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Zusammenfassung

Diese Dissertation beschreibt die Entwicklung einer neuen Radio-Frequenz-Quadrupol (RFQ-)
Struktur des 4-Rod-Typs mit einer Betriebsfrequenz von 108 MHz fiir die Beschleunigung
schwerer Tonen mit Masse-zu-Ladungsverhéltnissen von bis zu 8,5 bei hohen Tastverhaltnis-
sen bis hin zum CW-Betrieb (,,Continuous Wave*) am Hochladungsinjektor (HLI) des GSI
Helmholtzzentrums fiir Schwerionenforschung in Darmstadt.

Neben der Hochfrequenzauslegung durch mit dem Programm CST Microwave Studio durchge-
fihrten HF-Simulationen, fiel der Schwerpunkt der Untersuchungen auf die mechanische
Analyse der durch den HF-Betrieb hervorgerufenen Vibrationen an den Elektroden-Staben,
wofiir auf die ANSYS Workbench Software zuriickgegriffen wurde. Aufgrund der im CW-
Betrieb hohen thermischen Belastung der RFQ-Struktur von mehr als 30 kW /m ist ebenso
eine akkurate Analyse der thermischen Effekte auf die Elektrodendeformation sowie die da-
raus resultierende Frequenzverstimmung des Resonators erforderlich, was im Rahmen der
Moéglichkeiten von CST Mphysics Studio durch Simulationen untersucht wurde.

Basierend auf den Ergebnissen der mittels Simulationen durchgefiihrten Design-Studien und
daraus erzielter Optimierungen wurde ein entsprechender 4-Rod-RFQ Prototyp mit 6 Stiitzen
gefertigt, an dem durch Messungen der HF-Eigenschaften sowie des Vibrationsverhaltens die
aus den Simulationen erwarteten Eigenschaften verifiziert werden konnten.

Die Notwendigkeit zur Entwicklung eines komplett neuen RFQs fiir den HLI ergibt sich aus
der Tatsache, dass mit der urspriinglich im Rahmen des geplanten HLI-Upgrades entworfenen
und gebauten 4-Rod-Struktur, die im Jahr 2010 am HLI in Betrieb genommen wurde, auch
nach mehrjahriger Betriebserfahrung und erheblichen Anstrengungen zur Behebung oder zu-
mindest Reduzierung der schwerwiegenden Betriebsprobleme die angestrebten Betriebsmodi
sowohl im gepulsten, als auch im CW-Betrieb nicht erreicht werden konnten. Problematisch
erwiesen sich dabei vor allem mechanische Vibrationen der Elektroden, die eine starke mo-
dulierte Leistungsreflektion zur Folge haben, sowie die hohe thermische Sensitivitat.

Der im Jahr 1991 in Betrieb genommene Hochladungsinjektor (HLI) ist neben dem Hoch-
strominjektor (HSI) einer der beiden Injektoren fiir den UNILAC-Beschleuniger (,,Univer-
sal Linear Accelerator”), der wiederum zusammen mit dem Schwerionensynchrotron SIS18
als Injektor fiir die neue geplante und bereits im Bau befindliche FAIR-Anlage (,,Facility
for Antiproton and Ion Research®) vorgesehen ist. Im Rahmen des internationalen Grof3-
forschungsprojektes FAIR sind vielfaltige Experimente auf verschiedensten Forschungsge-
bieten geplant, wie etwa der Atom- und Plasmaphysik sowie deren Anwendung in Bio-,
Medizin- und Materialwissenschaften (APPA), die Erforschung von komprimierter baryo-
nischer Materie (CBM) sowie der Struktur und Reaktionen exotischer Atomkerne in Ster-
nen (NuSTAR), als auch Forschung mit Antiprotonen (PANDA). Weil der UNILAC dem-
entsprechend fiir die Anforderungen von FAIR umgeriistet werden soll, wobei nur geringe
Tastverhéltnisse < 1% erforderlich sind, ist der Bau eines neuen dedizierten (supraleiten-
den) CW-Linearbeschleunigers mit dem Namen ,,Helmholtz Linear Accelerator® (HELIAC)



geplant, der zur Weiterfithrung der Erforschung superschwerer Elemente an der GSI vorge-
sehen ist. Das Erfordernis des CW-Betriebs ergibt sich dabei aus den typischerweise sehr
niedrigen Produktionsraten superschwerer Elemente.

Die kiinstliche Produktion und der Nachweis eines transuranen Elementes gelang erstmals
im Jahr 1940 am Berkeley Radiation Laboratory mit der Erzeugung von Neptunium durch
den Neutroneneinfang von Uran, wobei die dafiir ben6tigten Neutronen durch den Beschuss
eines Beryllium-Targets mit einem Deuteronen-Strahl aus einem Zyklotron generiert wurden.
Nach dhnlichem Prinzip konnten so in den folgenden Jahren bis 1954 auch die transuranen
Elemente bis zur Ordnungszahl 100 hergestellt werden, was mafigeblich durch die Entwick-
lung des Zyklotrons ermoglicht wurde. Ab 1955 bis 1974 gelang es dann mit Hilfe eines
neuen Schwerionenbeschleunigers in Berkeley (HILAC) und der Entwicklung von Schwerio-
nenzyklotrons am Joint Institute for Nuclear Research (JINR) in Dubna durch den Prozess
der sogenannten , heiflen Fusion“ die Elemente bis zur Ordnungszahl 106 zu erzeugen.

Die nachfolgenden superschweren Elemente mit Ordnungszahlen von 107 bis 112 mit den
Benennungen ,,Bohrium*, ,,Hassium*, , Meitnerium®, ,,Darmstadtium®, ,, Roentgenium* und
,Copernicium® wurden in der Zeit von 1981 bis 1996 an der GSI in Darmstadt entdeckt,
wobei hierfiir das Prinzip der ,kalten Fusion“ angewendet wurde. Die dafiir benotigten
Schwerionenstrahlen mit Energien um die 5 MeV/u wurden vom 1975 in Betrieb genomme-
nen UNILAC bereitgestellt und die neuen Elemente wurden im Schwerionenseparator SHIP
erzeugt und nachgewiesen. Die Strahlen zur Erzeugung von Darmstadtium, Roentgenium
und Copernicium wurden dabei vom Hochladungsinjektor in den UNILAC injiziert.

Die heute schwersten bekannten nachgewiesenen Elemente mit den Ordnungszahlen 113 bis
118 (,,Oganesson*) wurden schliefllich wieder mit dem Verfahren der heilen Fusion zwischen
1998 und 2006 in Dubna unter Verwendung des Schwerionenzyklotrons U-400 entdeckt.
Diese betrachtlichen Fortschritte wurden letztlich durch kontinuierliche Weiterentwicklungen
sowie Innovationen auf dem Gebiet der Beschleuniger-Technologie ermoglicht.

Eine Grundproblematik bei der Vorbeschleunigung von niederenergetischen Ionenstrahlen
aus der Ionenquelle fiir die Injektion in einen Driftrohrenbeschleuniger stellen die bei niedri-
gen Strahlgeschwindigkeiten hohen Raumladungskréfte dar, die eine effiziente transversale
Strahlfokussierung nétig machen. Zudem muss der Gleichstromstrahl aus der Ionenquelle
longitudinal in sogenannte Teilchen-Bunche komprimiert werden, um so viele Strahlteilchen
wie moglich in die Phasenakzeptanz der nachfolgenden Driftréhrenstruktur zu bringen.
Nachdem die Beschriankungen der elektrostatischen Vorbeschleunigung und der dabei ange-
wendeten Methoden zur longitudinalen Strahlfokussierung typischerweise den Flaschenhals
von lonenbeschleunigern hinsichtlich der erreichbaren Strahlstréme sowie der Strahlqualitat
bildeten, wurde schliefSlich im Jahr 1969 von I. Kapchinsky und V. Teplyakov das Prinzip des
Radio-Frequenz-Quadrupols vorgeschlagen. Dieses sieht die gleichzeitige transversale Fokus-
sierung, das longitudinale Bunchen sowie die Beschleunigung des Ionenstrahls in einem mit
hoher Frequenz alternierendem elektrischen Quadrupolfeld vor. Die flir das Bunchen und
Beschleunigen benoétigte longitudinale Feldkomponente wird dabei durch eine sinusférmige
Modulation der Elektrodenform erreicht. Die transversal geschwindigkeitsunabhéngige elek-
trische Fokussierung folgt dem Prinzip der alternierenden Gradienten-Fokussierung.
Nachdem das grundlegende Konzept des RFQ-Beschleunigers erstmals im Jahr 1974 am In-
stitute of High Energy Physics (IHEP) in Protwino, sowie nochmals 1980 am Los Alamos
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National Laboratory (LANL) mit deutlich erhéhter Transmissionseffizienz erfolgreich getestet
werden konnte, werden RFQ-Strukturen bis heute standardmaBig fiir die (Vor-)Beschleuni-
gung von niederenergetischen Ionenstrahlen verwendet. Mit der Zeit wurden neben den ur-
spriinglich verwendeten 4-Vane-Strukturen auch verschiedene andere Resonator-Konzepte fiir
die Anwendung als RFQ eingesetzt. So wurde etwa ab Mitte der 1980er Jahre die sogenann-
te 4-Rod-Struktur vorwiegend am Institut fiir Angewandte Physik der Goethe-Universitét
Frankfurt unter Leitung von A. Schempp entwickelt. Aufgrund der besonderen Vorziige von 4-
Rod-Strukturen, wie etwa der flexible und vergleichsweise simple Mechanismus zum Frequenz-
und Flatness-Tuning sowie die im Vergleich geringen Fertigungskosten und einfache Wartung,
kann der 4-Rod Resonator-Typ trotz der auftretenden Probleme am aktuellen HLI-RFQ den-
noch als praktikabelste Losung beziiglich der Anforderungen des HLI-Betriebs betrachtet
werden. Die wesentlichen im Rahmen dieser Dissertation erarbeiteten Verbesserungen der
mechanischen Auslegung von 4-Rod-Strukturen im Hinblick auf den CW-Betrieb im HLI,
sowie die Methoden und Ergebnisse der durchgefiihrten experimentellen Untersuchungen an
dem 6-Stiitzen-Prototyp sind im Folgenden zusammengefasst.

Vor der Auslegung des neuen RFQ-Designs wurde zunéchst eine umfangreiche simulations-
basierte Analyse der an dem bestehenden HLI-RFQ auftretenden mechanischen und ther-
mischen Probleme durchgefiihrt. Ausgangspunkt und Referenzfall waren dabei die zuvor an
der GSI gemachten Beobachtungen wahrend des HF-Betriebs sowie die dort durchgefiithrten
Vibrationsmessungen. Ausgehend von einer mechanischen Modalanalyse mit ANSYS konn-
ten die zuvor gemessenen mechanischen Schwingungsmoden bei 350 Hz und 500 Hz schnell
identifiziert und klassifiziert werden, woraus zwei Kriterien fiir die Anregung mechanischer
Elektrodenmoden durch das elektrische Quadrupolfeld abgeleitet werden konnten: Zum einen
muss die Vibrationsebene der betreffenden Eigenmodenschwingung eine radiale Komponente
relativ zum Quadrupolzentrum aufweisen, d.h. die Schwingung muss zumindest teilweise par-
allel zum Vektor der elektrischen Kraft auf die Elektrode verlaufen. Zum anderen muss
das Verformungsprofil der Eigenmode unidirektional in eine Richtung der Schwingungsebene
zeigen, da auch die Richtung der Anregung durch die elektrische Kraft entlang der Elektrode
homogen ist. Diese Schlussfolgerungen konnten auch durch eine harmonische Analyse des
mechanischen Antwortspektrums bestétigt werden, bei der zudem gezeigt werden konnte,
dass nur die radiale Mode bei 500 Hz durch das Quadrupolfeld angeregt wird, wohingegen die
Anregung der tangentialen Mode (in senkrechter Schwingungsebene zur radialen Richtung)
eindeutig auf eine Asymmetrie der Quadrupolfeldverteilung zuriickzufiihren ist, die durch
die flir 4-Rod-Strukturen charakteristische elekrische Dipolkomponente hervorgerufen wird.
Aus einer Analyse der HF-Sensitivitéit gegeniiber den identifizierten problematischen Elektro-
deneigenmoden mittels CST MWS, konnte schliefllich auch die Tatsache aufgeklart werden,
dass die tangentiale Schwingung bei 350 Hz nicht im reflektierten HF-Signal beobachtet wer-
den kann, was darauf zurtickzufiihren ist, dass ihr Einfluss auf die Frequenzverstimmung
nur etwa 5% von dem der radialen Mode betragt. Der aus diesen Simulationen abgeleit-
ete Wert der Schwingungsamplitude von etwa 2 um zeigt eine gute Ubereinstimmung mit
den entsprechenden Messwerten aus den vorangegangenen Vibrationsmessungen. Dies wurde
zusétzlich durch transiente Schwingungssimulationen mit ANSYS bestétigt, bei denen auch
der zuvor vermutete Anregungsmechanismus durch die Flanken der HF-Pulse reproduziert
werden konnte.
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Aus den mit CST Mphysics Studio durchgefiihrten thermischen Simulationen konnte schlief3-
lich auch die zunéchst unerwartet hohe thermische Sensitivitdt des HLI-RFQ reproduziert
werden. Dafiir erwies es sich als unbedingt notwendig, neben der Warmeleitung im Mate-
rial auch zusétzlich ausschlaggebende thermische Prozesse in der Simulation zu bertcksichti-
gen, wie z.B. die Erwdrmung des Kiihlwassers entlang der Kiihlkanile sowie der endliche
Warmeiibertrag vom Kupfer in das stromende Kiihlwasser. Da in der aktuellen Software-
Version von CST diese Effekte jedoch nicht in die Simulation einbezogen werden koénnen,
wurde ein semi-analytisches Modell zur Berechnung der thermischen Randbedingungen an-
gewendet. Dadurch konnte gezeigt werden, dass beide Prozesse einen erheblichen und nicht
zu vernachlassigenden Einfluss auf die Temperaturverteilung und die daraus resultierende
Frequenzverstimmung haben. Im Fall von 4-Rod-Strukturen haben zudem die Eigenschaften
der mechanischen Kopplung zwischen den thermischen Verformungen der einzelnen Bauteile
an den Schraubverbindungen zwischen den Elektroden und den Stems einen signifikanten
Einfluss auf den Wert der simulierten Frequenzverstimmung, was durch die Betrachtung ver-
schiedener mechanischer Randbedingungen genauer untersucht wurde. Schlussendlich kon-
nte die beobachtete Frequenzverstimmung von —200 kHz bei einer Verlustleistung von 30 kW
mit einem mittleren Wirmeiibergangskoeffizienten von o = 9250 W/m?K und vollstindig un-
terdriickter mechanischer Kopplung zwischen den Elektroden und Stems reproduziert werden,
bei einem Wasserdurchfluss von 21/min wie bei dem Betrieb des realen HLI-RFQs.

Fiir eine zuverléssigere thermische Analyse ware es jedoch empfehlenswert eine leistungsfa-
higere Simulationssoftware wie ANSYS oder COMSOL einzusetzen, die in der Lage ist, die
Erwarmung des Kiihlwassers und die Fluiddynamik in den Kiihlkanélen sowie die Eigen-
schaften der Warmeiibertragung an Materialiibergéngen zu beriicksichtigen.

Die Auslegung des Prototypen erfolgte auf der Grundlage der bereits im CW-Betrieb bei
hohen Leistungen erfolgreich getesteten RFQs fiir das FRANZ- und MYRRHA-Projekt. Die
geometrischen Parameter der HF-Struktur wurden dabei durch HF- und mechanische De-
signstudien angepasst und optimiert, um die Soll-Betriebsfrquenz von 108.408 MHz zu er-
reichen und eine maximale mechanische Steifigkeit bei moglichst geringer Verminderung der
Shunt-Impedanz zu erlangen. Dafiir wurde der mafigebliche Parameter des Stiitzenabstandes
auf einen Wert von 120mm festgelegt, nahe dem Maximum der entsprechenden Shunt-
Impedanzkurve (als Funktion des Stiitzenabstandes). Dies machte es mdglich, trotz einer
deutliche hoheren Kapazitat durch die strukturelle Verstarkung der HF-Struktur nahezu den
gleichen Wert der Shunt-Impedanz von etwa 105-110 kQ2m wie beim bestehenden HLI-RFQ
zu erzielen. In dhnlicher Weise wurden auch alle anderen geometrischen Eigenschaften der
HF-Struktur optimiert, was sowohl die Geometrie der Elektroden sowie deren Halterungen,
als auch die Stiitzengeometrie betrifft. Die Zielparameter der durchgefiithrten Optimierung
waren die resultierende Stiitzenhohe, die Shunt-Impedanz, der Einfluss auf das Dipolverhalt-
nis und die Frequenz der unidirektionalen radialen mechanischen Elektrodeneigenmode, mit
dem Ziel diese soweit wie moglich anzuheben. Schliefilich konnten die mechanischen Eigen-
frequenzen auf Werte &hnlich denen des FRANZ- und MYRRHA-RFQs erh6ht werden und
liegen damit um einen Faktor von etwa 1,5 bis 2 deutlich iber den entsprechenden Werten des
bestehenden HLI-RFQ. Zudem konnte eine vollstandige Dipolkompensation erreicht werden,
bei einer vergleichsweifle groflen aber tolerierbaren Stiitzenhohe von iiber 250 mm.

Basierend auf den Ergebnissen der durchgefiihrten Designstudien wurde der 6-Stiitzen-Pro-
totyp mit einer Elektrodenlinge von 702 mm bei der NTG GmbH gefertigt, wobei zunéchst
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noch Optimierungen des Kiihlkonzepts erarbeitet wurden. Insgesamt konnte dadurch die
simulierte thermische Sensitivitéit (Frequenzverstimmung pro Einheit Verlustleistung) im Ver-
gleich zum bestehenden HLI-RFQ um einen Faktor von etwa 5 bis 6 deutlich reduziert werden
(von 6,7 auf 1,1-1,3Hz/W). Der mit einem voll funktionsfdhigen Wasserkiihlsystem ausge-
stattete und damit fiir Hochleistungs-HF-Tests ausgelegte Prototyp verfiigt aulerdem iiber
einzigartige Moglichkeiten zur experimentellen thermischen und Vibrationsanalyse, wie etwa
Sensorschéachte in den Stiitzen zur Messung deren Innentemperatur wahrend dem Betrieb,
sowie vier dedizierte Diagnosefenster im Tank fiir Messungen mit einem Laservibrometer.

Am fertigen Prototyp wurden sodann zum Vergleich mit den simulierten Eigenschaften vor
den geplanten Hochleistungstests umfangreiche HF- und mechanische Vormessungen durch-
gefithrt. Durch Anwendung verschiedener Messmethoden konnte schliellich die simulierte
Giite (Q ~5000) sowie die antizipierte Shunt-Impedanz (Rpr, ~110kQm) validiert werden.
Auch das Erreichen von nahezu vollstandiger Dipolkompensation auf ein Dipolverhéltnis von
unter 1 % wurde durch Messungen der Spannungsverteilung am oberen und unteren Elektro-
denpaar bestatigt. Zur Untersuchung des mechanischen Eigenmodenspektrums der Proto-
typenstruktur wurden verschiedene Methoden zur Messung und Anregung von Vibrationen
angewandt. Dabei wurde die Anregung entweder akustisch durch einen PA-Lautsprecher oder
mechanisch durch einen Piezoaktor oder einen Schonhammer induziert, wéhrend die Messung
mittels eines Mikrofons, eines Piezosensors oder des Laservibrometers erfolgte, mit dem zuvor
bereits die Vibrationsmessungen am bestehenden HLI-RFQ durchgefiihrt wurden. Insgesamt
zeigten die so gemessenen Spektren eine gute ﬁbereinstimmung mit den entsprechenden Sim-
ulationen. Zusatzlich wurde eine experimentelle Modalanalyse mit einem 3D-Laservibrometer
durchgefiihrt, wodurch die Eigenmoden-Verformungsprofile der Elektroden experimentell un-
tersucht aber auch die mechanischen Dampfungszeiten genauer bestimmt werden konnten.
Nachdem die RFQ-Struktur auf die HLI-Frequenz von 108,408 MHz abgestimmt, der Tank
vakuumdicht gemacht und die Diagnosegerite installiert wurden, konnte am IAP eine Vorkon-
ditionierung bis 200 W durchgefiihrt werden, bei der neben einer unerheblichen Konditio-
nierungsschwelle zwischen 140 und 240 mW im typischerweise kritischen Niederleistungsbe-
reich die Kavitdat das Hochfahren der Leistung ohne merkliche Probleme akzeptierte.

Nach Abschluss der Vormessungen sowie der Vorkonditionierung wurde der Prototypen-Tank
fiir den Transport zur GSI vorbereitet, wo in Kiirze Hochleistungstests mit thermischen Be-
lastungen von mehr als 30 kW /m und weitere Vibrationsmessungen wéhrend dem HF-Betrieb
durchgefiihrt werden sollen.

Basierend auf einem von C. Zhang neu entwickelten vorlaufigen Strahldynamik-Konzept, was
fiir die CW-Beschleunigung eines Schwerionenstrahls mit A/q =6 bei einem Strahlstrom von
1mA (entsprechend den HELIAC-Sperzifikationen) eine Elektrodenlédnge von etwa 2,8 m vor-
sieht, wurde ausgehend von dem Prototypen-Entwurf ein entsprechendes HF-Design fiir einen
moglichen neuen HLI-RFQ angepasst. Durch die vom neuen Strahldynamik-Konzept vorgese-
hene Herabsetzung der Elektrodenspannung auf 40kV konnte die Gesamtleistungsaufnahme
auf nur 43 kW reduziert werden. Dies verringert aulerdem die elektrische Kraft auf die Elek-
troden und triagt daher zur Minderung der Elektrodenvibration bei. Aus dem simulierten
Vergleich zwischen dem bestehenden HLI-RFQ und dem neuen Design geht hervor, dass allein
durch die machanische Versteifung der Struktur die Vibrationsamplituden voraussichtlich um
den Faktor 100 bis 200 reduziert werden konnten.



