mm to 75 mm.
Following this approach, it is possible to reduce the fringe field in this case by
a factor of nearly 5 and even for the bigger aperture of 40 mm a factor of 4.5
smaller peak in the fringe field can be achieved. Comparing the field peaks to
the additional voltage a particle experiences due to the fringe field (Fig. [6.12)),
this opening reduces the voltage by more then 15%.
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Figure 6.11: Fringe field with varying aperture of the RF shielding insert. The
maximum field in the gap is reduced by a factor of 5 when the aperture
is opened.[51][50]
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Figure 6.13: Picture of an electrode end with (right) and without (left) a Crandall
Cell. The Crandall Cell provides a transition from the full modulation
to a symmetric aperture at the end of the electrodes.

6.2 The Influence of 4-rod RFQ Fringe Fields on the
Output Energy of the Beam

All these simulations study the fringe fields at the full amplitude of F,. Their
real influence on the ion beam is strongly dependent on the particle dynamic
design of the RFQ. In an RFQ design where the electrodes end with a full ac-
celeration cell, the configuration looks like the end of the electrodes in Fig.|6.13
on the left side. The particle are focused in one plane and defocused in the
other one at the end of the electrodes. In this classical case, the synchronous
phase of the design particle is 60° in the middle of the last RF cell. The phase
values here refer to the sinus convention with the maximum electric field am-
plitude at 90°. At the cell end, the field has shifted to a phase of 150° typically.
This corresponds to 50% of the maximum field strength on the falling edge of
the RF when the particle enters the gap between the electrodes and the vessel
wall in this classical design.

An alternative design that can be used in order to match the output distri-
bution of the beam to the downstream parts of the LINAC includes a Crandall
Cell at the end of the electrodes [7]. It consists of two parts: a transition cell
[59] to merge the modulated acceleration cell to a symmetric point, that has
the same aperture for x and y electrodes, and an unmodulated end part. This
unmodulated section focuses the beam on a fitted length to form a symmetric
transverse output distribution of the bunch. A picture of this configuration is
given in Fig. [6.13| on the right side. Using a Crandall Cell the phase profile of
the design particle at the electrode end is strongly changed. Compared to the
classical case, the design particle enters the gap typically at a phase of 65°.
This 90° phase shift means a change in the amplitude of £, from 50% on the
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falling edge to 90% of its maximum amplitude but on the rising edge of the
RF phase in the moment the design particle enters the gap.
The energy gain AW of a particle with a charge ¢ in the gap with a length

L and a maximum electric field amplitude F, can be expressed by

AW = qEyL - T cos @ (6.1)

where @ is the phase shift of the particle arriving at the gaps origin compared
to the crest of the RF field and T is the transit-time factor. 7" needs to be
introduced in order to include the time dependence of the RF field while the
particle travels through the gap. It corresponds to the ratio of the energy gain
in an RF field compared to a non oscillating field.
f_Lﬁz Ei—,2) cos(wt(z))dz

L/2
f—L/Q E(t:07z)d2

T

(6.2)

From these equations it is obvious that the impact of the fringe field depends
on the synchronous phase of the particle entering the gap, on the length of the
gap and on the operating frequency of the RFQ [7]. The 4-rod RFQ is most
sensitive to fringe fields at high frequencies that has a short gap between the
electrodes and the vessel wall and when the design includes a Crandall Cell at
the end. In general, fringe fields can be take care of in the particle dynamics,
but in Parmteq,; they are included only when there is no Crandall Cell in
the design. This comes from the fact that the kind of fringe fields discussed
here are not introduced by the asymmetry of the electrodes ending with a full
acceleration cell (which are included in Parmteqys [8]), but are induced by
intrinsic asymmetries of the RF structure.

To simulate the effect of the fringe fields on the particle’s output energy
which occur due to boundary conditions and the resonance behavior of the
4-rod RFQ, CST Particle Studio can be used. In this code, the fields of the
eigenmodes of the resonator are calculated and then imported for the particle
dynamics simulations. A result of the tracking solver is presented in Fig.
The upper picture shows a tracking result for an enhanced aperture in the RF
shielding of 104 mm diameter. This geometry produces an maximum particle
output energy of 751 keV, while a smaller aperture of 44 mm diameter leads to

an maximal output energy of 740 keV for the same RFQ. This simple particle
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Figure 6.14: CST particle tracking simulations with a closed (upper picture) and
open (lower picture) aperture of the RF shielding confirm its influence
on the output energy of the RFQ.

tracking simulation shows a strong effect producing an output energy decrease
of 11 keV by comparing two sizes of the end flange. Other simulations on this
subject using the particle in cell method can also be found in [27] where it
is shown the the particles are decelerated in the gap between electrodes and

vessel wall.

6.2.1 Energy Measurements

These effects are not only visible in simulations, but also in beam measure-
ments. Fig. shows two setups in which the output energy of the beam at
the FNAL H™-RFQ has been measured.