Waihrend die urspriinglich fiir den MYRRHA-RFQ entwickelte Methode zur Dipolkompen-
sation mittels einer lateralen Verschiebung der unteren Stiitzenarme und der damit einherge-
henden Verliangerung des Strompfades zu den unteren Elektroden direkt auf das entwickelte
Prototypen-Design angewendet werden konnte, wurde im Rahmen der vorliegenden Disser-
tation ein vollkommen neuer Ansatz zur Kompensation eines weiteren fiir 4-Rod-Strukturen
typischen Feldfehlers, den sogenannten longitudinalen Endfeldern, entwickelt. Die mittels
Simulationen durchgefiihrten Studien zur Entstehung der Endfelder zeigten deutlich, dass die
zur longitudinalen elektrischen Feldkomponente fiihrende ungleichméflige Potentialverteilung
an den Quadrupolelektrodenenden auf ungleiche Léngen der zu diesen fithrenden Strompfade
sowie auf deutlich geringere induzierte Ladestrome an den End-Stiitzen im Vergleich zur vor-
letzten Stiitze zuriickzufiihren ist. Beide Effekte konnten schliefllich durch Modifikationen
der Elektrodenhalter an den End-Stiitzen sowie durch sogenannte Seiten-Stiitzen erfolgreich
kompensiert werden. Dies ermoglichte eine Reduktion des Endfeldes von anfinglich etwa
50 % (Verhéltnis der Spannung im Endfeld zur Elektrodenspannung) auf nahezu Null, wobei
der Wert der Shunt-Impedanz erhalten werden konnte.
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(1) Introduction & Motivation

This thesis presents the development of a new radio frequency quadrupole (RFQ) accelerator
structure of the 4-rod type for the acceleration of heavy ion beams, according to the require-
ments set by the future planned operation modes of the High Charge State Injector (HLI')
at the GSI Helmholtz Centre for Heavy Ion Research in Darmstadt, Germany.

After all, a strong focus was put on the investigation and optimization of the structural-
mechanical properties, such as vibration behavior and thermal deformation, in order to min-
imize the resulting frequency detuning and finally enable stable RF operation of the RFQ.
Besides its continuing function as injector for the existing GSI facility, thus also being rele-
vant for the new FAIR project?, the HLI is also planned to be used as a dedicated injector for
a new superconducting CW? linear accelerator, with regard to which special attention was
hence given to the design for RF operation with high duty cycles up to CW mode.
Ultimately, the presently installed 4-rod RFQ at the HLI cannot be operated in pulsed mode
without major restrictions due to considerable problems caused by mechanical vibrations,
nor can it be operated reliably in CW mode due to a severe thermal operational instability.

Eventually, the requirement for the capability of CW operation mainly results from the
aim to study particle interaction processes with very low reaction cross sections, e.g. as in
the field of super-heavy elements (SHE) research, which has been a major focus at GSI for
decades and where further advances shell now be pursued.

This chapter summarizes the history of the exploration of heavy and super-heavy elements
since the 1940s and outlines the concept of the yet unexplored “Island of Stability” beyond
the limits of the nuclides chart known by today. In this context, also the current and planned
scope of the GSI facility and the FAIR project, the HLI as well as the CW linac, which is
termed as HELIAC (Helmholtz Linear Accelerator), are being briefly presented.

The basic operating principle and applications of RFQs, different types of applicable RF
resonator structures and their properties, as well as the principles of RFQ beam dynamics
and electrode design are explained in chapter An emphasis was made here on 4-rod
RFQ resonator structures, which have been primarily developed at the Institute for Applied
Physics (IAP) of the Goethe University Frankfurt since the mid 1980s.

An extensive simulation-based mechanical analysis of the existing problematic HLI-RFQ is
then given in chapter which was followed by the development and test of a completely
newly designed RFQ prototype structure, as shown in chapter Based on the developed
prototype and the results of its mechanical and RF tests, finally, a design concept for a new
full-length HLI-RFQ was derived, the properties of which are presented in chapter

A developed new method to compensate the longitudinal electric end-fields in 4-rod RFQs is
discussed in chapter@ thus providing an applicable strategy to eliminate one of the major
field errors typically occurring at RF(Q structures of the 4-rod type.

L Ger.: “Hochladungsinjektor”
2Facility for Antiproton and Ion Research
3continuous wave



(1) Introduction 1.1 History of the Exploration of (Super-) Heavy Elements

1.1 History of the Exploration of (Super-) Heavy Elements

Besides uranium, which is present in comparatively large quantities, the heaviest naturally
occurring element on earth is arguably plutonium, which however is extremely rare and can
be found in the earth’s crust with only an almost negligible abundance [1 2, 3]. Whereas the
233Pu isotope was created by the rapid neutron-capture process (“r-process”) either during
supernova explosions or the merging of neutron stars before the formation of the solar system
or after, thus having a primordial or interstellar origin, the 233Pu isotope can be naturally
produced on earth in concentrated ores of uranium by the capture of fission neutrons.

However, a much larger amount of anthropogenically produced plutonium exists today, mainly

as a result of nuclear reactor operation and the production of nuclear weapons.

The historically first-ever artificial production and detection of a transuranium element was
accomplished in 1940 at the Berkeley Radiation Laboratory, producing 233Np (neptunium) [4]
by irradiation of uranium with neutrons which again were produced by bombarding a beryl-
lium target with a deuteron beam extracted from a cyclotron. Within the following years
until 1954, isotopes of all further transuranium elements up to a proton number of Z =100
could be produced at Berkeley by irradiating uranium, plutonium or respectively lighter
transuranium elements with neutrons or alpha particles [5] [0, [7, 8, [9]. These advances ben-
efited greatly from the continuous development of new cyclotron accelerators [10], for the
invention of which Ernest Lawrence was already awarded the Nobel Prize in 1939.
Eventually, the applied mechanism of neutron capture by a heavy nuclei to form neutron-
rich isotopes which then undergo beta decay to an element with a higher proton number
(AX+n — A+ZlX +v— ‘gﬂY + 7)) reached its limits at the element fermium. This owes to
the fact that isotopes of larger nuclei with Z > 100 become more prone to spontaneous fission
as the neutron number increases, which results in very short corresponding half-lives [I1].
For this reason, fermium is the heaviest element with the highest proton number that can
typically be found in reactor or thermonuclear-produced materials. The production of ele-
ments beyond fermium can only be obtained by nuclear fusion reactions from the irradiation
of less heavy target nuclei with charged particle beams provided by accelerators.

During the period from 1955 to 1974, further heavy elements up to a proton number of
7 =106 could be produced in Berkeley as well as at the Joint Institute for Nuclear Research
(JINR) in Dubna by irradiation of the previously discovered transuranium elements of proton
numbers Z =94-99 with ion beams of increasingly heavier projectile particles starting from
3He over lo/léB, 1(2;(3, 5N, 180, %%Ne up to 51Cr [12], for the acceleration of which a heavy-
ion linear accelerator (HILAC) was installed at Berkeley whereas in Dubna the development
of heavy-ion cyclotrons was pushed forward. Using a comparatively light projectile particle
and a heavy transuranium target nucleus results in a so-called hot fusion reaction which is
characterized by high excitation energies of the formed “hot” compound system of about 40—
50 MeV and a subsequent de-excitation down to the ground state by a cascaded evaporation
of multiple neutrons and emission of gamma radiation [I3]. In order to yield a sufficiently
high production rate of newly formed heavier nuclei, there has to be a low probability for the
hot compound nucleus to undergo fission during the process of de-excitation, which at highly
excited states far above the ground state eventually requires high enough fission barriers [14].



1.1 History of the Exploration of (Super-) Heavy Elements (1) Introduction

With the aim to reduce the energy deposited in the excitation of the fused compound system,
thus allowing to advance to the production of heavier elements, Yuri Oganessian of JINR fi-
nally proposed the concept of cold fusion, according to which the compound nucleus can be
cooled down to 10-15MeV by choosing collision partners with a more symmetrical mass dis-
tribution and high nuclear binding energies (shell-stabilized) while accelerating the projectile
particle to an energy just high enough to overcome the coulomb barrier. The reduction of
steps required for de-excitation, corresponding to a decreased probability for fission, is char-
acterized by the number of evaporated neutrons reducing to a few or even none at all.

Following the concept of cold fusion, six further super-heavy elements with the proton num-
bers 107-112 could be discovered from 1981 to 1996 at the GSI Helmholtz Centre for Heavy

209 207/208
83

Ton Research in Darmstadt, Germany, by irradiating “g3Bi or soPb targets with heavy ion

beams of giCr, ggFe, 62/ ggNi and §8Zn [15]. Whereas the required beams with typical energies

between 4.5 and 5.5MeV /u were provided by the Universal Linear Accelerator (UNILAC),
which was put into operation at GSI during 1975 [16], the newly discovered super-heavy ele-
ments were produced and analyzed at the Separator for Heavy Ion Reaction Products (SHIP).
The elements with proton numbers 108 (“hassium”) and 110 (“darmstadtium”) were named
after the German state of Hesse and after the city of Darmstadt, respectively.

(1981)

(1984)

(1982)

(1994)

(1994)

262 265 266 269 272 277
107Bh 103 Hs 109 Mt 110Da 111Rg 112Cn
Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium

(1996)

Figure 1.1: Overview of super-heavy elements discovered at GSI with name and year of discovery.

After all, the production of super-heavy elements by the cold fusion method however seemed
to be limited by a steep decrease of the production cross-sections with increasing proton
number, which is assumed to be caused by an increasing probability for the occurrence of
“quasi-fission”, where the compound system re-separates in two fragments without forming a
compound nucleus [I7, [13]. Whereas compared to this, the hot fusion cross-sections decrease
even stronger for the production of elements with proton numbers <110, due to the increase
of fission losses at high excitation energies and decreasing fission barriers, the cross-section
curve however increases again starting from a proton number of about 111 and seems to form
a bump with a maximum at roughly around 115 before starting to fall again*. Eventually,
this behavior results from an analogous evolution of the fission barriers®.

Finally, returning to hot fusion, the heaviest elements known today with proton numbers
from 113 to 118 were discovered between 1998 and 2006 at JINR in Dubna [18], which was
accomplished by irradiating transuranium target materials like ZgﬁPu, 2§§Am, zgng, QégBk
and %ng with an ion beam of %gCa extracted from the U-400 cyclotron. This specific calcium
isotope was chosen as projectile due to its doubly magic nuclide property (see explanation in
section , in analogy to the choice of doubly magic (or close to being doubly magic) target

nuclei like 235Pb in case of cold fusion. The heaviest ever produced and detected element to

date, 2730g “oganesson”, was named after Yuri Oganessian in honor of his pioneering con-
tributions to the research of super-heavy elements. Ultimately, the synthesis of super-heavy
elements as carried out at JINR, using calcium projectile beams, is limited to proton numbers

<118 by californium being the heaviest target material available in sufficient quantities.

Ysee [13, Fig. 25]
Ssee [I7, Fig. 8]
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1.2 Limits of the Nuclides Chart & the “Island of Stability”

The protons and neutrons which form an atomic nucleus are bound together by the so-called
nuclear force which counteracts the repulsive electric force caused by the proton charge [19].
In principle, the nuclear force itself is a residual effect of the fundamental strong interaction
between the quarks which constitute the nucleons. The stability of an atomic nucleus relat-
ing to the decay probability is characterized by its binding energy, which is basically given
by Bohr’s and Wheeler’s generalization of the semi-empirical Bethe-Weizsécker formula [20],
where the atomic nucleus is considered to behave like a deformable charged liquid drop.
Based on the magnitudes of the fission barriers calculated from the liquid drop model, it was
expected that actually observable atomic nuclei with proton numbers higher than about 103
cannot exist due to correspondingly short half-lives for spontaneous fission. Today, the ele-
ments with proton numbers of 104 and above are termed as “super-heavy elements” (SHE).
In general, the existence of an element is defined by its lifetime exceeding 10~'*s, which is
about the duration necessary to reach an atomic electron shell structure [21].
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Figure 1.2: Chart of known and experimentally confirmed nuclides by nuclear binding energy®.

Looking at the nuclides chart, reflecting the nuclide properties as function of the proton
and neutron number, the so-called line of beta stability extends in the immediate vicinity of
the isotopes with the respective maximum binding energy per element, as predicted by the
Bethe-Weizsacker formula. While nuclides on the line of beta stability are completely sta-
ble against beta decay, which is an effect of the fundamental weak interaction, neutron-rich
isotopes tend to decay to nuclei with increased proton and decreased neutron number by 5~
emission, whereas neutron-poor isotopes vice versa decay by 31 emission. The corresponding
maximum and minimum neutron-proton ratios beyond which no nuclides can exist anymore
form the borders of the “valley of stability” (as can be seen in Fig., with the line of beta
stability at its bottom, whereas the outside area is referred to as “sea of instability”. To-
wards super-heavy nuclei with very high proton and neutron numbers, the valley of stability
is limited mainly by spontaneous fission, as mentioned above, but also by alpha decay.

Sdiagram taken from the TAEA (International Atomic Energy Agency) Nuclear
Data Services: LiveChart of Nuclides, http://www-nds.iaea.org/
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1.3 GSI & FAIR (1) Introduction

To obtain a more accurate description of the nuclear properties than provided by the macro-
scopic liquid drop model, modern single-particle models have been developed since the 1950s
with the aim to describe the behavior of the nuclear system at quantum levels’, which in
principle would correspond to a many-body Schrodinger equation with the potential being
determined by the nuclear forces. In analogy to the discrete arrangement of the energy levels
found in the atomic electron shell, hence also the energy levels occupied by the nucleons ex-
hibit a shell-like structure, with the complete closure of the respective highest shell resulting
in an increased nuclear binding energy relative to the number of nucleons. The numbers of
protons or neutrons, respectively, at which a shell is completed are termed as “magic num-
bers”. Confirmed values of magic numbers are today considered to be 2, 8, 20, 28, 50 and
82 for both protons and neutrons, and additionally 126 for neutrons. Nuclides with both
the proton and neutron number being magic are called “doubly magic” and are ultimately
known to be the most stable existing elements, with decay being prevented by their typically
spherically shaped nuclei providing a high resistance against deformation.

The stabilizing effects due to the shell-structure become more significant towards larger and
heavier nuclei at the upper end of the valley of stability, which eventually allows super-heavy
elements to exist, contrary to the predictions from the liquid drop model. While the next
magic numbers are predicted to be in the range of 114-126 for protons and 184-196 for neu-
trons [22], a larger region of spherical super-heavy nuclei with enhanced stability is expected
to be located near the presumably doubly magic #13F1, which so far could not be artificially
produced. After all, estimates for the half-lives of nuclei at the peak of this so-called “island
of stability” range up to thousands and even millions of years [21], 23].

1.3 GSI & FAIR

The GSI Helmholtz Centre for Heavy Ion Research (original German title: “Gesellschaft fiir
Schwerionenforschung”) was first founded as a national research institution back in 1969 [24].
To this day, the centerpiece of the GSI facility is formed by the UNILAC accelerator, which
is capable to provide beams of all ion species from protons to uranium with a maximum end
energy of 11.4MeV /u. As shown schematically in Fig.[1.3] today the UNILAC is fed either by
the High Current Injector (HSI®), or by the High Charge State Injector (HLI). The HSI is de-
signed for providing a high current heavy ion beam to the post-stripper UNILAC accelerator
of up to I=A/q -1.76 mA with a maximum mass-to-charge ratio of A/q=38.5 [25], corre-
sponding to a pre-stripper beam current of I =A/q -0.25mA with A/q <65 [26]. Following
its two existing source terminals and the high current LEBT section, the HSI consists of an
IH-RFQ? with a length of 9m [27], the “Super Lens” with a 0.8 m long bunching-RFQ [2§],
and two TH-DTL? cavities which implement the KONUS beam dynamics concept [29]. At the
gas stripper [30], the low-charged beam from the HSI is stripped to charge states which en-
able efficient acceleration in the post-stripper accelerator section. The already highly charged
beam from the HLI, as further described in section is injected to the UNILAC behind
the stripper. Finally, the beam acceleration from the injector output energy of 1.4 MeV /u to
the variable end energy between 3.4 and 11.4 MeV /u is accomplished by four DTL cavities
of the Alvarez type [25] and an additional array of 10 separately controlled single-gap res-
onators [31], with the entire post-stripper accelerator being operated at 108.408 MHz.

"from this, single-particle shell effects could also be included as corrections in the liquid
drop model, resulting in the macroscopic-microscopic model as further discussed in [20]
8 Ger.: “Hochstrominjektor”, °TH — Interdigital H-mode



(1) Introduction 1.3 GSI & FAIR

The beam from the UNILAC can then either be used directly at the adjoining low energy
physics experimental area with experiments like SHIP [22] and TASCA [32] for super-heavy
elements research, or injected through a transfer channel including another stripper to the
heavy ion synchrotron SIS18 (also see Fig., which was commissioned in 1990. With a
circumference of 216 m and a magnetic bending power of 18 Tm, the SIS18 can provide ac-
celeration up to the GeV range!'® for experimental programs in numerous scientific fields like
nuclear, atomic, plasma, astro- and biophysics, material sciences or even newly developed
medical applications like cancer therapy [33].
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Figure 1.3: Layout of the UNILAC [25].
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Figure 1.4: Schematic overview of the existing GSI facility and the planned start version
of the FAIR complex!! (the injector linacs are highlighted in green) [34].

In 2003, the German Federal Ministry of Education and Research approved the construction
of the new FAIR accelerator facility, which as a large-scale international research project is
supported by a collaboration of 11 partner countries'?. As an extension of the existing GSI
accelerator, the double-ring synchrotron SIS100/300 planned for FAIR will use the SIS18 as
its injector (Fig. shows the start version of FAIR, only including the SIS100).

from 4.5 GeV for protons to 1 GeV /u for highly charged uranium ions
Hfigure courtesy of GSI/FAIR, '?Finland, France, Germany, India, Poland,
Romania, Russia, Slovenia, Sweden, United Kingdom and Czech Republic



1.4 High Charge State Injector (HLI) (1) Introduction

For this purpose, all parts of the GST accelerator facility, including the SIS18 [35], the UNILAC
[25], the HSI [36, 37] and the ion sources [3§], are being upgraded to meet the requirements
of FAIR operation. Additionally, a new dedicated proton injector linac (“p-Linac”) [39] will
be installed at the SIS18 to provide the FAIR facility with a high-intensity proton beam as
required for the production of anti-protons for the PANDA experiment.

After all, the SIS100 with a circumference of about 1100 m and a magnetic bending power of
100 Tm is planned to deliver beams of protons with up to 29 GeV, U2* with 1.5GeV/u
and U%?F with 11GeV/u for the four main experimental programs APPA (Atomic and
Plasma Physics, and Applications in bio, medical and material sciences), CBM (physics of
Compressed Baryonic Matter), NuSTAR (Nuclear STructure, Astrophysics and Reactions)
and PANDA (Anti-Proton ANnihilation at DArmstadt) [34].

1.4 High Charge State Injector (HLI)

The High Charge State Injector was commissioned at GSI in 1991 as a second injector to
the post-stripper UNILAC accelerator in order to allow the pulse-to-pulse time-shared accel-
eration of beams with different ion species and currents, being extracted from two different
injectors [40]. This was required to enable the operation of the SIS18 injection simultaneously
to providing beam for the experiments at the low energy physics experimental area.
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Figure 1.5: Overview of the High Charge State Injector (HLI) [41].

Fig.[1.5] shows the current layout of the HLI: The ion source is followed by a high reso-
lution 135° double magnet spectrometer for charge and mass analysis, behind which the
2.5keV/u heavy ion beam with A/q up to 8.5 is matched transversely for the injection to
the RFQ by a magnetic quadrupole triplet and a solenoid. The RFQ, which is operated at
the HLI/UNILAC frequency of 108.408 MHz, bunches and accelerates the beam to 300 keV /u
before again being matched transversely and longitudinally by a transport section consisting
of a magnetic quadrupole triplet, a doublet and a quarter-wave rebuncher for injection to the
IH-DTL structure. At the IH output energy of 1.4 MeV /u, the beam is finally transported
through a 180° bend to the post-stripper UNILAC section (also see Fig..



(1) Introduction 1.5 HELIAC Project

Since the HLI, which was originally designed for a maximum duty cycle of 25 to 50 % (for
A/q from 8.5 to 1), is intended to serve as injector for the planned new CW linac (see sec-
tion , a major upgrade of most of the beamline components will be required to enable
CW operation, concerning the ion source, the low level RF and the power amplifiers, beam
diagnostics and the control system, the RFQ, the rebuncher and the IH cavity [41].

1.5 HELIAC Project

As the UNILAC is being primarily upgraded to the specifications for future injection to the
FAIR facility, which requires only a comparatively low duty factor below 1 %, a new dedicated
superconducting CW linac is planned to be built at GSI with the main purpose of providing
intense heavy ion beams for super-heavy elements research near the coulomb barrier [42].
The HELIAC (Helmholtz Linear Accelerator) is designed to accelerate ion beams with mass-
to-charge ratios of A/q=1-6 to a variable end energy between 3.5 and 7.3MeV /u at beam
currents < 1mA, operating at an RF frequency of 218.816 MHz [43]. The currently proposed
layout of the HELIAC with the HLI as injector is shown in Fig.[I.7] and includes a total
of 12 superconducting multi-gap constant-beta CH-DTL!3 cavities in 4 cryomodules, each
containing an additional superconducting 2-gap spoke cavity for longitudinal beam matching
as well as two superconducting solenoids for transverse focusing. While the first type of
superconducting CH structures designed for HELIAC operation (CH0) has already been
successfully beam-tested in the CW linac demonstrator project [44], the scheme of which is
depicted in Fig. and cold-tests have been conducted on the second type (CHI and CH2)
[45], the following CH cavities (CH3-11) are currently still in the design phase'? [46].

ECR-Source

Power supplies, RF
amplifier and controls

Figure 1.6: Overview of the CW linac demonstrator with connection to the HLI beamline [42].
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Figure 1.7: Conceptual layout of the HELTAC [43].
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(2) Fundamentals of Radio Frequency
Quadrupoles

In particle accelerators, beams of charged particles such as electrons or ions are accelerated
by electric fields to kinetic energies which besides numerous practical irradiation applications
allow the properties of matter to be studied by analyzing high energy particle interactions.
After cathode-ray tubes had already existed since the end of the 19th century, providing a
few tens of kV for the acceleration of electron beams, the first kind of particle accelerator by
today’s standards was developed by John Cockcroft and Ernest Walton around the beginning
of the 1930s [47]. The original Cockcroft-Walton generator allowed to produce a static voltage
of 800kV, using a voltage multiplier cascade of capacitors and diodes [48], and eventually
enabled the historically first artificially induced nuclear reaction! to be observed in 1932 from
irradiating a lithium target with a proton beam of up to 600keV and beam currents in the
range of a few pA [49]. For this achievement Cockcroft and Walton were awarded the Nobel
Prize in 1951. At about the same time as the development of the Cockcroft-Walton accelera-
tor in the early 1930s, also other accelerator types were already being developed, such as the
electrostatic Van de Graaff accelerator [50], the cyclotron [10], or the Widerde linac [51].

In fact, the principle of particle acceleration by high-frequency (RF) alternating electric fields
as first proposed by Gustav Ising in 1925 and implemented in the Widerde drift tube linac
(DTL) is still applied today in modern linear accelerators®. Whereas with electrostatic accel-
eration the obtainable DC beam energies are ultimately limited by the maximum achievable
static voltage, reaching up to about 30 MV [52], in RF linear accelerators a bunched beam
is accelerated in the gaps between an array of drift tubes, which are being alternately oppo-
sitely charged by an electromagnetic standing wave generated by an RF resonator structure,
basically allowing to use the resonator field multiple times for beam acceleration.

Therefor, the so-called Widerée condition ¢, = B.Arr/2 has to apply in order to obtain
synchronicity of the bunch motion with velocity 5. between two adjacent gap centers in a
distance of /. and the accelerating phase of the electric field with a corresponding shift of
180°(m-mode)3. Accordingly, the gap center distance /. has to be gradually adapted along
the beamline to the increasing particle velocity.

low energy
beam transfer

. (LEBT)
Ion source

radio frequency quadrupole (RFQ)  drift tube linac (DTL)

Figure 2.1: Schematic overview of a typical front-end of a linear accelerator for ions.

YLi+p — *He + *He +7)
2a comprehensive review of the history of RF particle accelerators can be found in [53]
3the Alvarez accelerator is operated in 0-mode, resulting in a Wider6e condition of /. = BcArr



(2) RFQ Fundamentals

However, the efficiency of ion beam acceleration in RF drift tube structures at the low-energy
end after extraction from the ion source is compromised to a major extent by predominantly
three aspects [54]:

e The transversally defocusing space charge force due to the repulsive Coulomb forces
between the beam particles has a 1/y2-dependency [55] and hence is maximum at low
beam velocities (7 being the Lorentz factor). Also, the strength of magnetic focusing
by Lorentz force is proportional to the particle velocity, thus being weak at low beam
energies. Anyway, at accordingly short gap center distances £., the corresponding small
dimensions of the drift tubes would not provide enough longitudinal space for placing
focusing elements like magnetic quadrupoles to yield efficient transversal focusing.

e Considering the acceleration of low-velocity beams, drift tube structures typically have
a reduced RF efficiency, which is due to the fact that with short required gap lengths
and at the same time comparatively large aperture diameters, the generated electric
acceleration field is less concentrated onto the beam axis. Therefore, as high as prac-
tically achievable extraction voltages at the ion source or dedicated electrostatic pre-
accelerators had to be used in order to increase the injection energy to the drift tube
linac to the highest possible extent (see Fig..

e Due to the requirement for synchronicity between particle motion and accelerating
phase of the electric field, RF drift tube accelerators have a limited phase acceptance,
corresponding to the fact that beam particles outside the so-called stable phase space
“bucket” will be lost during RF acceleration. Although single-gap RF bunching cavities
or multi-harmonic bunching systems have been used to increase the fraction of particles
that are transferred into the stable bucket, the achieved transmission efficiency was
however very limited, being in the range of about 50 to 80 %.

linac

HV cabin for
source electronics

ion source

Cockcroft-
Walton
generator

Figure 2.2: High-voltage installation of the CERN Linac2 with a 750 kV Cockcroft-Walton generator,
which was replaced by a 90kV pre-injector and a 1.8 m long 750 keV RFQ in 1993 [54]*.
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2.1 Operating Principle & Applications (2) RFQ Fundamentals

After all, because of the low transversal focusing, lack of pre-acceleration and weak longi-
tudinal pre-bunching, the low-energy section used to be a major bottleneck regarding the
achievable beam quality and current, and additionally affected the overall operational reli-
ability of the entire linac due to frequently occuring high voltage breakdowns. However, a
solution to all of the problems outlined above was finally provided by the invention of the
radio frequency quadrupole (RFQ) accelerator concept, which is standardly used in most of
today’s ion linacs to achieve efficient injection of the low-energy beam extracted from the ion
source to the downstream drift tube accelerator, as schematically depicted in Fig.[2.1]

2.1 Operating Principle & Applications

The basic functional concept of the RFQ accelerator was first proposed in 1969 by Ilya
Kapchinsky of the Institute for Theoretical and Experimental Physics (ITEP) in Moscow
and Vladimir Teplyakov of the Institute of High Energy Physics (IHEP) in Protvino [56],
whose idea was to combine the velocity-independent transversal focusing by a high-frequency
alternating electric quadrupole field with the simultaneous acceleration and bunching effect
due to a longitudinal field component created by a periodic modulation of the electrode shape.
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Figure 2.4: Modulation of the quadrupole
electrodes (a =minimum distance from the
beam axis, m - a = maximum distance from
the beam axis, m = modulation factor) [57].
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Figure 2.3: Transversal electric quadrupole
field in an RFQ (green: focusing plane, red:
defocusing plane).

The arrangement of the quadrupole electrodes in the transverse plane with the corresponding
potentials and resulting electric field distribution is depicted in Fig.2.3] As can be seen, at
each point in time the quadrupole field leads to a focusing force along one of the transverse
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(2) RFQ Fundamentals 2.1 Operating Principle & Applications

axes while perpendicular to which defocusing occurs. This also corresponds to the fact that
according to the Laplace equation for the electric RF field between the electrode vane tips
(AE = 0, see derivation of Eq.7 focusing in all spatial directions at the same time is
not possible. However, since the polarity of the quadrupole reverses periodically with the
frequency of the applied RF field, the focusing axis thus changes to be defocusing and vice
versa every time after half the duration of an RF period, corresponding to a distance trav-
eled by the beam of SArr/2. Eventually, this forms an alternating gradient focusing channel
with the same focusing properties as a corresponding FODO lattice of magnetic quadrupoles
(F =focusing, D = defocusing, O = drift), as schematically depicted in Fig.

Considering that the strength of the focusing/defocusing electric field increases with the dis-
tance of the respective particle position to the quadrupole center, which in the vicinity to
the beam axis is in good approximation subject to a linear dependency, defocusing at one
element (D) of the lattice results in stronger focusing at the following element (F), since there
the initially increased divergence and the associated larger beam envelope causes the beam
to experience higher focusing forces. In analogy to that, focusing at one element (F) leads to
weaker defocusing at the following element (D), since there the initially increased convergence
and the associated smaller beam envelope results in a lower defocusing force being applied.
Following this principle, finally a net focusing of the particle beam on both transverse axes
is achieved as it passes through the lattice of focusing elements with alternating gradients.

an
D
Figure 2.5: Alternating gradient focusing in a FODO lattice.

In order to achieve acceleration as well as longitudinal bunching in addition to the transverse
focusing by the quadrupole field, according to Kapchinsky’s and Teplyakov’s idea the shape
of the electrode vane tips is longitudinally modulated with a sinusoidal profile as shown in
Fig.[2.6] with the minimum distance between the vane tip and the beam axis being specified
by the cell aperture parameter a and the respective maximum distance being defined by
its product a-m with the modulation factor m. Due to the boundary condition for the
electric field at the conducting electrode surface, according to which the field vector points
parallel to the surface normal at all times, eventually an electric field component parallel
to the direction of the beam axis emerges. Since the opposite charging of the electrode
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pairs arranged perpendicular to each other leads to opposite orientations of the respectively
generated longitudinal field components, the modulation of the respective electrode pairs
has to be shifted by half the modulation length (see Fig. for yielding a net longitudinal
electric field. Because the obtained electric field thus changes direction with the same spatial
periodicity, the electrode modulation length is hence set to B.Arr, effectively constituting
acceleration cells with a length of ¢, = Bc.Arp/2, corresponding to the Widerde condition
derived for m-mode drift tube accelerator structures. In analogy to that, the lengths /. of the
RFQ acceleration cells also have to be adapted to the particle velocity (.(z) along the beam
axis z, whereas for each cell the overall strength of transverse focusing is determined by the
respective aperture parameter a with the modulation factor m allowing to adjust the amount
of the longitudinal field component which provides either acceleration and/or longitudinal
bunching, depending on the synchronous phase ¢s.

BA2

Figure 2.7: 176 MHz 4-rod RFQ for CW acceleration of a 4 mA
proton beam at the MYRRHA injector [58].

A first successful experimental test of the proposed RFQ concept for the acceleration of high-
intensity low-energy ion beams was first conducted in 1974 at IHEP, where a proton beam was
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accelerated by a 148.5 MHz RFQ from 100 to 620keV with an efficiency of 50 % [59]. Later,
in 1980, finally the acceleration of a proton beam from 100 to 640 keV with a high efficiency
of 90 % could be demonstrated at the Los Alamos National Laboratory (LANL) with the
developed 425 MHz proof-of-principle (POP) RFQ of the 4-vane type [60], which became a
prototype for numerous following RFQ developments. Until today, hundreds of RFQs have
been built and put into operation in laboratories all over the world for the preparation and
acceleration of ion beams within a typical range of about §=0.01 to 0.06 (input/output)
and currents from almost zero to a few hundred mA, either for direct use of the beam for
scientific or commercial irradiation applications, or for injection to another accelerator. Also,
a variety of different applicable resonator concepts has been developed, with examples for the
most significant types being given by Figs.2.72.10] An extensive but by far not complete
overview of developed RFQs for different projects and applications is provided by Tab.[2.1]

Figure 2.8: One of three modules of the 352 MHz
4-vane RFQ at the CERN Linac4 for the acceleration
of a T0mA H~ beam [61].

Figure 2.10: Interior view of the 36 MHz IH-
RFQ at the GSI High Current Injector (HSI)
for the acceleration of very heavy ion beams
with mass-to-charge ratios of up to A/q=165
and beam currents of up to 20mA [63, p. 26].

Figure 2.9: Assembly of the 325 MHz ladder-
RFQ for the acceleration of a 100 mA proton
beam at the FAIR p-Linac [62].
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facility / project type f L I FEin Eout A/q D
[MHz| [m] [mA] keV/u] [MeV/u] (%]
Spiral-RFQ (prototype) gz spiral 27.1 4.0 25 2.2 0.0176 119 1
TRIUMF ISACpgg split-ring 35.36 8.0 <1073 2 0.15 30 CW
GSI HSIgy IH 36.136 9.2 20 2.2 0.12 65 2
IMP SSCgg 4-rod 53.667 2.5 0.5 3.7 0.143 7 CW
LNL PIAVE (srFQi+2)gn CH 80 2.1 0* 37.1 0.585 8.5 CW
LANL FMIT g 4-vane 80 3.9 100 75 2 2 CW
MSU FRIBfg 4-vane 80.5 5.0 0.45 12 0.5 7 CW
MSU ReA3m 4-rod 80.5 3.5 ~1073 12 0.6 5 CW
IMP LEAF [y 4-vane 81.25 6.0 2 14 0.5 7 CW
GANIL SPIRAL2p 4-vane 88.0525 5.1 5/1 20 0.75 2/3 CW
TUM MAFF 73 IH 101.28 2.9 0.8 3 0.3 6.3 10
CERN REX-ISOLDE[z  4-rod 101.28 3.0 0* 5 0.3 4.5 10
CERN Linac3z ladder 101.28 2.5 0.08 2.5 0.25 8.3 0.4
BNL EBISgr 4-rod 100.625 3.1 10 17 0.3 6.25 0.1
GSI HITRAP 4 4-rod 108.408 1.9 0" 500 0.006 3 <1
GSI HLI (new)rg) 4-rod 108.408 2.0 5 2.5 0.3 6/8.5 CW/50
MPT HCI (RFQ1+2) ) 4-rod 108.48 6.0 10 4 0.478 9 25
GSI HLI (o14) gg 4-rod 108.5 3.0 0" 2.5 0.3 8.5 25
GSI CRYRINGgq 4-rod 108.5 1.6 ~0.1 10 0.3 4 0.1
JINR NICA gy 4-vane 145.2 2.1 10 103 0.156 3.33 0.015
IMP Injector Ilfgg 4-vane 162.5 4.2 15 30 2.1 1 CW
FNAL PIP2IT g 4-vane 162.5 4.5 10 30 2.1 -1 CW
IAP FRANZ g5 4-rod 175 1.7 140 120 0.7 1 CW
IFMIF EVEDA g 4-vane 175 9.8 130 100 5 2 CW
SNRC SARAF g7 4-rod 176 3.8 5 20 1.5 2 CW
SCK-CEN MYRRHARgg  4-rod 176.1 4.0 5 30 1.5 1 CW
LBL Bevatrongg) 4-vane 200 2.3 0.29 8.4 0.2 7 0.2
FNALgg 4-rod 201.25 1.3 50 35 0.75 -1 0.12
DESY HERA gy 4-vane 202.56 1.2 20 18 0.75 -1 0.004
HERA-Prototypegg 4-rod 202.56 1.2 20 18 0.75 -1 0.004
CERN Linaclgg 4-vane 202.56 14 80 50 0.52 1 0.01
CERN Linac2pgg 4-vane 202.56 1.8 200 90 0.75 1 0.01
HIT g5) 4-rod 216.816 1.5 2/~107° 8 0.4 1/3 <1
CSNSg 4-vane 324 3.6 40 50 3 -1 1.05
J-PARC RFQ IIIgy 4-vane 324 3.6 50 50 3 -1 3
CPHSpg 4-vane 325 3.0 50 50 3 1 2.5
FAIR p-Linacg ladder 325.224 3.4 100 95 3 1 0.08
LANL LEDA gg 4-vane 350 8.0 100 75 6.7 1 CW
CERN Linac4 g 4-vane 352.2 3.1 70 45 3 -1 10
ESSpoy 4-vane 352.2 4.6 70 75 3.6 1 4
IHEP Injector Ipgy 4-vane 352.2 4.7 50 75 3.5 1 CW
CEA IPHIpgy 4-vane 352.2 6.0 100 95 3 1 CW
INFN TRASCO g 4-vane 352.2 7.1 30 80 5 1 CW
ORNL SNS g5 4-vane 402.5 3.7 60 65 2.5 -1 8
LBL Bevalacgg 4-vane 410 1.0 30 40 0.8 1 0.2
LANL BEARqy 4-vane 425 1.0 30 30 1 -1 0.025
LANL POPyg 4-vane 425 1.1 26 100 0.64 1 0.72
LANL ATSgg 4-vane 425 2.9 100 100 2 -1 1
CERN PIXEqgg 4-vane 749.48 1.1 2.1074 20 2 1 2.5
ADAM LIGHT gy 4-vane 750 2.0 0.3 40 5 1 5

Table 2.1: Overview of different RFQs for the acceleration of ion beams, listed by RF operating
frequency f with the RFQ length L, design/typical beam current I (*for low beam currents <1mA,
typically the electrodes are designed for zero-current), injection energy Ei,, extraction energy Eout,
maximum mass-to-charge ratio A/q and corresponding duty cycle D.
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2.2 Resonator Types

In general, different resonator types can be deployed to obtain the required alternating
quadrupolar electrode potentials on which the operating principle of the RFQ is based on (see
Fig., with the same potential on opposing electrodes and opposite potentials on adjacent
electrodes, respectively. In analogy to the resonance in an equivalent RLC circuit, which is
further discussed in section @, the RF resonance frequency wy = 1/1/LC of the respec-
tive resonator structure is determined by its inductance L and the overall capacitance C.
Whereas the capacitance is mainly given by the shape of the electrode vane tips, which are
geometrically modulated according to the beam dynamics design, the inductance is mainly
determined by the structure of the respective resonator type, the dimensions of which have
to be adapted to yield the desired value of the resonance frequency.

Figure 2.11: Time varying polarity of the quadrupole electrode potentials®.

A general classification of RFQ resonator structures can be made based on the localization of
the resonant current flows: On the one hand, in transmission-line type resonators the current
flow occurs predominantly on a dedicated RF resonance structure, the geometry of which
solely determines the obtained mode spectrum and frequencies. Besides these, also all other
resonator properties are hence mostly independent of the surrounding tank geometry. On
the other hand, in RF cavity type resonators the mode spectrum and frequencies are mostly
determined by the geometry of the cavity walls (the tank), over which the entire current flows
from one pair of electrodes to the other. The functional principle and main characteristics of
the four most significant resonator types for RFQ applications, namely the cavity resonator
type 4-vane and IH structures and the transmission-line type 4-rod and ladder resonators,
are discussed and compared in this section.

Regarding the choice of a resonator type for a specific application, a decisive criterion is
not only posed by the RF efficiency (power dissipation compared to the generated vane volt-
age, characterized by the shunt impedance following the definition provided in section ,
but also by the required manufacturing effort and related costs, the (transverse) geometric di-
mensions for the given nominal resonance frequency, technical feasibility of water cooling, and
flexibility as well as handling of the available mechanisms for frequency and field adjustment.

16 figure modified from [T10, Fig. 2.4]



2.2 Resonator Types (2) RFQ Fundamentals

2.2.1 4-Vanes

In 4-vane type resonators the transverse electric TEg1g resonant cavity mode is applied to
generate the desired quadrupole potential on the tips of the four electrode vanes that are ar-
ranged rotationally symmetrically in each quadrant of the structure, as depicted in Fig.[2.13
The resulting current flow from one electrode to the respectively adjacent ones, which is
induced by the alternately oppositely oriented longitudinal magnetic fields in the four quad-
rants, is shown in Fig.2.14] Eventually, from the resulting charging of the electrode vane tips
a concentration of the electric quadrupole field in the area close to the beam axis is achieved,
which would not be the case for the original TE91g mode, the field distribution of which is
schematically depicted in Fig.2.12

TE110 TE210

++ ++
® O ® 0. )
® O 0O ® /) )

B ~—"E B ++ E

Figure 2.12: Field distribution of the dipole (TEj1g) and quadrupole (TEq1g) cavity modes.

— =

Figure 2.14: Magnetic fields (gray) and in-
Figure 2.13: Basic structure of a 4-vane RFQ. duced surface current (red) in a 4-vane RFQ.

The nomenclature of the transverse electric TE,;,,,, modes with the indexes m, n and p refers
to the number of wave nodes of the longitudinal magnetic field component B,(¢,r, z) in the
azimuthal (0 < ¢ <), radial (0 <r < R.) and longitudinal (0 < z < ¢.) direction, respectively.
The analytic solution for the components of the magnetic and electric field distribution of
TE-modes in an idealized cylindrical “pillbox” type resonator are given by Eqs.[2.1H2.6| which
can be calculated from Maxwell’s equations, considering the electric and magnetic boundary
conditions at the conducting cavity walls (also see [I11), pp. 12-14]). J,(z) denotes the mth
Bessel function of the first kind with J), (z) being its first derivative and ,,, and z/,, being
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the nth zero, respectively, whereas the radial coordinate is parameterized by o =r/R. and Ey
and By being the electric and magnetic field amplitudes (B = Bo/Jm(2),;)). The resonance
frequency of TE-modes is given by Eq.[2.7]

B, = B} Jn(z),,0) cos(me) sin <p2rz> et (2.1)
B, = P pe gyl o) cos(mg) cos (LT it (2.2)
bt I
meRc2 * / . prz it
B, = TR Bg Jm(x),,0) sin(mg) cos 7 e (2.3)
E. = 0 (2.4)
. mR2 _, / ) (P72
E, = iw W2 By Jm(z,,0) sin(me) sin 7 e (2.5)
. Rc *x 7/ / : bz wwt
E, = iw = B; J),(z,,0) cos(mg) sin 7 e (2.6)
mn C

TE(m,n,p) = ¢ Linn 2+1 P : (2.7)
0 \MLTD)= 97R.) | 4\l ‘

Due to the electric boundary condition at the cavity end walls (£, = E4 =0, p=0 results in
all field components being zero in the above equations), the pursued ideal TEg;p operating
mode with a perfectly flat longitudinal electric field distribution is actually not a natural cav-
ity mode but has to be created as a pseudo-mode from the TE51; mode by artificially raising
the field level towards the electrode ends, which for example can be accomplished by fitting
undercuts to the vane-ends (similar to the girder undercuts shown in Fig.. According
to the radius dependence of the pillbox TE-mode frequencies, the resonance frequency of the
basic 4-vane RFQ structure is practically determined by the tank radius, but also by the
overall capacitance between the installed electrodes, which due to the corresponding signif-
icant reduction in frequency however also results in a smaller tank radius compared to the
capacitively unloaded case in order to obtain the nominal resonance frequency.