The results of these measurements are presented in Fig. [6.16] The data
points in the left graph summarize the output energy measured with the time-
of-flight method for several beam pickup (BPM) positions with the RF shield-
ing in the RFQ (Fig. "Before"). Here the output energy is 700+17 keV /u.
Then the shielding was taken out and the output energy for the same RFQ
was measured with a dipole magnet to be 756.5+0.5 keV/u (Fig. "Af-
ter"). These measurements confirm that a careful RF design study has to
be performed with respect to the fringe fields in order to reassure the RFQ’s
output energy of the particle dynamic design [50)].

92



6 The Longitudinal Electric Field

Before

Figure 6.15: The output energy of the RF(Q was measured in the two set ups shown
in this picture [50]. In the first measurements of the FNAL RFQ the
RF shielding was inserted at the low and high energy end of the RFQ.
After the modification it was removed at the high energy end and its
aperture was increased at the low energy end of the RFQ.
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Figure 6.16: Measurement of the output energy of both cases "Before" and "After"
the modification of the FNAL RFQ [50]. The measurements show a
shift from 700 keV /u with the RF shielding to 750 keV /u without it.
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7 Conclusion and Summary

The main subject of this thesis is the optimization of the electric field distri-
bution in the RF design and tuning of 4-rod RFQs. In this work on four RFQ
projects, with a range of operating frequencies from 80 MHz to 216 MHz three

main research aspects are addressed:

1. Basic studies on the characteristics of the longitudinal voltage distribu-
tion, called the field flatness, that includes the influence of RF design
elements and systematic measurements, for a better understanding of its

behavior.

2. The analysis of three different simulation methods for the prediction of
the field flatness and especially the development of the lumped circuit
model for the simulation of the tuning plate’s influence on the field flat-

ness.

3. The optimization of the fringe fields in the 4-rod RFQ structure with
studies on the influence of the mechanical design parameters on these
field peaks.

7.1 Electric Field Distribution in the 4-rod RFQ

Detailed simulations on the various influences that elements of the mechani-
cal and RF design of 4-rod RFQs have on the electric field distributions are
presented in this thesis. Both the studies on the field flatness along the RFQ
that are discussed in chapter [4 as well as the fringe fields in the gap between
the electrodes and the vessel wall in chapter [6] lead to a better understanding
of the resonant behavior and symmetries of the RFQ.

The results of these studies can be used to improve the RF design. Fig.
shows a possible version of an RFQ model which includes the findings from
these chapters. The three main improvements of this model are a reduced stem
distance in the end RF cells, an enhanced space for the magnetic field around

the last stem and the RF shielding position.
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Figure 7.1: Parameters for an improved field distribution of the 4-rod RFQ. The
model includes reduced stem distance in the end RF cells (i), an en-
hanced space for the magnetic field around the last stem (ii) and an
optimized RF shielding position (iii).

Reduced Stem Distance in End RF Cells In section[£.1.2] the change in the
field flatness caused by a variable stem distance is presented. Fig. shows
the field flatness with a reduced stem distances in the boundary RF cells. In
principle this effect can be used in the RFQ design to generate any desired
field flatness by adapting the stem positioning. Since simulation techniques,
like CST MWS whose accuracy is discussed in section [5.1] and manufacturing
processes have improved fast in the last few years, one can think of RF designs
in which the length of each RF cell is fitted to its capacitance so that tuning
plates will no longer be needed. Such an 4-rod RFQ could just be tuned just
with dynamic tuners used in operation. But even today, the simulation accu-
racy allows the use this parameter. For example the Los Alamos RFQ design
includes three shortened RF cells at the beginning and end of the structure
[28]. But this is not only about the field flatness. As it was shown in the
analysis of the last tuning plate’s influence on the fringe field (see Fig. [6.10)
in section the last tuning plate contributes to it. With a reduced RE cell
length, the shape of the field flatness switches, so that its maximum is moved
from the end RF cells to the middle of the RFQ. With this effect, the plates
in the outer RF cells can be kept low, following the results of section [6.1
In addition, the field maximum in the middle of the RFQ assures optimum

bunching performance of the RFQ which is important for the transmission of
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the structure (see Fig. [4.1). The model in Fig. has this kind of RF cell
length variation with three shorter RF cells at the ends.

Enhanced Space for the Magnetic Field Around the Last Stem The
studies of the electrode’s overlap and the analysis of the stem voltage in sec-
tion showed that the fringe fields can be lowered if the distance between
the last stem and the vessel wall is increased. This creates more space for
the magnetic field around the last stem to develop what increases the field
symmetry at the ends of the RFQ. The same effect can be supported with a
waist form applied to the design of the last stem as illustrated in the model in
Fig. where the waisted end stem is combined with an enhanced space to

the vessel wall.

RF Shielding Position In comparison to all elements that were studied in
section the RF shielding insert at the end flanges of the RF(Q has the
strongest influence on the fringe field. Simulations of the electric field of the
RFQ’s electrodes show the boundaries of this field can reach into the aperture
of the RF shielding and can be perturbed by it. The easiest way to avoid
this is to insert no RF shielding at all, like it is shown for the beam energy
measurements in section [6.2.71 But if sensible devices are connected to the
RFQ the shielding is needed to avoid RF leaking out of the RFQ. In this case
there are two possibilities: Either the aperture can be big enough to fulfill the
compromise between shielding and non perturbing the electrode’s field or the
RFQ vessel can be designed, such as in Fig. [7.I] where the RF shielding is

attached from the outside of the connecting flange.
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7.2 Conclusion of Field Flatness Simulation Methods

In chapter 5| three simulation methods of the field flatness are discussed. The
advantages, disadvantages and limitations of these models will be discussed in

this section.