After all, 4-vane structures are the most commonly used type of RFQ resonator for the
frequency range above 200 MHz, thus being usually applied for the acceleration of light ions
and especially protons [I12]. Whereas even for higher operating frequencies up to and above
450 MHz, 4-vane resonators typically have reasonable transversal dimensions regarding the
feasibility of construction, they also provide a comparatively high RF efficiency (as can also
be seen in Fig., which is because the distribution of the surface currents on the structure
is very uniform. The typical mode spectrum of a 4-vane RFQ is shown in Fig.[2.15

One major general problem for the RF design and tuning of 4-vane resonators arises from the
fact that the TEo1g operating mode is not the zero mode of the cavity and hence some of the
existing dipole modes TE;;, (p>1) might actually be close to the operating frequency. As
the gap in frequency Af = frnpi1) — foanp o (Le fmnp)_2 between consecutive mode orders p
and p + 1 is inversely proportional to the square of both cavity length /. and frequency funp
[54], the probability for a disturbance of the quadrupole field stability by the influence of
dipole modes increases significantly with the RFQ length and operating frequency. Whereas
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in a geometrically ideal resonator driven at the exact frequency of the quadrupole mode the
influence of nearby dipole modes is typically negligible due to the small resonance bandwidths
at high quality factors, in reality the field stability of 4-vane structures can be highly sen-
sitive to errors of the dimensional machining or the positioning of the vanes. On the one
hand the accordingly resulting requirement for very low manufacturing tolerances can thus
lead to a cost-intensive production, whereas on the other hand constructive measures have
to be implemented to compensate field errors or yield an artificial mode separation. Com-
monly used methods are the attachment of coupling rings between opposing vanes, the use
of movable plunger tuners being positioned along the structure for adjusting the inductance
in the quadrants, the mounting of dipole stabilizer rods inside the cavity and longitudinally
dividing the resonator in segments that are resonantly coupled with each other [112) [113].

A modified variation of the original 4-vane structure is the so-called “4-vane with windows”
RFQ [112] pp. 276 ff.], which is fitted with coupling windows in the vanes. By accordingly in-
creasing the coupling between adjacent quadrants, this can significantly reduce the frequency
of the quadrupole operating mode below that of the dipole modes and also results in smaller
transversal tank dimensions. Taking this approach further, the vanes can also be completely
replaced by radial stems that support the electrodes which are then in form of rods, with the
resulting stem configuration being reminiscent of crossbar H-mode (CH) DTL structures.

430
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Figure 2.15: Mode spectrum of a 2m long 350 MHz 4-vane RFQ.

222 IH

Similar to 4-vane structures, “interdigital” H-mode (IH-) RFQs also are cavity resonators,
being operated in the TE;;g dipole mode (also referred to as Hyjp-mode), the field distribu-
tion of which can be seen in Fig.[2.12] As shown in Fig.[2.16] the electrode mounting holders
are attached interdigitally (Latin: “between fingers”) to two opposite sides of the tank via so-
called girders. Due to the oppositely oriented longitudinal magnetic fields in the half spaces
of the transverse cavity cross-section, a charging current is induced from the electrode holders
on one side of the cavity, over the tank wall, to the holders on the opposite side. In order to
obtain a quadrupole potential distribution on the four electrode rods which are placed inside
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the tank, each correspoding pair of opposite electrodes is connected to an opposite set of
mounting holders and hence to a different charging polarity.

electrode
mountings
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Figure 2.17: Drawing of the first two out of ten modules
of the 36 MHz TH-RFQ at the GST HST [115].

Because the length of the current path from one electrode pair to the other extends over half
the tank circumference and is thus much longer than at 4-vane resonators, where the current
only has to travel over one tank quadrant, IH-RFQs have comparatively small transverse
dimensions. For this reason they are well suited for the low frequency range below 100 Hz,
which makes them ideal structures for the acceleration of very heavy low-charged ion beams.

20 Sfigure modified from [T14] Fig.2.2.3.2 & Fig. 2.2.3.5]
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Again similar to 4-vane resonators, the distribution of the surface current and corresponding
RF power losses is very homogeneous and a high RF efficiency is hence obtained. Due to
the difference in length of the current paths to the vertically mounted electrodes, an electric
dipole field emerges, which however results in a dipole ratio of typically less than 1% as fur-
ther discussed in [IT4], where also an analytic model for the calculation of the IH resonator
properties is presented. A commonly applied method for the tuning of the field flatness is to
fit undercuts to the girder ends, which leads to an increase of the local magnetic field density
and thus higher charging currents to the outer electrode mounting holders.

In general, IH-type RFQs are far less common than 4-vane and 4-rod structures. Two exam-
ples are given by the 36 MHz HSI RFQ at GSI (see Fig. and Fig. 115, B7], as well
as by the 101 MHz MAFF RFQ [114] [73].

2.2.3 4-Rods

The 4-rod RFQ whose basic structure and operating principle is depicted in Fig.[2.18 and
Fig.[2.19] is a transmission-line type resonator that consists of a linear array of stems with
each acting as a quarter-wave (\/4)-resonator. However, the required height of the stems to
accommodate a quarter-wave oscillation is significantly reduced due to the capacitive termi-
nation by the electrodes, as schematically shown in Fig.[2.33] Via the mutual capacitance at
the intermediate electrode section and with the respective quarter-wave oscillations being in
opposite phase, each pair of adjacent stems forms a separate resonant circuit, which is re-
ferred to as an “RF cell”. While diagonally opposite quadrupole electrodes are connected to
every second stem, respectively, providing the same polarity of charging current, the overall
length of the current path in one RF cell is about half an RF wavelength, extending from one
pair of electrodes via the stems and the tuning plate to the other (also see Fig., with
the zero point of the potential distribution being at the center of the tuning plate.

Figure 2.18: Current paths (black dashed Figure 2.19: Orientation of the magnetic
lines) in a 4-rod RFQ and corresponding equiv- fields around the stems of a 4-rod RFQ”.
alent circuit diagram for one RF cell (red)?.

"figure courtesy of A.Schempp 21



(2) RFQ Fundamentals 2.2 Resonator Types

Since the entire charging current is concentrated on the stems and tuning plates, the resulting
high surface current densities lead to increased ohmic losses and thus typically to a lower RF
efficiency compared to cavity type resonators such as 4-vane or IH structures (see Fig.[2.28
for comparison). However, another consequence of being a transmission-line resonator is that
the resonance frequency and RF efficiency barely depend on the geometry of the surrounding
tank, provided that the tank walls are far enough away from the RF structure not to affect
either inductance or capacitance. The length of the current path in each RF cell and hence its
resonance frequency can simply be adjusted by changing the vertical position of the movable
tuning plates between the stems, corresponding to a change in inductance.

+ + + +
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Figure 2.20: Magnetic field distribution between the stems of a 4-rod RFQ (blue) and charging

currents to the electrode rods (red). Each pair of adjacent stems forms an RF cell,
the inductance of which can be adjusted by movable tuning plates.

Eventually, the variation of the resonance frequency of an RF cell results in a change of
the generated voltage amplitude at the respective cell electrode section, with an increase in
frequency causing a decrease of the voltage amplitude and vice versa. After all, this leads to
the characteristic tub-like shape of the untuned field flatness in 4-rod RFQs (see Fig.[6.1
but also section , since the surplus capacitance on the electrode overhangs of the RF
end-cells lowers their RF resonance frequency, which in turn raises the voltage amplitude
towards the electrode ends. Details on the properties of the longitudinal voltage distribution
in 4-rod RFQs can be found in [116]. Due to the fact that the frequency and related field am-
plitude can be tuned independently for each RF cell after manufacturing and assembly of the
RFQ structure, compared to almost all other conventional RFQ types the 4-rod resonator
concept offers an outstanding flexibility of adjustment for reaching the nominal operating
frequency and desired longitudinal voltage distribution. Even different sets of electrode rods
with different modulation and therefore a different capacitance distribution can simply be
retrofitted, with the rods typically being bolted to the stems. Due to accordingly low required
manufacturing tolerances, 4-rod RFQs have comparatively cheap production costs.

While given the advantages discussed above of a flexible and simple frequency and field tun-
ing mechanism as well as low acquisition costs, however, besides a generally higher power
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consumption there are several additional problems specific to 4-rod structures: On the one
hand, the inter-stem electrode rod sections are highly thermally loaded, especially at high
RF duty cycles where adequately cooling must be provided, but also are prone to mechanical
vibrations. Both problems gain in significance at lower operating frequencies and correspond-
ingly longer inter-stem electrode sections. On the other hand, the intrinsically asymmetric
geometry of the 4-rod structure causes two characteristic types of field errors, namely an elec-
tric dipole field component (see section [2.3.5)) and longitudinal end-fields (see section .
As a matter of fact, all of these problems have been subject to the studies for this thesis.
Overall, the applicable frequency range of 4-rod type RFQs is considered to be limited to
about 50 to 200 MHz due to the practicability of the required geometric dimensions of the
stems and inter-stem electrode sections.

spiral RFQ

— split-coaxial RFQ

—

Figure 2.21: Schematic view of a spiral RFQ (left) [I17] and the split-coaxial
RFQ? for the IsoDAR RFQ-DIP (right, the components marked in
red and green are connected to each other, respectively).

A variation of the original 4-rod concept is given by the spiral-RFQ (see Fig., where
basically the stems are formed as spiral arms in order to accommodate quarter-wave oscilla-
tions with larger wavelengths, thus allowing for very low operating frequencies of less than
30 MHz. A similar approach with the same objective is applied to the split-ring RFQ [65].
Another quarter-wave transmission-line RFQ resonator type for low-frequency applications
is the so-called split-coaxial RFQ (Fig., in which the quarter-wave oscillation extends
over the entire length of the electrode rods.

Since the RF cells of the 4-rod RFQ form a chain of magnetically coupled single resonators,
the typical mode spectrum of 4-rod type resonant structures can be derived from an analyt-
ical approach, considering each cell as an RLC circuit as schematically shown in Fig.2.22]

8figure courtesy of Bevatech GmbH 23
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With the coupling between adjacent cells being parameterized by the coupling factor k, which
describes the mutual inductance M = kL between two coupled inductances L, and wg being
the resonance frequency of the individual cells, the eigenmode frequencies w, of the coupled
system are given by Eq. following the derivation in [I1§].

C C C C
EL L§ EL L§ EL L§ EL L§
R R R R
n=0 n=1 n=2 n=N
Figure 2.22: Chain of N+1 coupled resonant RLC circuits.

S ¢=0,..,N (2.8)
T 1+4+kcos R
. (2.9)

With a total number of N+1 RF cells, the eigenmodes with mode index ¢=0, ..., N of the
coupled resonant system can also be classified by the phase ®,=0...7, according to Eq.
The 4-rod RFQ resonator with a number of N+42 stems is operated in the so-called 7m-0-mode,
referring to a phase difference of 7 between the quarter-wave oscillations on adjacent stems to
load the electrodes to the desired quadrupole potential and the RF cells oscillating in 0-mode
(®4=0 =0) to obtain a homogeneous longitudinal potential distribution on the electrodes, as
can be seen from Fig.[2.23] The corresponding dispersion relation is shown in Fig.[2.24] as is
the simulated mode separation for a 2m long 175 MHz 4-rod RFQ with 19 RF cells.
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Figure 2.23: Mode spectrum of a seven-cell system of coupled resonators [I18].
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Figure 2.24: Dispersion relation of a seven-cell system of coupled resonators (left) and higher-
order quadrupole modes in a 2m long 175 MHz 4-rod RFQ with 19 RF cells (right).

2.2.4 Ladder

In contrast to the 4-rod structure, where each stem accommodates an RF quarter-wave
oscillation, the ladder RFQ consists of a series of “ladder spokes”, each acting as a half-
wave resonator with the voltage antinode being located at the spoke center. As depicted in
Fig.[2:26] every second spoke is connected to the same pair of opposite quadrupole electrodes
and the charging mechanism as well as the mode of magnetic coupling between the RF
cells constituted by adjacent spokes is similar to the 4-rod RFQ. Since due to the half-wave
oscillation an overall larger volume is occupied with magnetic field around the ends of the
spokes, the RF efficiency of ladder resonators is typically lower than of 4-rod structures.
Also, the frequency and field tuning is not as flexible because usually the ladder structure is
milled out of a solid copper block and the cell heights are basically fixed after manufacturing.
However, due to the symmetric mounting of the electrode pairs on the spokes, there is no
dipole component being generated.

upper half-shell

ot NN ORMNY
| € I 0 | € I

inter-part

lower ladder ] - - - - - - | X-vane
ring ; + + + + + + ; y-vane
lower half-shell ] : : : : = : - x-vane
pumping flange T 8 l g T 8 l
Figure 2.25: Prototype model of Figure 2.26: Magnetic field distribution
the 325 MHz ladder-RFQ for the (blue) and corresponding charging currents
FAIR p-Linac [119]. (red) in a ladder structure (topview).
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Similar to the case of IH-RFQs, also ladder structures are rare to find. However, two exam-
ples are given by the 101 MHz CERN Linac3-RFQ [75] and the newly developed 325 MHz
ladder-RFQ for the FAIR p-Linac, a prototype of which is depicted in Fig.[2.25] Further
details on ladder-RFQs are provided by [63].

2.3 Resonator Properties

In general, the RF performance of RF(Q resonator structures can basically be characterized
by the generated vane voltage Uy in relation to the occurring power dissipation P, with typ-
ical figures of merit being the resonator quality factor )y and the shunt impedance Rpyr..
Besides that, the peak surface electric field on the electrodes, which relates to the probability
for electric breakdowns and sparking, is usually specified in terms of the Kilpatrick limit
Ex. Whereas the overall field distribution along the longitudinal axis of the quadrupole is
described by the field flatness €, typical field errors like the electric dipole component and
longitudinal end-fields are quantified by the dipole ratio and the end-field voltage U,, re-
spectively. This section provides an overview and definitions of the basic RFQ resonator
properties and describes methods for their experimental determination.

2.3.1 Quality Factor

The RF properties of an RFQ resonator can be described theoretically using an equivalent
RLC circuit with a capacitance C' and an inductance L, to which an ohmic resistance R is
connected in parallel. Following Kirchhoff’s voltage law Ugr + U, + Uc = 0, with Ugr = RI,
U,=Lland Uo =1 /C, results in the differential equation of a damped harmonic oscillation
as given in Eq. with the damped resonance frequency wq (Eq.[2.11). By assuming a
negligibly small ohmic resistance R, the expression finally reduces to the undamped resonance
frequency wg = /1/LC, which is known as Thomson’s formula.

R.
—U = 2.1
U+ = U+LCU 0 (2.10)

‘/Lc \/; (2.11)

A solution to Eq. is provided by Eq. with the voltage time constant Tyoitage = 2L/R
denoting the time when the amplitude of the voltage U(t) has reduced to 1/e of its initial
value Up. The stored energy W (t) can thus be calculated according to Eq. with the
corresponding energy time constant Tenergy = Tvoltage/2 = L/R and W (Tenergy) = Wo/e.

2
Ut) = U e/mamms ot (212) wo = (50) e

From the energy time constant Tepergy = 7, the unloaded quality factor Qg is defined according
to Eq. [120, pp. 25ff.]. Because the ratio L/R is equal to the stored energy W = %LIO2
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divided by the power loss P = Rl.g° = %RIO27 the quality factor can also be expressed as
stated in Eq.2.15] Accordingly, Qo is inversely proportional to the energy loss TP during one
RF period duration 1" and proportional to the number N of periods until the stored energy
W(t = NT) = Wy/e decreased to 1/e of its initial value.

L 1 1 [L

R _1 /L 2.14

Qo=wr=wp="7r=%\C (2.14)
W W

QO = W(_]P = 27T7TP =27 N (215)

The total amount W of stored energy inside an RFQ resonator can be calculated according
to Eq.[2.16] cons1der1ng the distribution of either the maximum magnetic or electrlc field
(Hmax(:c) or Emax( 7), respectively). The overall power dissipation P, is given by Eq.[2.17 and
depends mostly on the distribution of the magnetic field which induces eddy currents on the
resonator surface S. At room temperature, the surface resistance Ry = 1/(0d) = v/ pow/(20)
with the skin depth 6 = \/2/(owpg) is proportional to the square root of the RF frequency w
and inversely proportional to the square root of the electrical conductivity o [112] pp.19f.].

1 - 1 -
W = MO/ | Hopax (Z)? dV = 60/ | Eax (Z) |2 dV (2.16)
2 v 2y

1 "
P - 235/ | Fras (2)]? dA (2.17)
S

Finally, the Fourier transform of U(t) into the frequency domain U(w) (Eq. - yields the
root of a Lorentzian function and can be written as in Eq.m Wlth Aw = 2(wp — w) and
Unax = 2QoUo/(wov/2m). The corresponding function for the stored energy W(w) is given
by Eq.[2-20] with Winax = $CUnax? (also see [121], pp. 371 f.]).

r _ 2QoUo 1
Uw) = ’ / /T giwot giwt dt‘ > (2.18)
\/ 0 wovV 27 14+ 4@02 <w(zu;w>
Umax Wmax
U(w) = - (2.19) Ww) = ——i— (2.20)
2 [ Aw
1+ Q0 (82) 1+ Qo? (3)

According to Eq.2:2T] the quality factor can thus also be determined from the voltage res-
onance curve U(w) and equals the ratio of the resonance frequency wp to the resonance
width Aw.zqp at an attenuation of the voltage amplitude by a factor of 1/v/2 (=~ —3dB),
corresponding to the full width at half maximum of the energy resonance curve W(w).

2
wo Unax wo

E U(w)2 L= Aw_3d]3

Qo = (2.21)
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Figure 2.27: Resonance curves U(w) of the voltage for different quality factors.

After all, an experimental determination of the quality factor can be achieved by measur-
ing the resonance curve using a network analyzer and applying the 3dB method as given
by Eq.[2.21] provided that the resonance width Aw_gqp is large enough to obtain adequate
accuracy. Alternatively, also the time constant for the attenuation of the field amplitude can
be measured, from which the quality factor Qo = woTyoltage/2 can be derived according to
Eq.[2.14] This however requires a pulsed RF signal. Regarding 4-rod RFQs, the value of the
quality factor is typically in the range between 2-10% and 6-103, whereas 4-vane resonators
usually have a higher quality factor that can exceed 10*.

= (222)  Q=Qu(+h+A)  (223)
total
_ @ _Fe _ G _ R
fe=5. = B (2.24) h=0."n (2.25)

Considering that in an experimental setup there is also RF power dissipated in the power
coupler (emitted power P,) and through the pickup antennas (transmitted power P;), the total
power loss amounts to Pyt = P+ P.+ P, from which the loaded quality factor Qr, is defined
according to Eq. With the analogously defined external quality factors (Qe = woW/ P,
Q¢ = woW/P;) and the coupling parameters 3, and 5 (Eq. and Eq., the unloaded
quality factor is hence given by Eq. In general, this reduces to Qp ~ Qr, - (1 + Se),
assuming that the RF pickup is dimensioned and positioned so that coupling is only very weak
(Bt = 0). After all, the unloaded quality factor QQp can be determined from a measurement
of the loaded quality factor @1, by two methods: On the one hand, the power coupler can be
adjusted to very weak coupling (3. ~ 0), in which case the unloaded and loaded quality factors
are approximately equal (Qo ~ Q). However, in reality this method suffers from the fact
that the reduction of the coupling 5 is limited by the minimum required signal amplitude
in order to still allow a decent measurement of the resonance curve U(w). Therefore, the
determined values of @y tend to be smaller than their actual magnitude. On the other hand,
a more precise determination can be obtained by calculating the coupling parameter g, from
the ratio P,/ P of reflected to forward power according to Eq. with I' being the reflection
coefficient [120] pp.92ff.]. In case of critical coupling with S, = 1 and P, = 0, the unloaded

28 9The upper signs of =+ /F correspond to overcoupling (e > 1), whereas the

lower signs reflect the undercoupled case (8. < 1). A method to determine
whether coupling is strong or weak is described in [120, pp. 101 ff.].
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quality factor is then simply given by Qg = 2 - Qr..

b
Pr 2 ,Be_12 1+ ?f
T2 = . =¥V 2.26
m =ik = (559) = (2.26)
Py

2.3.2 Shunt Impedance

Whereas the quality factor Q)¢ describes efficiency of energy storage within the resonator, the
shunt impedance indicates the power consumption required to generate voltage between the
electrodes. According to Eq. the shunt impedance R, is thus defined by the amplitude
of the vane voltage Uy and the power loss P.. With Qo = woW/ P (Eq. and the stored
energy being W = %CU 2. the shunt impedance can also be expressed as function of the
quality factor and the overall capacitance [63, pp.31f.], which is mainly determined by the
geometry and length of the electrodes. Since accordingly the power consumption scales with
the electrode length L, the shunt impedance is typically specified by the length-normalized
expression R, (Eq., which refers to the power loss per length P./L.

2 2
U 2Qo Uo Uo
R,= 2 =% (2.27) Ry = == .L=R,-L (2.28)
. 9 p
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Figure 2.28: Shunt impedance of some of the RFQs from Tab. plotted against the operating
frequency (the fitted curves reflect the basic relation of Ry, o< 1/P; o< 1/Rs o 1/+/f).
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According to [I10}, pp. 311f.], there are several different methods for the experimental deter-
mination of the shunt impedance, which are briefly described in the following:

Capacitance Calculation

Based on Eq.[2:27] the shunt impedance can in principle be determined from a measurement
of the quality factor Qq, given the knowledge of the capacitance C. Regarding the simple
case of flat electrodes without modulation, as typically found on RFQ prototype structures
for RF tests, the electrodes can approximately be treated as ideal cylindrical rods in order
to obtain an analytical solution for the calculation of the capacitance of the RFQ as given

by Eq.[2.29| [122, pp. 13 ff.].

Creq = - ( 2me )~L (2.29)

Taperture

Telectrode

Alternatively, the capacitance matrix which contains the separate capacitances C;; between
the potentials of the electrodes and ground can be numerically determined by an electrostatic
solver such as CST EM Studio [123]. The total capacitance of a system with four potentials
V1.4, as depicted in Fig. and a 4 x 4 capacitance matrix can then be calculated according
to Eqs. [116, pp.73f]. Since the quadrupole is due to its potential symmetry
basically just a two-potential system (V3 = V3= —Vo=—V}), the capacitance matrix reduces
to a size of 2 x 2 and the capacitance of the RFQ can be calculated according to qu.

C12
@ H /Vz) Ca=Cr2+Co3+ 0+ Cuy (2.30)
/\91 Ca Cp =Cu1 + Cs3 (2.31)
Cc=Cxn+Cu (2.32)
C,— —C,
CsCc

Ciotal = CA + ——F— (233)

\/(\:44 r C:&/ ot Cg + Cc

@y I \\_/D C11Ca
= 0 2.34
C., Crrq = C12 + Crit Co (2.34)

Figure 2.29: Capacitances between
the quadrupole electrodes and ground.

Perturbation Capacitance Method

In general, the capacitance of an RFQ structure can be derived from a measurement of the
frequency shift Af which is caused by a perturbation capacitor with a capacitance of AC
that is placed between the electrodes. From Thomsons’s formula (Eq., the detuned
resonance frequency f* and the relative frequency shift Af/f can be calculated according to
Eq.2:35] As shown in Eq.[2.36] the relative frequency shift can alternatively be calculated by
using Slater’s perturbation theorem, considering a perturbation capacitance 6C < C' that is

30

10if the simulation boundaries are located very far from the capacitive
structure, this reduces further to Crrq = Ci2 as C11,C22 —0
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much smaller than the overall capacitance. Since in general the measurement of the frequency
provides a value that is averaged over time, for the calculation of the deviation in electric field
energy AWelectric = % oC U07eg2 the effective voltage Up o = Up/ v/2 must hence be used 124,
pp. 36 ff.]. After rearranging Eq. or Eq. to C(Af) and inserting this into Eq.
the shunt impedance can finally be calculated from Eq.[2.37, given the measured values of
Af and Qg as well as an accurate knowledge of the perturbation capacitance AC (or 6C).

. 1 Af  fo—f7 1
_ . =2 _ =1 - 2.35
= L(C + AC) fo fo \/@ .
ﬂ - AWelectriC o %50 UoveHQ _ %(SC U02 — & (2 36)
WTTwo T W T fene |
Qo(1—K) _ 2QoAf . AfY?
Bo = "5rae ~ npfoc R fo (2.57)

Because according to Eq. the measured frequency shift Af(z) is proportional to the
square of the electrode voltage Uy(z)? at the longitudinal position z where the perturbation
capacitor is placed, the field flatness (see section can be determined from measurements
with the perturbation capacitance as described by Eq. The mean value (v/Af,) relates
to a number n of equidistantly distributed measuring positions along the entire electrode
length (typically corresponding to the centers of the RF cells).

Af(z) = (VASw)

e(z) = VAT

(2.38)

Gamma Spectroscopy

A method for the direct experimental determination of the electrode voltage Uy is provided
by the possibility to measure the energy spectrum of the emitted gamma radiation during
RF operation [124], pp.38ff.]. Since the radiation is caused by bremsstrahlung of electrons
that were emitted on the electrodes by field emission and accelerated towards an respectively
adjacent electrode, the maximum electrode voltage Uy is hence given by the maximum mea-
sured energy E, max in the gamma spectrum according to Eq.[2.39) provided that the time
required for the electrons with maximum energy gain to reach the adjacent electrode is less
than half an RF period duration. With the knowledge of Uy and the power consumption P,
during operation, the shunt impedance can again be calculated according to Eq.[2:27]

Up = E’y,max/e (239)

R/Q-Comparison

According to Eq.[2.40, the shunt impedance can also be determined from the comparison
to the simulated R/Q-value, which as so-called geometric impedance is independent of the
frequency wy, the surface resistance Ry and the linear dimensions of the resonator structure
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[120, pp.31f.]. Because the quality factor @y of the real resonator can be measured com-
paratively precisely, and the (simulated) R/@Q-value has no dependence on the magnitude of
the power loss, the numerical calculation of which is known from experience to be subject to
large errors of up to 25 %, especially regarding transmission-line resonators, eventually the
method of R/Q-comparison provides a very reliable and simple possibility for an accurate
determination of the shunt impedance.

Rp,measured o Rp,simulated o Rp,simulated 4
- Rp - : QO,measured (2 0)
QO,measured QO,simulated QO,simulated

2.3.3 Bravery Factor (Kilpatrick’s Criterion)

After all, the magnitude of the electric field between metal electrodes of an RF resonator is
limited by the occurrence of electric breakdowns and sparking [I12, pp. 163 f.]. In order to ob-
tain a criterion for the corresponding threshold of the surface electric field, empirical studies
on the conditions for sparking were conducted [125], from which the so-called Kilpatrick limit
Ex was derived as given by the formula for f(FEx) according to Eq.2.41] (Ey = 1MV/m).
Since the found limit is valid over a large range of vacuum pressure from 1072 to 10~7 mbar
and also different electrode materials only cause minor deviations, the Kilpatrick limit Fx (f)
thus only has a dependence on the RF frequency f, which is depicted in Fig.[2.30]
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Figure 2.30: Kilpatrick limit Ex as func-
tion of the RF frequency.

The fact that the formula for the Kilpatrick limit has a striking similarity to the Fowler-
Nordheim equation for the calculation of the emitted current density due to electron field
emission [112] p.162] is not surprising, considering that the mechanism of sparking is pre-
sumably triggered by field emission which is intensified by secondary electron emission from
incident energetic ions. The maximum energy of ions, originating from the cavity surface or
the residual gas, is mainly limited by the timespan available for their acceleration in the RF
field, which is determined by the applied RF frequency.
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Whereas theoretically no sparking at all should occur at magnitudes of the surface electric
field below the Kilpatrick limit, beyond that, the rate of sparking events increases exponen-
tially with increasing field amplitude. In fact, the actual threshold for sparking is however
determined by the condition of the electrode surface, concerning surface defects and contam-
ination, and can thus be raised by the process of RF conditioning. With today’s standards
for surface preparation and clean vacuum systems, the threshold for sparking and RF break-
downs can be raised well above the comparatively conservative Kilpatrick limit by a factor of
up to 2.0. The ratio of the maximum design surface electric field Eg to the Kilpatrick limit Fx
is also referred to as bravery factor b (Eq.[2.42). In the end, the choice of the bravery factor
determines the minimum applicable electrode radius, which in turn determines the electrode
capacitance (see Eq.[2.29) and therefore also affects the shunt impedance of the RFQ.

2.3.4 Field Flatness

A requirement which is typically posed by the applied beam dynamics design concept of
RFQs is a constant longitudinal distribution of the electrode vane voltage Uyane(z), which
in case of 4-rod RFQs is given when each RF-cell of the resonator structure has the same
resonance frequency. In the untuned case with all tuning plates being at the same height,
the longitudinal voltage distribution of 4-rod structures has a characteristic tub-like shape
(see [116, pp.43ff.] and [126]). This is mainly due to the additional capacitance of the
electrode overhangs, which reduces the resonance frequency of the RF end-cells. Besides
that, the local electrode voltage is also affected by the deviation of the capacitance due to the
electrode modulation, which varies gradually along the beam axis. In order to characterize the
longitudinal voltage distribution in an RFQ), the relative field flatness €(z) is defined as given
by Eq.[2.43] From the difference between the maximum and minimum relative field flatness,
the absolute field flatness Aepax is defined (Eq., which is commonly considered as a
figure of merit for the uniformity of the longitudinal voltage distribution. An experimental
technique for measuring the distribution of the electric field in an RF resonator is provided
by the well-established bead-pull measurement method as explained in the following.

_ Usane(2) — (Uvane) _ |E(Z>| - <|E|>
e(z) = (Uone) = (\ED (2.43)
A€max = €max — €min (244)

Bead-Pull Measurement Method

The frequency detuning of an RF cavity due to the field perturbation by an inserted spherical
bead, whose diameter is small in comparison to the RF wavelength, is given by Eq.[2.45 with
the bead volume AVjeaq, the total stored energy W inside the resonator cavity and the un-
perturbed electric and magnetic field amplitude F and H, respectively, at the spatial position
of the bead [I12, pp. 165 ff.]. This relation can be derived either from Slater’s perturbation
theorem according to [127] or from the Boltzmann-Ehrenfest adiabatic theorem as shown in
[128]. For a dielectric bead material with a relative magnetic permeability close to 1 (u, ~ 1),
the resulting frequency shift Awy is hence only proportional to the square of the electric field
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magnitude at the position Z of the bead in the cavity, which finally allows to determine the
field distribution F(Z) from measurements of the corresponding frequency shifts Awg(E(Z)).

cE?  (2.45)

AOJ() SAVbead <6r -1 2 My — 1 2> pr=1 SAVbead € — 1
- poH = -
wo 4W

E e
et 2 T AW & +2

However, due to the requirement for a small dimensioned bead, the resulting frequency de-
tuning is hence very low, which eventually results in a poor measuring accuracy. After all,
a quantity that can be measured more accurately is the phase shift A¢ between the emitted
and transmitted RF signals, which for small values relates to the frequency detuning Awq
as given by Eq.m [128]. In principle, the absolute value of the electric field amplitude
E(AVpead, €&, QL, W, A¢) can thus be calculated from a measurement of the phase shift ac-
cording to Eq. given the knowledge of the bead properties (AViead, €) as well as of
the resonator parameters (Qr, W). Also, the proportionality E o« y/tan(|]A¢|) allows to
determine the relative field distribution without requiring information on the bead itself.

In an experimental setup, the bead is usually fixed on a nylon thread that moves through the
inside of the resonator cavity by being pulled by a stepper motor.

= Awo _ 3AVhead & — 1 2
tan(A¢) = 2QL, o QL W et 2€0E (2.46)
2W e +2
N ' 4
b \/BQLeOAVbead . g tan(Ad]) o Vtan(|Ag]) (2.47)

2.3.5 Dipole Ratio

To obtain an ideal electric quadrupole field distribution in the area between the electrode
vane tips, the electric potentials on the four electrodes, with adjacent electrodes being op-
positely charged, must have the same absolute value. In case of an asymmetry between the
potentials on the upper and the bottom electrode pair (|Viop| # |Vbottom|, S€€ Fig., the
quadrupole symmetry of the electric field is violated and the position of the beam axis, where
the transversal electric field components E, , are zero, is effectively shifted downwards from
the geometrical center of the quadrupole as depicted in Fig.2.34] This corresponds to an
unwanted dipole component of the electric field distribution that can be quantified by the
value of the dipole ratio, for which a number of different definitions is given in [129].

Fig. shows the dipole ratio according to the definitions provided by Eq.[2.48 and Eq.[2.49
as well as the displacement of the beam axis as function of the ratio Viop/Vhottom-

Biopl — | B | — |F
dipole ratio; = [Etop| _,’ bottom| (2.48) dipole ratioy = | tfp’ |ﬁ bottom| (2.49)
| Etop| [Buopl+Evottom]
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Figure 2.33: Voltage and current distribution
on one RFQ stem, corresponding to a quarter-
wave resonator (courtesy of A.Schempp).

Figure 2.34: Displacement of the
beam axis from the geometrical
center (exaggerated depiction).

Whereas in 4-vane RFQs an electric dipole component can emerge from the proximity of the
TE110 dipole mode to the TEs19 quadrupole operation mode, in 4-rod RFQs the dipole is
a consequence of the design inherent geometrical asymmetry of the stems, with the upper
and lower electrode rods being mounted at different height. Because the current path from
the stems to the lower electrodes is hence shorter than to the upper electrodes, the absolute
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value of the potential at the lower electrode pair is less compared to the upper electrode pair,
where the voltage curve U(z) of the quarter-wave oscillation along the stem has its maximum
(see Fig.[2.33]). For higher RF frequencies the difference in length between the current paths
to the lower and upper electrodes increases relative to the shorter wavelength and, accord-
ingly, also the dipole ratio increases to typical values in the range of up to 40 % for what is
conventionally considered the upper frequency range of 4-rod RFQs around 200 MHz.

In principle, the dipole ratio can be experimentally determined either from the measurement
of the electric field magnitudes |Et0p] and |Eb0tt0m| between the upper and lower electrode
pair, respectively, using the bead-pull method as described in section [2.3.4) or by measuring
the respective electrode voltages Usop = 2Viop o< |Et0p\ and Upottom = 2Vhottom X ]Ebottom],
which are proportional to the electric field magnitudes, using a perturbation capacitor ac-
cording to section [2.3.2]

2.3.6 Longitudinal End-Field

At each of the four electrode ends of the quadrupole the generated electric field has a longitu-
dinal component, with the fields associated with the single electrode ends exactly canceling
each other out on the beam axis, given the case of a perfect quadrupolar potential symmetry
and hence satisfying Eq.[2.50] If this condition is not fulfilled, in total an on-axis longitudi-
nal field component emerges that alters the beam input and output properties at the low-
and high-energy end of the RFQ, respectively. Typically, the longitudinal end-fields in 4-rod
structures are caused by the corresponding potentials on the pairs of opposite electrodes be-
ing unequal, |Vi| = |V4| # |Va2| = |V3], due to the difference in current path length to the long-
and short-overhang ends (see chapter @ for a detailed explanation and analysis). However,
an electric dipole component resulting in |Vi| = |Va| # |V3| = |V4| does not affect the on-axis
longitudinal end-field, since the potentials of horizontally adjacent electrodes balance each
other out, as |Vi| + |Vo| = |V3] + |V4]| = 0.

Vll + \\ / 7-7 ;V2 4
-4 (

|
> Vu=0 (2.50)
0 _
e ) \\ S Zshaper
ARCT AR AV U, = / E.dz (2.51)

® (longitudinal) z-axis

Figure 2.35: General definition of
the potentials at the electrode ends.

In general, the magnitude of the longitudinal end-field component at the low-energy RFQ-end
can be characterized according to Eq.[2.51] by the on-axis voltage ranging from infinity to the
beginning of the shaper-section at z = Zghaper- From this, an “end-field ratio” U, /Uyane can
be defined, describing the magnitude of the longitudinal end-field independent of the applied
vane voltage Uyape.
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2.4 Beam Dynamics & Electrode Design

As discussed in the previous, the RFQ concept provides the possibility for simultaneous strong
transversal focusing, longitudinal (adiabatic) bunching and acceleration of a low-velocity
charged particle beam. After all, especially bunching can be a delicate procedure, given the
high sensitivity of space-charge dominated beams to perturbations of the beam density, which
eventually might result in emittance growth that affects the beam quality along the entire
linac. However, since in each of the typically hundreds of modulation cells the corresponding
aperture a (relating to the strength of transverse focusing), the modulation m (setting the
longitudinal field strength) and the synchronous phase ¢s (setting the ratio between bunching
and acceleration) can be adjusted individually, the effects on the beam can be applied very
smoothly, thus allowing to yield very low emittance growth and high transmission [57, [54].
Whereas the simulation of the particle beam dynamics along the RFQ is based on the poten-
tial function for the area between the electrode vane tips and the corresponding equations of
motion, special software codes are used to determine sets of modulation parameters by which
the desired beam output properties are achieved. This section provides a brief description
of the derivation of the well-known two-term potential function, the equations of motion
commonly used in RFQ beam dynamics codes (which take the form of Mathieu’s differential
equation) and the famous LANL four-section electrode design procedure, which is the basis
of the RFQ design-code PARMTEQ!!.

2.4.1 Two-Term Potential Function

The homogeneous form of the wave equation for the electric field component of a propa-
gating electromagnetic wave in charge-free space (Eq. can be derived directly from the
Maxwell-Faraday equation and Ampere’s circuital law. Considering a harmonic time depen-
dence of the electric field E(t) = Egsin(wt + ¢) yields a Helmholtz type equation (Eq.
with k = w/c = 27/, which eventually can be written as in Eq.[2.54] [I12} pp. 167£.].

L 1 9%E

L= . AE + k2E =0 2.53
AE S 5m =0 (2.52) + (2.53)

E = 2.54
Ox? + Oy? + 022 A 0 (2:54)

PE O’E  O°E <27r>2
When the wavelength X is large compared to the spatial dimensions of the field variations, the
Helmholtz equation finally reduces to a Laplace type equation as given in Eq.[2.55] This so-
called quasistatic approximation basically corresponds to neglecting the inductive influence
by the time-varying magnetic field according to the Maxwell-Faraday equation. Regarding
the region between the electrode vane tips of the RFQ, which constitutes the capacitive
component of the RF structure, the quasistatic approximation applies accurately since the
ratio of the RF wavelength to the aperture diameter is typically in the range of 103.

AE >0 (2.55) V-E=-Ad=0 (2.56)
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In general, the electric field E (Z) also has to satisfy the basic vector cross- -product relationship
Vx(VxE)=V(V-E)—AE. However, with the quasistatic approximation AE =0 (Eq.]2
and Gauss’s law for charge-free space (V - E = 0), this reduces to V x (V x E) = 0.
Eventually, this is satisfied for the electric field being derived from a scalar potential as
E = —V®, due to the vector identity V x V® = 0. Again from Gauss’s law it follows that
also the potential ® (&) has to satisfy a Laplace type equation according to Eq.

O(r,0,2,t) =U(r,6, 2) sin(wt + ¢) (2.57)
av =12 (U +182U+£ 0 (2.58)
“ror \or r2 002 = 022 '

According to Eq. the scalar potential ®(r, 0, z,t) in the cylindrical coordinates r, § and
z can be written as the product of the static potential U(r, 0, z) and a time-dependent term
sin(wt+¢). The corresponding Laplace equation is given by Eq. and can finally be solved
by applying the separation of variables approach (U(r,6,z) = R(r) - ©(0) - Z(z)), resulting
in the general solution for the potential function as shown in Eq.2.59 with m +n =2p+1
(p = 0,1,2,...), the intervane voltage V, k = 27/8\, and the modified Bessel function
Ion(z) = i72" - Jon () of the order 2n with Jo,(z) being the corresponding Bessel function of
the first kind as given by Eq. A detailed derivation can be found in [130].

U(r,6,z) (Z Agy 7" cos(2n6) + Z Z A, Ton,(mkr) cos(2n0) cos(mkz)) (2.59)

n m

1 b 2b+a o
Z b'F(l(H—EH—l) <2> with T'(b+a+1) /yb+a e Ydy (2.60)
0

To simplify the infinite series expansions, the general potential function is typically reduced
to lower orders for the calculation of RFQ beam dynamics. The solution of the lowest
orders for each series, corresponding to the so-called two-term potential function, is shown
in Eq.[2.61] Whereas the first term resembles a transverse quadrupole potential, the second
term represents the longitudinal potential distribution, with the accordingly titled focusing
parameter Ag; and accleration parameter Aig being defined by the electrode geometry.

U(r,0,z) = % (Am 2 cos(26) + Ao Io(kr) cos(kz)) (2.61)

Eventually, Ag; and Ao as given by Eq.[2.63] and Eq.[2.64] respectively, can be calculated
from the condition of the potential U(r, 0, z) being constant along the electrode vane tips as
described by Eq.[2.62 with the minimum cell aperture a and the electrode modulation factor
m as defined in section and shown in Fig.[2.4

U(a,0,0)=U <m-a,0, B;) = % (2.62)
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A — 1 Io(ka) + Ip(mka)
0™ g2 m2 Iy(ka) + Iy(mka)

(2.63)

_ m? -1
— m? Iy(ka) + Io(mka)

A1o (2.64)

Finally, from the two-term potential function given by Eq.[2.61] the corresponding electric
field components in Cartesian coordinates can be calculated by derivation, as indicated in

Eqs. 263 267

oU k
E, = o —VAp1x — V Ay I (kr) ;7 cos(kz) (2.65)
oU k
Ey — —aiy — VA()I y - VAIO Il(kr) :;7 COS(k'Z) (266)
ou Vv .
E, = -5, = 51410 kIo(kr)sin(kz) (2.67)

In modern beam dynamics codes, typically higher-order potential terms are used to achieve
an increased accuracy of the field calculation with respect to higher-order multipole field
components arising from the use of a circular vane tip profile instead of the ideal hyperbolic
shape. For instance, the PARMTEQM code applies an eight-term potential function [I31].

2.4.2 Equations of Motion in the RFQ

The basic equation of motion in each Cartesian direction k = z,y, z as given by Eqgs.[2.69H2.71]
can be obtained by inserting Eqs. including the time-dependent term sin(wt + ¢)
into the general form of Eq.[2.68| with the particle charge ¢ and mass m. Also, the modified
Bessel functions can be approximated by Io(kr) ~ 1 and I;(kr) ~ kr/2 for small arguments.

d’k g
w EE” =0 (2.68)
d?x qV gV k? .
@ +z H Ap1 + m Aqg COS(kZ) sm(wt + qb) =0 (269)
d%y qv qV'k? .
7] + (— Ao1 + - A1 Cos(k‘z)> sin(wt + ¢) =0 (2.70)
d? Vk
ditj - q2—m Ajpsin(kz) sin(wt 4+ ¢) =0 (2.71)

By introducing the normalized independent variable 7 with 277 = kz + ¢ = wt + ¢, the
transverse equations of motion can be written in standard notation as given by Eq. and
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Eq. corresponding to Mathieu type equations, with the focusing factor B (Eq. and
the RF defocusing factor Agp (Eq.[2.75) [130]. Whereas the focusing factor B oc V Agy oc V/a?
increases with the value of applied intervane voltage and with smaller aperture, the RF
defocusing factor Arp o sin ¢ is typically <1, corresponding to a defocusing effect, since
a negative phase ¢ is required to obtain stable longitudinal bunch motion. As shown in
Fig.[2.36] with an increasingly negative value of the RF defocusing factor Agp, the focusing
factor B has to be increased accordingly to maintain transverse stability.