CST Microwave Studio The first one is CST MWS that is the standard
simulation software for the RF design of 4-rod RFQs. This program is able to
calculate the eigenmodes of the resonator with its fields and all characteristics
like resonant frequency or for example losses and current distributions. From
these simulations, the field flatness of any tuning plate configuration can be
extracted. Of all three methods that are compared, this is the only approach
that does not rely on any input data from measurements of a structure but
produces results from a computer model. In general this makes it a powerful
tool that has been used successfully in the design of many different accelerator
types. For the 4-rod RFQ, the MWS prediction of the eigenmodes in the initial
state of the structure with MWS is accurate in the order of a few MHz for the
resonance frequency. The relative distributions of currents or energy density
distributions can be analyzed using this simulation tool. Still, the studies on
the field flatness simulation show that the accuracy of its prediction is not good
enough to be used in the tuning process [56]|27]. The detailed resolution of the
RFQ’s modulated electrodes with its strongly inhomogeneous fields is still a
challenge. Currently, MWS works well for calculations of the relative changes
that are induced by parameter variations. For accurate predictions of detailed
field distributions and the tuning plate’s influences further improvements in

the simulation of the transmission line resonator need to be made.

Effect Functions The other two simulation methods are both based on mea-
sured data of the RF(Q which are then extrapolated for other tuning plate
configurations using different approaches. The first that was followed is the
calculation of the field flatness with effect functions in section which were
introduced in [I0]. This theory was realized in a LabVIEW based software and
shows really good results for RFQs that have an operating frequency around
100 MHz [48]. For RFQs at operation frequencies of 200 MHz, this theory
does not working anymore. Simplifications that work well for lower frequency

structures which show a more linear behavior in the tuning cannot be adapted
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in more sensible resonators with higher frequencies. Even with refinements,
the theory of effect functions in this form can not be used in these cases (see
Fig. . Still, the inductance change 6L /L in the application of the lumped
circuit model is the same as the height dependence EC(h) in the effect func-
tion EC(z,h) = EC(hg) - ECg(z). This could be a possibility to implement in

this model to improve its performance.

Lumped Circuit Model The experiences and calculation approaches that
are known from the 4-vane RFQ community lead to the development of the
lumped circuit model [56]. This model uses an analytic description of the RFQ
as a chain of inductively coupled LC resonators, fits this model to MWS simu-
lation results before it is adapted to the data of a measured RFQ. Its results are
presented in section [5.3] Smooth tuning plate distributions are reflected pre-
cisely while for configurations in which the tuning plates are in high positions
with deviations in their height from cell to cell the deviation between simula-
tion and measurement grows in the high energy part of the RFQ. This behavior
is similar to MWS simulations, but while MWS overestimates the effect of the
tuning plates in this part of the RFQ the lumped circuit model underestimates
it slightly. Of the three methods that were studied in this thesis, the lumped
circuit model shows the most accurate results of the field flatness for certain

tuning plate configurations when compared to its measurements of a 200 MHz
RFQ.
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7.3 Summary

In this thesis, the tuning process of the 4-rod RFQ has been analyzed and a
theory for the prediction of the tuning plate’s influence of the field flatness was
developed together with RF design options for the optimization of the fringe
fields.

The basic principles of the RFQ’s particle dynamics and resonant behavior
are introduced in the theory chapter 2l All studies that are presented are based
on the work on four RFQs of recent linac projects. These RFQs are described
in chapter [3] Here, the projects are introduced together with details about
the RFQ parameters and performance. In the meantime two of these RFQs
are a in full operation at NSCL at MSU and FNAL. One is operating in the
test phase of the MedAustron Cancer Therapy Center and the fourth one for
LANL is about to be built. In chapter [4 the longitudinal voltage distribution
has been studied in detail with a focus on the influence of the RF design with
tuning elements and parameters like the electrodes overlap or the distance
between stems. The theory for simulation methods for the field flatness that
were developed as part of this thesis, as well as its simulation with CST MWS
have been analyzed and compared to measurements in chapter bl The lumped
circuit model has proven to predict results with an accuracy that can be used
in the tuning process of 4-rod RFQs. Together with results from chapter 4] the
studies that are presented in chapter[6lon the fringe fields of the 4-rod structure
lead to a proposal for a 4-rod RFQ model with an improved field distribution in
the transverse and longitudinal electric field as it is summarized in section

In summary, it has been shown that the RF design has been improved in
the last few years leading to a better performance of the 4-rod RFQ. The
development of RFQs with tight requirements is possible using a combina-
tion of classical RF(Q design codes like Parmteq, modern numerical simulation
techniques like CST Microwave and Particle Studio together with advanced
manufacturing technology and an enhanced strategy in the tuning process of
the field flatness.
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