A2z

12 + (B sin(277) + ARF> -z =0 (2.72)
Y | (~Bsin(2nr) + A =0 2.73
2T sin(277) + Agr ) -y = (2.73)
By (2.74) App = LYV sin0 (2.75)

(3]
T

—
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N

~~. Ak
B.’z ‘. SN
B=3 .
STABILITY LIMIT—" o
c L A i

15 -1.0 -05 0 [
a

Figure 2.36: Transverse stability diagram for an RFQ, with the abscissa given by the RF
defocussing factor Agp and the ordinate being the focusing factor B [132].

By integrating over the longitudinal time-dependent electric field component E, sin(wt + ¢)
(see Eq., the energy gain AW in one RFQ cell can be calculated according to Eq.
With the phase spread A¢ = ¢ — ¢s and energy spread AW = W — Wj relating to the syn-
chronous phase ¢s and energy Wy, the basic equations of synchrotron motion can be written

as in Eq.[2.77] and Eq.[2.78] [130].

BA/2
%
AW = / QEZ(O,O,Z> dz = W!‘ho (276)
0
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dAG  2TAW
dr ~ mc2p? (277)

dA
TW = Ao qv?w (cos ¢ — cos ¢g) (2.78)
-

This set of equations results in the longitudinal phase space trajectories typical for low-beta
structures, as shown in Fig.[2.37 Whereas particles within the phase space “bucket”, that is
delimited by the separatrix, undergo stable synchrotron oscillations around the synchronous
particle, all outside particles will lose synchronicity with the acceleration by the RF field.
The size of the bucket is determined by the synchronous phase ¢s and ranges from zero (for
¢s = 0, resulting in maximum energy gain AW) to 360° (for ¢s = —90°, resulting in zero
energy gain). A more descriptive explanation of the concept of phase focusing is provided by
[111l chapter 3].

oscillations

AW
T small ¢,=-30°

separatrix

unstable

Ad

stable

T T >
0° 60°

Figure 2.37: Longitudinal stability diagram for a synchronous phase of ¢5 = —30° [IT1].

2.4.3 LANL Four-Section Design

The LANL Four-Section Procedure (FSP) is a strategy to determine a set of electrode modu-
lation parameters for a number of n RFQ cells (minimum cell apertures a,,, modulation factors
my, and cell lengths /., ) to achieve bunching and acceleration of a beam that is character-
ized by its input energy, input emittance, mass-to-charge ratio and current, for obtaining the
nominal output beam parameters with a pre-determined RF operating frequency. While the
Four-Section Procedure was already applied to design the proof-of-principle RFQ at LANL
at the end of the 1970s [132], it is still implemented in the RFQ code PARMTEQ(M) today.
One of the main principles followed by the method is to keep the charge density in the beam
as constant as possible during the process of bunching in order to avoid emittance growth
due to the effect of space charge, especially regarding high-current beams. After all, for the
process of “adiabatic” bunching, the synchronous phase ¢s has to be gradually adjusted, so
that the geometric bunch length remains constant with increasing beam energy, while the
center-to-center bunch distance increases, corresponding to a bunching in phase.
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A characteristic feature of the Four-Section Procedure is that the total number of RFQ cells
is subdivided into four sections with each having a dedicated function [110, [63]:

e The first section, to which the DC beam is injected from the LEBT, is the so-called
radial matcher, with the purpose to radially and transversally capture the beam.
This is accomplished by applying a synchronous phase of ¢ = —90° (maximum bucket
size) and a large aperture radius at the first cell of up to 10 times the regular value
of a, to which the aperture reduces until the end of the matcher section. As shown in
Fig. the focusing strength B accordingly increases almost linearly due to its 1/a?-
dependency. The typical length of the radial matcher is about 4 to 10 cells (5A/2).

e In the shaper section, a smooth pre-bunching is initiated by very slowly increasing the
modulation (from m = 1) as well as the synchronous phase (from ¢s = —90° (linearly)
to about —70°). In the classic FSP, the focusing factor B remains constant from the
shaper to the end of the RFQ.

e In the gentle buncher the beam is adiabatically bunched as described above. By the
end of the buncher section, the synchronous phase has reached its maximum value in
the range of ¢ = —30° and also the modulation factor is raised to its maximum value
(typically to around 2). Eventually, the end of the gentle buncher is a crucial point
regarding the current limit of the RFQ, due to the aperture a being minimal and a still
comparatively low beam velocity.

e In the accelerator section, the modulation m, aperture a and synchronous phase ¢s
are kept constant at the respective values from the end of the buncher section. Here,
a major part of the acceleration is achieved until the nominal output energy is finally
reached.

However, over the years successful attempts have been made to further modify the longitu-
dinal evolution of the beam design parameters B(z), m(z), and ¢s(z), with benefits for the
achievable RFQ length or the reduction of emittance growth [I33].
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Figure 2.38: Beam dynamics design parameters of the 425 MHz LANL POP-
RFQ, implementing the four-section design procedure [132].
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The currently operated HLI-RFQ was commissioned at GSI in 2010 [78] as a replacement for
the original RFQ [80], which was installed at the HLI during its construction in 1991 [40] and
successfully operated for about 20 years. The original 4-rod RFQ with a design frequency of
108.5 MHz and a length of 3 m was capable of accelerating heavy ions with a mass-to-charge
ratio of up to 8.5 (U?*T) from 2.5keV /u to 300 keV /u at duty cycles from 25% for A/z = 8.5
up to 50% for A/z = 1. Within the scope of the CW upgrade program for the HLI [41],
another 4-rod RFQ was designed and manufactured with the aim of providing CW capability
for A/z = 6 and allowing pulsed operation with a duty cycle of 50 % up to A/z = 8.5 [134].

However, during commissioning and operation of the new RFQ two major issues became
apparent [135], limiting the achievable performance and severely impeding stable operation:
(1) The structure is highly thermally sensitive and the resulting deviations of the resonance
frequency occur suddenly and are of significant magnitude, even for very small changes of
thermal load. This affects the frequency tuning with the plunger tuner, the control response
and movement of which is slow compared to the timescale of the thermal detuning.

(2) During pulsed operation, there is severe power reflection with a modulated time struc-
ture. Besides limiting the achievable RF amplitude due to the high amount of power being
reflected to the transmitter, this also poses another problem for the plunger tuner controller,
which relies on the phase difference between forward and reflected power.

Modulated power reflection was already observed at the previously decommissioned origi-
nal HLI-RFQ [1306, 137]. At that time, it was suspected that the source of the modulated
reflection were mechanical vibrations of the long electrode overhang segments. Therefore,
the electrode rods had been additionally mechanically modified and stiffened, which lead to a
mitigation of the reflected power as well as its modulation and improved operational stability.
After the mechanical behavior of the newly installed RFQ during pulsed operation was ana-
lyzed based on observations of the RF signals, which is restricted to the timespan of the RF
pulses, more sophisticated measurements of the electrode vibrations were conducted at GSI
using a laser vibrometer [138]. This was followed by a structural-mechanical analysis based
on simulations done at IAP [I139] using CST Studio Suite [I123] and ANSYS Workbench [140].
Besides details on the RFQ design and operating experience, the results of the analyses from
the mechanical measurements and simulations are discussed in this chapter!, as well as the
results of simulations for the investigation of the thermal sensitivity.

3.1 Design Properties

The now existing 4-rod HLI-RFQ had been designed at TAP [142, 134] and manufactured by
NTG Neue Technologien GmbH [58]. The electrodes with an approximate length of 2m are
mounted on 12 stems at a distance of 173 mm and a beam axis height from the bottom panel

'as published in [141] 43
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of 162mm (see Fig. and Fig.[3.3)). The 11 tuning plates are contacted with the stems by
a solid silver sheet as conductor, which is pressed against the stem by wedges and a steel
spring? (see [134) Figs. 7.8-7.10]). Given the design power consumption during CW operation,
the thermal load per length amounts to 30 kW /m. All parts of the RFQ (stems, electrodes,
tuning plates, plunger tuner and coupling loop) are directly water cooled, which requires a
total of 72 cooling water connections [78]. The assembled RFQ tank is shown in Fig.

In order to be compatible with the designated power amplifier, the RFQ was designed under
the guideline of a power restriction to 60 kW. Necessarily, the overall capacitance had to be
kept low, resulting in a thin profile of the electrode rods which have an almost rectangular
shape with edge lengths of approximately 15 x 10 mm as shown in Fig.[3:3] The RF properties
and basic geometric parameters of the HLI-RFQ are summarized in Tab.3.I] The beam
dynamics parameters are listed in Tab.[3.2]

Figure 3.1: CAD model of the existing RFQ Figure 3.2: HLI-RFQ tank during
structure which was installed at the HLI in 2010. assembly at GSI [7§].

RF frequency [MHz] 108.408 mass-to-charge ratio (cw) <6
intervane voltage (cw) [kV] 55 mass-to-charge ratio (pulsed) < 8.5
intervane voltage (pulsed) [kV] 78 injection energy [keV/u] 2.5
duty factor (pulsed) [%] < 50 extraction energy [keV/u] 300
power (cw) kW] 60 input beam current [mA] <5

power (pulsed) kW] 120 transmission (5mA) [%] 96
Telectrode / Taperture 0.8 transverse acceptance [r mmmrad] > 200

shunt impedance [kQm] 108 € transversal, norms [y mrad] 0.1
quality factor 3300 €oug trAnSVersal, X, nrms [ mm mrad]  0.102

electrode length [m] 1.99 €ouptransversal, o n.rms [y mrad]  0.098

number of stems 12 €oug OnBtudinal, s (7 VeV deg]  0.05

stem distance [mm] 173 output energy spread [keV/u] £+ 3

beam axis height [mm] 162 output phase spread [deg] =+ 20

stem height [mm] 143 number of cells 177

stem thickness [mm] 20 minimum aperture [mm|  1.98

stem width [mm] 90 maximum modulation ~ 1.97

Table 3.1: RF and mechanical design Table 3.2: Beam dynamics parameters

properties of the HLI-RFQ?3. of the HLI-RFQ?.

44 ?based on the mechanism applied to the SARAF-RFQ [143]

3information taken from [78], [144], [134] and [142]
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A
v

90
Figure 3.3: Geometry of the HLI-RFQ structure (dimensions in mm).

3.2 Operating Experience & RF Observations

This section provides a summary of the operating experience and RF observations by GSI on
the existing HLI-RFQ, as presented in [78] and [I35] where further information are given.
During commissioning of the new RFQ in 2010, beam tests were performed with measure-
ments of the emittances, bunch shape, current and energy at different locations of the HLI
beamline. By measuring the beam parameters before the RFQ entrance and behind the exit,
the predicted performance regarding transmission and output beam quality could be demon-
strated. After achieving optimum matching of the input beam into the RFQ and adjusting
the default settings for the HLI beamline components, beam times with low mass-to-charge
ratio ions and thus moderate RF power levels could be operated without obvious problems.
The originally installed spring contacts for contacting the tuning plates with the stems showed
damages or even were destroyed by impact of heat? at average RF power levels < 30kW. In
order to enable safe routine operation of the RFQ, a modified contact mechanism as men-
tioned in section [3.1| was applied, using solid silver sheets as conductor. Until then, the new
contact mechanism proved reliability for 30 kW average and 110 kW pulsed power.
Although each component of the RFQ is directly water cooled, the resonance frequency
changes by approximately 200 kHz from switched off RF to 50 % of the design power (30 kW).
The corresponding temperature increase of the RF structure was estimated to 10-20 K. The
response of the resonance frequency to changes of thermal load occurs almost instantaneously
and even small variations of << 1% have a significant effect. Therefore, changes of the av-
erage power during operation have to be applied slow enough to allow the frequency and
plunger tuner controller to follow. When the RF power is switched off (e.g. due to RF break-
downs), the RFQ structure cools down again and is off resonance. Restarting operation thus
requires to move the plunger tuner back to the initial “cold” position.

As depicted in Fig.[3.4] there is a modulated reflection of power occuring during the RF
pulses with a modulation frequency of roughly 500 Hz and a magnitude in the range of up
to 10%. On the one hand, this is problematic regarding the operation of the plunger tuner
controller, which adjusts the plunger position based on the measured phase difference be-
tween forward and reflected power. On the other hand, at higher powers the achievable RF
amplitude and duty cycle is limited by the significant amount of power being reflected and

“similar problems also occured at the SARAF-RFQ [145] 45
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by the resulting heating-up of the transmitter and sparking. This also poses a major risk
of damage to the RF amplifier. According to an analysis of the RF signals, the damping
time constant of the modulation was estimated to 6-10ms. Because it was suspected that
the modulated power reflection is caused by a time-varying RF mismatch due to vibrations
of the electrodes, the mechanical damping of the structure was increased by putting clamps
on the inter-stem electrode sections. This reduced the damping time to 5-6 ms and slightly
increased the modulation frequency, which both corresponds to a higher mechanical stiffness.

038 T T T T T

----- RF & cooling off (10x)
----- RF off, cooling on (10x)
——RFon

06 - 4

Vibration velocity [mm/s]

A, A JL |
400 500 600
Frequency [HZ]

Figure 3.4: Modulation of the reflected Figure 3.5: Measured frequency spectra of the
power (magenta) with a frequency of electrode vibration velocity without RF and
roughly 500Hz (period ~ 2ms) at an switched off cooling (dashed black line), with
RF pulse length of 5 ms (yellow: forward only cooling water running (dashed red line)
power, green: tank pickup) [78]. and with switched on RF (blue line) [138].

At the typical pulse repetition rate of 50 Hz, the modulation amplitude shows a dependence
on the pulse length. This corresponds to an interference behavior between successive pulses,
assuming that the mechanical oscillations of the electrodes are triggered by the raising and
falling edges of the square wave RF pulse shape, which contain a broad frequency spectrum.
After all, the interference effect is so severe that operation of the RFQ is restricted to certain
pulse lengths, which have to be adjusted carefully. Using a trapezoid pulse shape leads to a
reduction of the modulation amplitude. During operation with a lower pulse repetition rate
of 1 Hz, there is no dependence of the reflected signal on the pulse length because the vibra-
tions are presumably damped out within the timespan between two pulses. All observations
during RF operation support the assumption that the modulated power reflection is caused
by electrode vibrations that are triggered by the edges of the RF pulses. It seems unlikely
that the harmonic oscillation of the applied RF field can cause the excitation, since it oscil-
lates 5 orders of magnitude faster than the observed modulation. This is also contradicted
by the fact that the modulation amplitude is damped during the flattop of the pulse.

Although in CW mode the forward power does not have a pulsed time structure, no stable
CW operating state can be reached. Due to the high level of thermal load during CW op-
eration, the general thermal sensitivity leads to changes of the resonance frequency that are
faster than the reaction time of the frequency controller. The resulting fluctuations of the
reflected power then lead to changes of the forward power due to the reaction of the ampli-
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tude controller, which is additionally affected by the movement of the plunger tuner. As a
consequence, the modulation of the reflected signal is constantly excited by the fast changes
of the forward power and a stable operating state cannot be reached.

After all, pulsed operation is restricted to certain pulse lengths or low repetition rates due to
the modulated power reflection and the high thermal sensitivity complicates stable operation
to an extent that CW operation could not be established.

3.3 Vibrometer Measurements

This section describes the method and results of the vibrometer measurements performed at
GSI on the existing HLI-RFQ, according to [I38] where more details are provided.

The deductions from the RF signals are limited by the fact that the observable time period
is restricted to the pulse length. As an RF independent approach, direct measurements of
the mechanical vibrations with a commercially available laser vibrometer were conducted.
In principle, the used Polytec OFV-525 laser vibrometer uses an interferometer to measure
the Doppler frequency shift and phase modulation between a reference beam and a probe
beam that is pointed onto the monitored surface and reflected back to the vibrometer [146].
The determined frequency shift is proportional to the velocity of the surface movement in the
spatial direction of the probe beam, whereas the corresponding phase modulation relates to
the deflection amplitude. Accordingly, the vibration velocity and amplitudes can either both
be measured directly with dedicated operation modes of the vibrometer, or the amplitudes
can be calculated afterwards from the measured velocity data. The Fourier transform of the
measured data in the time domain finally yields the frequency spectrum of the vibration.
For the vibration measurements on the RF structure of the existing HLI-RFQ, the laser
beam was pointed through a vacuum window in the tank onto the backside of an inter-stem
electrode section of an upper electrode at an angle of roughly 30° (60°) with respect to its
principal axes. This way, vibrations along both transversal spatial axes were measured. The
investigations were conducted for standard operation conditions with an RF pulse repetition
rate of 50 Hz and, additionally, at a much lower pulse repetition rate of 1 Hz in order to study
the mechanical ring-down after excitation by a single pulse.

3.3.1 Results from Standard Operation Conditions

The measured frequency spectra of the vibration velocity for different scenarios are depicted
in Fig. With only the vacuum pumps running (black dashed curve, ten times enhanced),
vibrations of the electrode with frequencies in the range of up to 60 Hz are excited. This
is within the typical range of unavoidable mechanical low-frequency excitations < 100 Hz.
With switched on water cooling, running directly through the stems and electrodes, and
without RF (red dashed curve, ten times enhanced), a broad background up to 600 Hz appears
with distinct peaks below 60 Hz and between 300 and 400 Hz. Finally, for RF operation at
moderate power levels (blue compact line), the spectrum contains two major peaks at 350
and 500 Hz. Whereas the measured 500 Hz vibration is in good agreement with the previous
RF observations, the other striking peak at 350 Hz could not be seen in the RF signal before.
Because the vibrometer was operated unsynchronized, the pulse repetition frequency of 50 Hz
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leads to artifacts in the Fourier transform, which are visible in the frequency spectrum as
narrow side bands every 50 Hz. According to calculations from the velocity data, the vibration
amplitude at 500 Hz is in the order of 1 ym.
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Figure 3.6: Measured vibration velocity Figure 3.7: Measured vibration velocity during
at 500 Hz for different RF pulse lengths a time period of 3.5 pulse cycles for different pulse
at a pulse repetition rate of 50 Hz [13§]. lengths at a repetition rate of 50 Hz [I3§].

Fig.[3.6] shows the measured vibration velocity at a frequency of 500 Hz as function of the
pulse length at a pulse repetition rate of 50 Hz. The minima of the periodic dependence cor-
respond to RF pulse lengths that have already been known from experience to enable stable
operation, while at other pulse lengths operation is unstable or not possible. Fig.[3.7] depicts
the measured vibration velocity in the time domain for different pulse lengths. Each curve
shows a steady periodic behavior with a period duration of 20 ms, correlating to the pulse
repetition rate of 50 Hz. At pulse lengths that enable stable operation (2.2ms, 4.3 ms and
6.3 ms), the measured vibration velocities are visibly lower during the entire duration of the
period. When the pulse length ¢, is an integer multiple of the vibrational period duration ¢,
(tp =n-ty, n =1,2,...), the opposite excitations by the rising and falling edges of the RF
pulses coincide with the same phase of the vibration and cancel each other out. Accordingly,
for t, = 2"2+ L. ¢, with n = 0,1, ..., the opposite excitations then coincide with different vi-
bration phases and interfere positively.

3.3.2 Ring-Down Investigations

Fig.|3.8| shows the vibration velocity in the time domain during excitation by a single RF
pulse and the subsequent free decay of the mechanical oscillation, measured for different
pulse lengths. Due to the low pulse repetition rate of only 1 Hz, the vibrations induced by
the previous pulse have already completely subsided before the next pulse is transmitted.
After the initial excitation by the rising edge, in each case the first deflection is similar, but
the effect of the falling edge depends on the phase of the vibration at the end of the respective
pulse duration. At a pulse length of 5.0 ms the vibration is damped by the falling edge and
amplitudes after the pulse are low, whereas at 4.1 ms pulse length the falling edge interferes
positively with the vibration and amplitudes after the pulse are significantly higher. The
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conditions for positive and negative interference, as derived for the steady periodic oscillation
during operation at a pulse repetition rate of 50 Hz (see Fig., apparently are reverse valid
for single pulse excitation. This is due to the differing phase of the vibration at the beginning
of the pulse. Fig.[3.9shows the measured frequency spectrum of the vibration velocity during
the free decay after the RF pulse, exhibiting a major peak at about 350 Hz with some smaller
peaks in its immediate vicinity as well as the already well known peak at 500 Hz.
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Figure 3.8: Measured velocity in the time Figure 3.9: Frequency spectrum of the
domain for vibrations induced by a single measured vibration velocity during the
RF pulse (marked in gray, repetition rate free decay after the RF pulse [138].

= 1Hz) for different pulse lengths [138].

The measurements during the free decay of the vibrations allowed a more precise deter-
mination of the damping times, which eventually turned out to be in the order of 0.3s for
all vibration frequencies rather than the previously derived 6-10 ms from the RF observations.

3.4 Structural-Mechanical Simulations

In order to gain a better understanding of the previously experimentally investigated struc-
tural-mechanical behavior of the HLI-RFQ, simulations with CST and ANSYS were con-
ducted [139]. From a modal analysis with ANSYS the mechanical eigenmodes of the struc-
ture were determined, which allowed to identify the measured vibrational modes at 350 Hz
and 500 Hz with the latter perturbing the RF properties of the RFQ and impairing stable
operation. After that, the excitation of the identified vibrational modes was studied with
a harmonic response analysis, simulating the resonance response to excitations by an ideal
electric quadrupole field as well as asymmetric field configurations as associated with the oc-
currence of a dipole component. In order to evaluate the effect of different vibrational modes
on RF matching and resulting power reflection, the frequency detuning due to corresponding
mechanical deformations of the electrodes was simulated with CST. Actually, the vibration
simulations with ANSYS allow to calculate the magnitude of the displacement amplitudes,
however, the knowledge of the mechanical damping ratio is required as an input parameter
because the damping characteristics can generally not be predicted from numerical simula-
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tions [147]. Finally, using the experimentally determined value of the damping time, the
magnitude of the vibration was further investigated by conducting transient simulations of
the mechanical response to non-harmonic excitation in order to account for the sequential
shock excitations by the edges of the RF pulses.

3.4.1 Eigenmode Analysis

Fig. shows the simulated deformation profiles (in exaggerated depiction) of the first order
mechanical eigenmodes on the upper electrode. First of all, the modes can be distinguished
into oscillations of either only the levitating free end of the electrode overhang (modes 1 & 2)
or the entire electrode rod with the overhang typically being at rest (modes 3-12). Further-
more, a classification according to the respective vibrational plane can be made. The almost
rectangular shape of the electrode profile has two planes of symmetry, perpendicular to which
eigenoscillations occur. The vibrational planes are oriented to the quadrupole center either
tangentially (modes 1 & 3-7) or radially (modes 2 & 8-12), as depicted in Fig.[3.11]

2 8 9 10 11 12
Figure 3.10: Deformation profiles of the first order mechanical eigenmodes on the electrode
(1: overhang tangential, 2: overhang radial, 3—7: electrode tangential and 8-12: electrode radial).

Figure 3.11: Vibrational planes of the electrodes.
The boundary conditions for the simulations with the ANSYS modal analysis solver were

defined as surfaces on the imported CAD model with zero displacement (fixed supports). In
order to investigate the influence of the boundary definition on the obtained eigenmode defor-
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mation profiles and frequencies, simulations with differently placed boundary surfaces were
conducted. Fig.[3.12] shows simulated mechanical eigenmode spectra of the upper electrode
for two simulation models with different boundary definitions. In model A, the boundary
surfaces are located directly on the trapezoid electrode mounting brackets, corresponding to
the contact surfaces to the stem arms on which the mounting brackets rest. In model B,
the boundaries are defined on the ground areas of the stems. Generally, the obtained values
of the eigenmode frequencies are slightly higher in model A because the proximity of the
zero displacement boundaries to the electrode introduces an artificial increase of mechani-
cal rigidity. Eventually, this effect is reduced the further the boundaries are located from
the electrodes and accordingly the eigenmode frequencies decrease. Whereas there are no
qualitative differences between both simulation models regarding the obtained eigenmode
deformation profiles of the electrodes, in model B the distant boundary conditions on the
bottom of the stems introduce additional degrees of freedom for deformations of the stem
arms and oscillation modes of the stems themselves (also see Fig.|3.14]).
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Figure 3.12: Simulated mechanical eigenmode spectra of the upper electrode
for two different simulation models A and B of the HLI-RFQ.

As depicted in Fig.[3.12] the different eigenmode types occur ordered in the mode spectrum.
The simulated frequencies of the first order tangential and radial overhang modes (modes 1 &
2) regarding model A [model B| are 128 [124] Hz and 202 [179] Hz, respectively. The first or-
der tangential electrode modes (modes 3-7) range from 328 [308] to 339 [334] Hz, whereas the
first order radial electrode modes (modes 8-12) are between 497 [405] and 538 [501] Hz. After
that, only higher order modes occur, with a second order tangential overhang mode (mode
13) at 788[740] Hz, second order tangential electrode modes (modes 14-18) from 882 [791]
to 921 [889] Hz and a second order radial overhang mode (mode 19) at 1208 [943] Hz. The
frequencies of the stem modes are 299, 687 and 710 Hz. Furthermore, higher modes (> 19,
not shown in Fig. contain second order radial electrode modes, third order modes and
torsion modes of the electrodes and stems.
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The deformation profiles of the first 3 orders of only radial eigenmodes are depicted in Fig.|3.13
in topview onto the radial oscillation plane. Regarding one inter-stem electrode section, the
classification in nth orders is characterized by a number of n antinodes (positions with maxi-
mum displacement) and n+1 nodes (positions with zero displacement, including the mounting
positions on the stems).
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Figure 3.13: Deformation profiles of the radial mechanical eigenmodes in topview onto the the
radial oscillation plane (2: first order overhang, 8-12: first order electrode, 19: second
order overhang, 20-24: second order electrode, 33—-37: third order electrode).

Considering the experimentally identified modes from the preceding vibrometer measure-
ments, it can already be concluded from the simulated eigenmode spectra that the mode at
500 Hz corresponds to a radial electrode mode, whereas the mode at 350 Hz is presumably as-
sociated with tangential electrode oscillations. Regarding the eigenmode deformation profiles,
it seems striking that there are only few electrode modes with unidirectional deformation,
meaning that all deformations point to the same side of the respective vibrational plane. The
corresponding modes 6, 7 and 12 each are the highest mode of their respective type. Because
in the idealized case the electric quadrupole potential is constant along the electrodes, the
resulting electric forces at the electrode surfaces point homogeneously in only one direction at
all times. Accordingly, the excitation of bidirectional modes should not be possible. Regard-
ing the simulated eigenmode frequencies of model B, the unidirectional radial mode 12 with
501 Hz nicely matches the measured mode at 500 Hz, whereas the corresponding tangential
modes 6 and 7 with 329 and 334 Hz deviate slightly from the other measured mode at 350 Hz.
Overall, model B seems to provide a better reproduction of the real structural-mechanical
behavior compared to model A. This is presumably because possible deformations of the
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stem arms are taken into account. However, in model B the screwed connections between
the stem arms and electrode mounting brackets are modelled as solid body transitions. This
poses a fundamental simplification of the complicated mode-dependent mechanical coupling
between the screwed components, which is most likely the cause for deviations between the
simulations and measurements. Exemplary, Fig. illustrates the (unidirectional) high-
est first order radial electrode mode (mode 12) on both the upper and lower electrode, the
first order stem mode as well as the lowest second order tangential electrode mode (mode 14).

(unidirectional) radial mode 1st order stem mode (299 Hz)
on the upper electrode (501 Hz)

(unidirectional) radial mode lowest 2nd order tangential mode
on the lower electrode (529 Hz) on the upper electrode (791 Hz)

Figure 3.14: Some exemplary eigenmodes of simulation model B (including stem deformations).

3.4.2 Harmonic Response Analysis

In order to investigate the excitation of the identified vibrational modes, a harmonic response
analysis with ANSYS was performed, from which the frequency-dependent steady-state re-
sponse to a predefined harmonic load is determined. For the simulations, the load was
applied as a homogeneous force to the upper electrode surface with an arbitrary but con-
stant magnitude. As depicted in Fig.[3.15] the direction of the force is parameterized by
A = Flertical/ Fhorizontal, being the ratio of vertical to horizontal excitation.

M5
M4
M3
M2
M1
MO

Figure 3.15: Direction of the excitation Figure 3.16: Monitoring points on
force for A = 1 (radial excitation) and the upper electrode.

A = 0 (horizontal excitation).
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3.4 Structural-Mechanical Simulations

For A = 1, the excitation force points in radial direction, emulating the force associated with
an ideal electric quadrupole field. A < 1 corresponds to forces of asymmetric electric field
configurations, relating to the effect of the electric dipole component (see section [2.3.5)).
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Figure 3.18: Simulated resonance response spectra for the electrode section at M4 for different
excitations from A = 0 (horizontal excitation) to A = 1 (radial excitation).

The harmonic response analyses were conducted on model B as described in section |3.4.1
According to Fig.[3.16] the simulated resonance response was evaluated on six monitoring
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points on the upper electrode with MO being located at the end of the electrode overhang
and M1-M5 being at the centers of the inter-stem electrode sections. The unknown value of
the (constant) mechanical damping ratio was arbitrarily set to 1%. The obtained response
spectra display the relative vibration velocity as function of the excitation frequency.
Fig.[3.17] shows the resonance response at each monitoring point for radial and horizontal
excitation. With radial excitation (A = 1) only the radial modes occur in the spectrum with
significant peaks for the radial overhang mode at 179 Hz (mode 2) and the unidirectional
radial electrode mode at 501 Hz (mode 12). Also, the bidirectional radial electrode modes at
405Hz (mode 8), 425Hz (mode 9), 446 Hz (mode 10) and 481 Hz (mode 11) are present in
the spectrum with minor peaks. When looking at a certain eigenmode frequency, the mag-
nitude of each peak roughly corresponds to the relative amount of mechanical deflection at
the respective inter-stem electrode section according to the eigenmode deformation profiles
as depicted in Fig. With horizontal excitation (A = 0) the spectrum also includes the
tangential modes with major peaks for the tangential overhang mode at 124 Hz (mode 1) and
the unidirectional tangential electrode mode at 334 Hz (mode 7). The other unidirectional
tangential electrode mode at 329 Hz (mode 6) occurs in the spectrum with a medium peak
(only at M1 and M2). Again, also the bidirectional tangential electrode modes at 309 Hz
(mode 3), 315 Hz (mode 4) and 323 Hz (mode 5) are weakly recognizable but present.
Fig.[3.1§ shows the resonance response at monitoring point M4 for different directions of the
excitation (A = 0...1), taking a closer look at the vicinity of the two major peaks which corre-
spond to the unidirectional tangential and radial electrode modes. The increasing excitation
of the tangential mode with decreasing A (the excitation becomes more horizontal) is clearly
visible, whereas the amplitude of the radial oscillation slowly decreases.

After all, the simulated response spectra nicely reproduce the experimentally obtained fre-
quency spectra from the vibrometer measurements (compare to Fig. and Fig.. Ad-
ditionally, the response analysis strongly supports the previous assumption that there is no
excitation of bidirectional modes by the longitudinally constant electric field as associated
with the quadrupole potential. The excitation of tangential modes is clearly attributed to
asymmetries of the electric field distribution, as in case of an existing dipole component.
Although the modulation of the electrodes causes another inherent field asymmetry, the
length of one modulation cell along the electrode is typically much smaller than the longitu-
dinal dimensions of the deformation antinodes of the mechanical eigenmode oscillations and
thus an influence on their excitation seems unlikely.

3.4.3 Mechanical RF-Sensitivity

To investigate the influence of the identified vibrational modes on RF matching, the cor-
responding power reflection was calculated considering the respective mechanical electrode
deformation. For this purpose, deformation profiles as depicted in Fig.[3.19] were applied to
the electrode rods, resembling the unidirectional modes in radial and tangential direction.
The directions of the corresponding traction forces on all four electrodes are shown in Fig.[3.20
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First, the frequency detuning A f associated with the capacitance change due to the electrode
deformation was simulated with CST. From that, the ratio of reflected power to forward power
P,/ P was analytically derived using Eq. In general, the power reflection P, = |T|2F% is
described by the reflection coefficient T'(Af) = (8 — 1 —i8Q0d)/(8 + 1 + ifQ0d) [120] p. 98]
with the resonator’s unloaded quality factor (g, the coupling coefficient f = Qo/Qe (see

section Z3.0) and 6 = fo/(fo — Af) — (fo — AS)/ fo-

electrode deformation
overhang deformation

stem
stem
stem

stem

stem

stem

deformation
amplitude

electrode displacement (relative)

o
f

0 250 500 750 1000 1250 1500 1750

z [mm] Figure 3.20: Directions of the
traction forces on the electrode
rods (black: radial deformation,
red: tangential deformation).

Figure 3.19: Mechanical deflection along the electrode
regarding the applied deformation profiles
(longitudinal coordinate: z).
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Figure 3.21: Simulated frequency detuning A f and calculated ratio of reflected to forward
power P, /P (see Eq.[3.1)) as functions of the (maximum) deformation amplitude
for different deformation profiles according to Fig.[3.19

For the case of critical coupling (5 = 1), another analytic expression for the calculation of the
reflected power can be derived from a different approach: At resonance, the dissipated power
P. = P; equals exactly the forward power which is coupled into the resonator and given by
Py = (27 fo)W( fo)/Qr with the stored energy W ( fp), according to Eq. Considering small
changes in frequency and quality factor, the dissipated power Pgetuned =~ (27 fo)W (Af)/QL

56



3.4 Structural-Mechanical Simulations (3) Mechanical Analysis of the HLI-RFQ

for the detuned case depends on the stored energy W (Af) = W(fo)/(1 +4Qr*(Af/fo)?) in
the detuned resonator, according to Eq.2.20 The reflected power P, = Pt — Pyetuned is then
given by the difference between the (constant) forward power and the detuned dissipated
power. Finally, this yields the approximation formula for the calculation of the relative re-
flected power as given by Eq. which however only applies for critical coupling (8 = 1).

The frequency detuning Af and the proportion of reflected power P,/P; as functions of
the deformation amplitude for different vibrational modes are shown in Fig.[3.21] calculated
for Q9 =3300 as specified in [134, p.103]. Accordingly, for radial electrode deformations,
the experimentally observed magnitude of the power reflection of up to 10 % would corre-
spond to deformation amplitudes of up to approximately 2 ym, which eventually is in good
agreement with the measured vibration amplitudes at 500 Hz. At an assumed deformation
amplitude of 2 ym, the influence on the frequency detuning due to radial overhang and tan-
gential electrode deformations amounts to only approximately 10% (Af~1kHz) and 5%
(Af~0.5kHz), respectively, compared to the radial electrode mode with Af~10kHz. The
corresponding amount of reflected power is in the range of about P,/P;~0.1 % for the radial
overhang mode and P;/P;=0.02 % for the tangential electrode mode, which both is consider-
ably less than the power reflection of P,/ P~ 8% associated with the radial electrode mode.
Finally, this probably poses the reason why the measured mode at 350 Hz, which was iden-
tified as a tangential electrode mode, cannot be observed in the reflected RF signal. After
all, it is obvious that the unidirectional radial electrode mode (mode 12) has by far the most
perturbing influence on the RF frequency stability of the RFQ resonator.
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Figure 3.22: Reflected power P,/FP; as function of the frequency detuning A f for different coupling
scenarios (the dashed lines show the respective amount of modulated power reflection).

In order to show the effect of overcoupling (8 > 1) and undercoupling (5 < 1) on the reflection
behavior of the detuned resonator, the magnitude of total and modulated reflected power is
plotted as function of the frequency detuning A f for different coupling scenarios in Fig.[3.22
as calculated from Eq. The amplitude of the modulated power reflection P, modulated COI-
responds to the fraction of reflected power that results only from the time-varying frequency
detuning due to the electrode vibration, whereas a constant amount of reflected power P; const.
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is caused by the initial non-critical coupling (P total = Pr,const. + anodulated)f’. Therefore, in
case of critical coupling (8 = 1), the reflected power is entirely modulated.

On the one hand, overcoupling apparently increases both the total as well as the modulated
power reflection, whereas on the other hand, undercoupling actually might provide benefits
to mitigate the effects of frequency detuning since the modulated power reflection is gener-
ally reduced. The corresponding total power reflection exceeds the reference case of critical
coupling only at comparatively low detuning, which however is not too problematic as this
is associated with lower field amplitudes and thus lower absolute power levels.

3.4.4 Transient Vibration Analysis

A commonly used approach for the experimental determination of the mechanical damping
characteristics is given by the logarithmic decrement method [148] pp. 4 ff.], in accordance to
which the corresponding value of the damping ratio ¢ can be calculated from a measurement
of the damping time constant 7, following Eq.[3.2] The damped natural frequency wgq =
Vwo? — 772 is approximately equal to the undamped natural frequency wy when damping
is very weak and the corresponding damping time is hence large compared to the period
duration of the oscillation (1/72 < wp?).

1 1 m?<w® 1
(=——t - LT L (3.2

14 (wgr)?  woT wdqT

In contrast to the previously conducted simulations of the mechanical resonance response
to a harmonic excitation, where primarily a qualitative analysis was pursued with arbitrary
values for the excitation force and damping ratio, the magnitude of the vibration can also be
analyzed quantitatively, using the experimentally determined value of the damping ratio and
calculating the force on the electrodes from the simulated electric field distribution.

As calculated with CST MWS, the horizontal and vertical force on the upper electrodes at
45 kW pulse power amounts to 4.23 N and 3.54 N, respectively, being different due to the non-
zero dipole ratio. The correspondingly simulated resonance response spectra at an electrode
section (M4) and at the overhang (MO) are shown in Fig.[3.23
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Figure 3.23: Simulated resonance response at the electrode (M4) and at the end of the overhang
(MO) to harmonic excitation, in analogy to Fig. for the force on the electrodes calculated
with CST MWS (Fhorizontal = 4.23N, Fyertical = 3.54N) and a daming ratio of { = 0.106 %,
corresponding to the experimentally determined value for the damping time of 7 = 0.3s.
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Regarding harmonic excitation, the simulated amplitude of the unidirectional radial electrode
mode with a displacement of almost 120 yum is however much larger than the previously deter-
mined vibration magnitude of up to 2 um, as calculated from the vibrometer measurements
(section or derived from the analysis of the mechanical RF sensitivity (section [3.4.3).
Accordingly, the excitation by the edges of the RF pulses, which corresponds to a periodic
sequence of single mechanical shock events, is 2 orders of magnitude weaker.

To validate the previous analyses and further investigate the progression of the mechanical
electrode oscillation in the time domain and its response to the pulse edges, transient me-
chanical simulations with ANSYS have been conducted. With the electrodes initially being
completely at rest, the transient response to a number of RF pulses with a repetition rate of
50Hz and a pulse length of ¢, was calculated over a total period of 250 ms with a time reso-
lution of 10™*s, corresponding to 5 % of the period duration of the expected 500 Hz electrode
vibration and resulting in 2500 single simulation steps per evaluation.
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Figure 3.24: Simulated vibration amplitude at the electrode during the first 250 ms of
a pulsed excitation with a repetition frequency of 50 Hz and different pulse lengths t.

As shown in Fig.[3.24] the simulated transient vibration amplitudes for different excitation
pulse lengths nicely reproduce the interference behavior observed in the vibrometer mea-
surements as discussed in section m (see Fig., with significantly lower amplitudes
for the pulse length being an integer multiple of the mechanical eigenmode period duration
(tp = 2,4,6ms). Also, the magnitude of the simulated oscillations largely corresponds to the
values from the vibrometer measurements as well as from the RF sensitivity consideration.

The process of negative and positive excitation interference for pulse lengths of 2 and 5ms,
respectively, is shown in detail in Fig.m For t,, = 2ms, the excitations of both the rising
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and falling edges are typically out of phase with the vibration, which is marked by a phase
jump and results in damping, causing the amplitude directly after the pulse to be lower than
before. On the other hand, for {, = 5ms the excitations of the rising and falling edges are
more often in phase to the vibration, in which case the amplitude increases after both the
rising and the falling edge without causing a phase jump. In both cases of negative and
positive interference, the vibration period duration is a constant 2ms, corresponding to the
frequency of the associated unidirectional mechanical radial electrode eigenmode of 500 Hz.
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Figure 3.25: Simulated vibration velocity during the first 4 pulses of a pulsed excitation with a
repetition frequency of 50Hz for ¢, =2ms (negative interference with low vibration
amplitudes) and t, =5 ms (positive interference with high vibration amplitudes).

3.5 Thermal Analysis

To investigate the high thermal sensitivity of the HLI-RFQ, a thermal analysis using CST
Studio Suite has been conducted. In principle, the temperature distribution on the RF struc-
ture can be simulated with CST Mphysics Studio, using the imported heat loss distribution
as calculated by Microwave Studio from the simulated distribution of the magnetic field.
Given the temperature distribution, the resulting thermal deformation can then be simu-
lated. Importing the thermal deformation profile back to Microwave Studio finally allows to
conduct a sensitivity analysis, by which the frequency detuning of the resonator is calculated,
considering the imported surface displacement of the RF structure.

A schematic overview of the heat dissipation from the lossy cavity surface to the flowing
cooling water is provided by Fig.[3.26, For this idealized case, the temperature inside the
heat loaded copper structure is mainly determined by three processes:
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(1) The thermal conduction from the cavity surface to the cooling channel results in a lin-
ear temperature gradient which depends on the heat flow rate Q;, the total area A; of the
respective surface element 4 (the ratio Q; /A; corresponds to the dissipated power density) as
well as on the material dependent value A of the thermal conductivity. Accordingly, the total
temperature difference AT across the overall material thickness deopper is given by Eq.|3.3] .

(2) The heat flux Q; from the copper material to the cooling water through a surface element
with area A; is driven by the temperature difference AT at the transition layer between
the materials. With the heat transfer coefficient o being the corresponding proportionality
constant, AT can thus be calculated according to Eq.[3.4l In general, the value of the heat
transfer coefficient itself depends on the heat conductivity of the cooling water and on its in-
ternal temperature distribution, which again is connected in a complex way with the velocity
distribution and hence the fluid dynamic flow properties [149].

(3) For a perfectly uniform laminar water flow, the water temperature increases linearly along
the cooling channel due to the heat transfer from the copper. The temperature gradient de-
pends mostly on the magnitude of the heat flux (Q ) and on the water flow rate V, but also on
the water density p and its (specific) heat capacity cyw. Accordingly, the overall temperature
increase AT; of the cooling water along the considered surface element 7 is given by Eq.[3.5

demion g ar; = Qdommer (.
copper E heat transfer ATy = Qi (3.4)
I, ¥ AT ol
i forced . .
BT 5T i ar aT= g2
----------- cooling water

Figure 3.26: Schematic overview of the heat flow from
the lossy cavity surface to the cooling water [150, p. 38].

Following the above consideration, the resulting absolute temperature 7T; ¢ at the cavity sur-
face, according to Eq.[3.6 is ultimately determined by the temperature Tj;, of the water
inflow, which basically constitutes the boundary condition to the given thermal problem.

AT;
T%,s = T’i,in + T + ATQ + A,Tl (36)

However, the thermal simulations with CST Mphysics Studio are in the current software
version restricted to the calculation of only the thermal conduction®, thus neglecting the
heating of the water along the cooling channels (V — 00) and assuming perfect heat transfer
(¢ = o0). Therefore, the boundary condition for the thermal simulation has to be defined

650 far, the new Conjugate Heat Transfer solver (CHT) included 61

in CST Studio Suite could not be successfully applied to simulate
the water flow through complex routed cooling channels
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as a perfectly thermally conductive source of constant temperature (Toundary) on a solid
body inside the cooling channels which represents the water. After all, this highly simplified
simulation approach is valid for high water flow rates (AT; — 0) in conjunction with low av-
erage heat flux densities (AT, — 0), which in principle applies well to accelerator structures
with low RF duty cycles. In case of AT; or AT, not being negligible compared to ATy, thus
having a noticeable effect on the surface temperature 7T} s, the influence from the heating of
the cooling water and from finite heat transfer, respectively, has to be considered.

To achieve this within Mphysics Studio, a simple semi-analytical workaround approach can
be applied: Since the local power loss on a certain component of the RF structure can be
directly evaluated from the RF simulations in Microwave Studio, the temperature increase
AT; of the cooling water flowing through the associated section of the corresponding cool-
ing channel can hence be calculated according to Eq.[3.5] To finally take into account the
heating of the cooling water within the thermal simulation, the originally defined boundary
temperature Tioundary,; along the concerned channel section ¢, which is typically set to the
initial inflow temperature to the entire cooling channel, can then be increased by the aver-
aged value AT;/2. Of course, the temperature difference AT; calculated for one section of
the cooling channel also has to be added to the boundary temperatures Thoundary,i+n Of all
following channel sections, since the heat deposited in the water is ideally only removed by
forced convection due to the cooling water flow. To also account for the finite heat transfer,
the boundary temperature can analogously be additionally increased by AT5 as caluclated
from Eq.[3.4 considering the surface area A; of the respective channel section over which
the heat flow Q; is hence averaged. Whereas for a first rough approximation the described
procedure can be applied averaged over an entire cooling channel, provided that the respec-
tively associated heat flow can be determined, the RF structure can also be split up along
the cooling channels into a number of sections, for each of which the corresponding semi-
analytical boundary temperature can then be determined separately in order to yield a more
accurate overall boundary temperature distribution. Eventually, the accuracy of this method
is however limited by basically neglecting the heat flows in between the considered sections.
More sophisticated commercially available software solutions concerning the simulation of
thermal problems, including heat transfer properties and fluid dynamic simulations of the
water flow through the cooling channels, are provided by ANSYS [140] or COMSOL [151].
Regarding the HLI-RFQ, the temperature increase AT; of the cooling water by heating ranges
up to values of 8.5, 4 and 16 K on the stems, tuning plates and electrodes, respectively,
whereas finite heat transfer with a pessimistically assumed value of the heat transfer coefhi-
cient of o = 3500 W/m?K would correspondingly result in an increase AT, of the boundary
temperature by 40, 33 and 32 K, averaged along the cooling channels (see Fig..

In general, the mechanical behavior of 4-rod RFQs under thermal load and the resulting
effect on the RF resonance frequency strongly depends on the mechanical coupling between
the thermal deformations of the single components of the RF structure. In order to investi-
gate the effect of different coupling behavior between the tuning plates and stems, as well as
between the stems and the electrodes, respectively, all thermal simulations have been con-
ducted for the four different mechanical boundary models as depicted in Fig.[3.28] Whereas
in model A all component contacts are solid body transitions, corresponding to strong me-
chanical coupling between the components, in model B the tuning plates are completely
ignored for the mechanical simulation, which practically corresponds to weak mechanical
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coupling to the stems. Model C corresponds to the case that the tuning plates, which are
fixed between two stems, prevent the thermal deformation of the stems at the respective con-
tact surfaces. Regarding model D, the electrodes are basically fully mechanically decoupled
from the thermal deformation of the stems, which are set to be a zero displacement boundary.

3012 2 I/min
o = o0

Figure 3.27: Semi-analytically determined boundary temperatures averaged along the entire length
of the cooling channels for V' = 21/min, considering perfect and finite heat transfer.

model A model B model C model D

gogp

Figure 3.28: Different mechanical boundary models for the simulation of the thermal deformation,
reproducing different mechanical coupling behavior at the screwed connections between the stems and
electrodes as well as at the contact surfaces where the tuning plates are pressed against the stem:

model A: Zero displacement boundary at the bottom panel (indicated in green), solid
body transition between tuning plates and stems as well as between stem
arms and electrode mounting brackets (corresponding to model B from the
vibration analysis, see section [3.4.1)).

model B: Same displacement boundary as in model A, but the tuning plates are being
ignored for the mechanical simulation.

model C: The surface of the tuning plates is also defined as zero displacement boundary,
the stems are thus fixed at the corresponding contact surfaces.

model D: Additionally, also the stems were set to zero displacement, which ultimately
only allows for deformation on the electrodes.
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Figure 3.29: Cooling concept of the HLI-RFQ (the path of the water flow through a
cooling channel of an upper electrode is highlighted by the red dashed line).
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Figure 3.30: Simulated thermal frequency detuning Af as function of the dissipated power
P, for different properties of the water flow and heat transfer, as well as different
mechanical boundary models reproducing different mechanical coupling behavior
between the electrode rods, stems and tuning plates according to Fig.|3.28
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The simulated thermal frequency detuning Af(F.) as function of the dissipated power is
shown in Fig.[3.30] for the four mechanical boundary models as well as three different cases
concerning the quantity of water flow and heat transfer properties, which both have a huge
and qualitative effect on the frequency detuning. The high sensitivity of the frequency on the
water flow rate is due to the fact that the single cooling circuits of the electrodes extend over
5 to 6 RF resonator cells (see Fig., which increases the overall heating of the cooling
water, but also implies that the heated water has to travel a longer distance inside the copper
structure. Furthermore, the influence of the heat transfer coefficient « is very significant
because the cooling channels in the electrodes with a round cross-section profile of 6 mm
radius provide a comparatively small surface area for heat transfer, considering the power
loss density occurring on the electrodes (see Eq.. The simulated surface temperature
distribution is shown in Fig.[4.19| for optimal and pessimistically assumed cooling properties.
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_Iﬁ :
< model A
—— model B
140 ; ——modelC | ]
-160 model D .
180 % HLI-RFQ| ]
200 --f--meeeee e .
220 i 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10 1
water flow rate dV/dt [I/min]

Figure 3.31: Simulated thermal frequency detuning A f at a thermal load of 15kW/m
as function of the water flow rate, assuming perfect heat transfer, for
different mechanical boundary models according to Fig.[3.28

The influence of the thermal deformation of the RFQ structure on the resonance frequency
is primarily determined by two effects: On the one hand, the electrode ends at the overhangs
bend away from each other, which reduces capacitance and thus increases the resonance
frequency. On the other hand, the inter-stem electrode sections tend to bend towards the
center of the quadrupole due to thermal expansion, which in turn increases the capacitance
and reduces the resonance frequency. Although the influence of the electrode deformation on
the frequency is much greater than by the overhang (see Fig., significant corresponding
deformation amplitudes only occur at higher electrode temperatures. For this reason, the
influence of the electrode deformation is typically exceeded by that of the overhang when
the heat is dissipated efficiently, as with high water flow rates and good heat transfer, thus
detuning the frequency upwards. Accordingly, as heat dissipation is reduced, the influence
of the electrode deformation prevails and the frequency is hence tuned down, which can be
clearly seen in Fig.[3.31] depicting the detuning as function of the water flow rate.

After all, at a power of 15kW/m and a water flow rate through the RFQ components of
roughly 21/min, the observed frequency detuning at the HLI-RFQ of —200kHz can only be
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reproduced in the simulations by model D, which indicates that mechanical coupling between
thermal deformations of the electrodes and stems is only very weak and that the value of the
heat transfer coefficient must be around a = 9250 W/m?2K, according to Fig.|3.32
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Figure 3.33: Simulated temperature distribution on the HLI-RFQ for P.=15kW/m

(left: perfect heat transfer and high water flow rate of 201/min, right: finite
heat transfer of a=3500 W/m?K and low water flow of 21/min).



(4) Development & Test of a Newly Designed
6-Stem Prototype

Due to the problems with mechanical vibrations of the electrodes as well as the high thermal
sensitivity, as both investigated in chapter the existing HLI-RFQ is not suited for reliably
providing beam according to the future requirements of either the CW linac or the UNILAC.
Therefore, a new RF design for a completely revised 4-rod RFQ was developed with the aim
to enable stable pulsed operation with high duty cycles up to CW mode at average heat
loads in the order of 30-40kW/m. The newly developed design is based on the concepts
that were already applied to the RFQ designs for FRANZ (fo=175MHz) and MYRRHA
(fo=176.1 MHz), which have successfully proved reliability during long-term tests at very
high power levels > 70kW/m [152, [I53]. Consequently, the main challenge was posed by the
required adaption to the considerably lower HLI operating freqeuency of 108 MHz.

In general, 4-rod RFQs in the lower frequency range are prone to mechanical oscillations of
the electrodes because the usually necessary larger distance between the stems facilitates me-
chanical deformations of the inter-stem electrode sections. Based on the experience from the
preceding mechanical analysis of the existing HLI-RFQ, the newly revised design was devel-
oped with an emphasis on structural-mechanical simulations in order to efficiently suppress
vibrational modes that have a perturbing effect on RF operation [154] [155]. The applicable
methods for improving mechanical rigidity (e.g. thicker electrode rods, shorter stem distance)
typically lead to a reduction of shunt impedance. Thus, the main design approach was to
minimize the vibration amplitudes by increasing the mechanical rigidity under restriction to
a reasonable decrease of shunt impedance and resulting increase of thermal load. Finally, in
order to be able to extend the electrode length to over 2 m for reasons of beam dynamics and
to enable power levels of more than 30 kW /m, the restriction to a maximum power consump-
tion of 60 kW, which the design of the existing HLI-RFQ complies with, was dismissed. For
the future operation of the newly developed full-length HLI-RFQ the acquisition of a new
power amplifier with a sufficiently high power output around 100 kW is planned.

According to the results of relating RF and mechanical design studies, a 6-stem prototype was
developed and manufactured. Unlike the commonly used 4-stem prototypes for RF tests of
4-rod RFQ designs, the configuration of the new prototype was upgraded to 6 stems with the
aim to reproduce a mechanical eigenmode spectrum that is comparable to a longer structure
with a higher number of stems. For the validation of the anticipated characteristics prior to
RF conditioning and high-power tests of the prototype, extensive pre-tests were conducted.
Both the RF and mechanical properties have been investigated by measurements of the RF
frequency tuning, field flatness, @ factor, shunt impedance, dipole compensation, mechanical
eigenmode spectrum [156] and mechanical damping characteristics. In order to study the vi-
bration behavior during operation, further vibration measurements using a laser vibrometer
are planned to be conducted during high-power tests, analogously to the measurements done
at GSI on the existing HLI-RFQ as discussed in section
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This chapter presents the methods and results of the development and tests on the newly
designed 6-stem prototype, including the initial design studies, the final RF design and its sim-
ulated properties, the pre-tests and low-level measurements as well as the RF pre-conditioning
and preparations for high-power tests.

4.1 RF/Mechanical Design Studies

The basic FRANZ/MYRRHA RFQ design with its crucial geometric parameters is depicted
in Fig.4.1l The electrode rods consist of a square profile (edge length = “electrode profile”)
on the edge of which the actual electrode vane is placed, rotated by 45°. The square profile
mainly provides the mechanical stability of the electrode rod and also contains the water
cooling channels, as shown in Fig.[£.60l The rods are mounted to the stem arms by lateral
trapezoid electrode mounting brackets (see Fig. and Fig. for a topview), whose di-
mension along the rod is parameterized by the “trapezoid base length”. Throughout the
entire process of the design studies, the distance between the square profiles of adjacent
rods (=15.2mm) and the distance between the rods and the stem arms (=10.9mm) were
maintained constant, according to the original specifications of the FRANZ/MYRRHA RFQ.
Also, the length of the electrode overhang was kept constant at a value of 35 mm.
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Figure 4.1: Basic geometric parameters considered for the design studies.

For the compensation of the electric dipole component a new method is applied, which was
first implemented on the MYRRHA-RFQ [129]. Here, the current path to the lower elec-
trodes is deliberately being extended by shifting the lower stem arms sideways, thus creating
a stem arm offset and increasing the overall stem width. Due to the extension of the current
path, the electric potential on the lower electrodes can be increased to an extend that allows
to match the potential on the upper electrodes, thus effectively eliminating the dipole field
(see section . Eventually, this method is mainly limited by the decrease of mechanical
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rigidity resulting from the widening of the electrode mounting brackets as the stem arm off-
set increases. Another, more conventional approach to influence the dipole magnitude is to
increase the angle a of the stem cutting, which results in a steeper cutting and increases the
total height of the lower stem arms. This provides more space for the magnetic field to form
around the stem arm and increases charge transport to the undersupplied lower electrodes.
After all, the thereby achievable moderate dipole compensation is limited by the thermal
heating in the resulting acute angle opening as well as the increase of the stem arm height,
which again leads to a higher susceptibility towards mechanical vibrations [139].

geometric design parameters target properties (values)
stem distance resonance frequency fy (108 MHz)
electrode profile stem height (min.)
rod geometry ) .
trapezoid base length shunt impedance R, (max.)

dipole ratio (0)

mechanical eigenfrequencies (max.)

. . a (stem cutting angle)
dipole compensation
stem arm offset

stem geometry

stem thickness
stem width

Table 4.1: Overview of the geometric design parameters and evaluated target properties.

The prototype was designed with flat electrodes without modulation, meaning that the aper-
ture radius 7aperture = 4 mm and the electrode radius relectrode = 3 mm are both constant along
the beam axis. For each evaluated design iteration, the resonance frequency was adjusted to
the nominal value of fy =108 MHz by varying the position of the tuning plates, which were
all set to the same height without any flatness tuning. In case the resonance frequency is
adjusted correctly, the distance from the tuning plates to the lower electrode rods defines the
effective stem height. An overview of the basic independent variable geometric parameters
considered for the design studies as well as the correspondingly evaluated target properties is
given in Tab.[£.1} The shunt impedance Ry, was calculated according to Eq.[2.28) where Uy
was considered to be the mean vane voltage along the longitudinal axis. The stem height was
always set to a value that allows a generous tuning range down to —15MHz (fy =93 MHz)
for all tuning plates being in the lowest position possible. The dipole ratio was evaluated

according to Eq.
Fy Qrw Fy . Fy

_ il (4.1)
iy (1 (2)?) e (2

2k¢C  cw
The amplitude A of a forced mechanical vibration with viscous damping for a system with
a single degree of freedom is given by Eq.[4.1] corresponding to the differential equation of
motion ma + c& + kx = Fy sin(Qt) with mass m, damping coefficient ¢, (spring) stiffness co-
efficient k£, magnitude Fy of the harmoniously applied force with frequency 2, the natural
(angular) frequency w=+/k/m and the damping ratio ¢ =c/co=c/(2vkm) (with critical
damping ¢y =2vkm) [I57]. Considering the mechanical excitation of the RFQ electrodes

A=
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by the broadband edges of the RF pulses and assuming that the resonance frequencies of
the mechanical eigenmodes are within the excitation bandwidth, the damper-controlled so-
lution for €2 ~ w provides a rough qualitative estimation of the magnitude of the vibration
amplitudes, relating to harmonic excitation. Accordingly, the vibration amplitudes are in-
versely proportional to the mechanical eigenmode frequency w as well as to the corresponding
damping ¢(w), which again might be frequency dependent, whereas being proportional to the
excitation force Fy which relates to the applied electric field amplitude.

A more comprehensive quantitative characterization of vibrations at the electrode sections
between adjacent mounting brackets is provided by the analytic approaches for forced trans-
verse vibrations of a continuous bar with fixed ends, as discussed in [I58] and [159].

Since the amount of damping cannot be predicted from numerical simulations with ANSY'S,
the actual vibration amplitudes could not be evaluated for the design studies.
the mechanical eigenmode frequencies can be determined directly from the modal analysis
solver and hence provide a convenient measure for the effect of a structural modification on
the magnitude of the vibration amplitudes. Therefore, a main objective during the design
process was to increase the frequency of the RF affecting unidirectional radial electrode mode.

However,
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Figure 4.2: Variation of the stem distance.

First, based on the design specifications of the FRANZ/MYRRHA RFQs, an adapted ref-
erence design was derived with corresponding geometric parameters but a different stem
distance, which was adapted to the lower nominal resonance frequency of fo =108 MHz (see
Tab.. According to Fig. the stem distance was chosen to a value of 120 mm, close
to the characteristic broad maximum of the shunt impedance curve as function of the stem
distance (a similar optimization procedure for another 4-rod RFQ is presented in [160]).
Thereby, the shunt impedance is maximized at the expense of the stem height increasing to
almost twice its value compared to the case of a much larger stem distance > 170 mm as at the
existing HLI-RFQ. However, since the reduction of the stem distance significantly improves
the mechanical rigidity of the electrode rods, the frequency fiechanical Of the unidirectional
radial electrode eigenmode was almost doubled!. Another modification of the adapted refer-
ence design is the increased stem cutting angle of a =30°, since it already became apparent
during the early stages of the design studies that this would avoid large required stem arm
offsets in order to provide full dipole compensation. At the chosen value of o =30°, the re-
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sulting stronger thermal heating at the opening angle of the stem cutting and at the adjoining
lower stem arms is still acceptable, as well as the slightly decreased mechanical rigidity due to
their increased height. The remaining dipole ratio of the (uncompensated) reference design
amounts to 9.5 %. This is significantly less compared to the (also uncompensated) FRANZ-
RFQ design with a dipole ratio of 33.4 %, mostly because the dipole generally decreases with
lower RF resonance frequencies (the frequency dependence of the dipole ratio is discussed in
section . Based on the adapted reference design, the other geometric parameters were
then further optimized, as described in the following.

FRANZ MYRRHA reference prototype

design design design design

RF frequency [MHz] 175 176.1 108 108
stem distance [mm)] 97 100 120 120
beam axis height [mm] 151 150 251.2 2724
geometric stem height [mm] 128.4 127.4 228.6 247.8
effective stem height [mm)] 59.7 53.4 144.1 156.4
electrode profile [mm] 15 15 15 17
trapezoid base length [mm)] 54.2 54.2 54.2 89.2
stem cutting angle « [deg] 21.8 22.9 30 30
stem arm offset [mm)] 0 18 0 15.92
stem thickness [mm)] 25 28 25 35
stem width [mm] 110 128 110 146.9
shunt impedance Ry, [kQm] 79.9 82.6 167.4 146.6
dipole ratio [%] 33.4 -3.5 9.5 0.1
mechanical eigenfrequencies [Hz):

bottom electrode only 2081 2052 1610 2118

upper electrode only 2238 2147 1527 2085

entire structure 1332 1317 886 1087

Table 4.2: Comparison between the RFQ designs for FRANZ [152] and MYRRHA [88], the
adapted reference design and the final prototype design regarding RF frequency, geometric
design parameters, simulated RF properties (shunt impedance Ry, and dipole ratio, both
simulated on a 4-stem model) and simulated RF affecting mechanical eigenfrequencies (on
the electrodes only and for the entire structure, simulated on a 12-stem model).

As shown in Fig.[4.3] the shunt impedance as well as the stem height decreases almost linearly
with increasing electrode profile. Both of this is due to the resulting increase in capacitance,
which also leads to a linear increase of the dipole ratio. Eventually, it was decided to increase
the electrode profile by 2 mm from the reference value (marked as vertical gray line) to a total
of 17mm. At that consideration, a resulting reduction of the shunt impedance by 5.2 % and
a corresponding increase of the dipole ratio by 1% seemed acceptable in order to reduce the
stem height by 3.6 % and, most of all, yield a further increase A fiechanical Of the mechanical
eigenfrequency of the unidirectional radial electrode mode! by roughly 4.5 %.

Because the geometry of the trapezoid electrode mounting brackets barely affects the overall
capacitance, there is only very little influence of their size on the shunt impedance, stem
height and dipole ratio. However, the mechanical stiffness of the electrode rod is considerably
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enhanced by enlarging the mounting brackets. Therefore, the trapezoid base length was
increased from its reference value of 54.2mm to the largest possible, practically applicable,
dimension of 89.2mm. Thereby, a remarkable increase of the mechanical eigenfrequency! of
about 18.5% could be achieved with virtually no impairment of the RF properties.
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Figure 4.3: Variation of the electrode geometry (electrode profile and
base length of the trapezoid electrode mounting bracket).
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Figure 4.4: Variation of the stem cutting angle o and stem arm offset for dipole compensation.

On the left, Fig.@ shows the dependence of the stem height and shunt impedance Rp1, on
the stem cutting angle «, regarding the case without any dipole compensation being applied
(zero stem arm offset), as well as for full dipole compensation with correspondingly adjusted
stem arm offset. The right side, on the other hand, shows the dipole ratio as function of
a (again for the uncompensated case with zero offset), the required stem arm offset for full
dipole compensation as function of «, and the influence of the stem arm offset on the me-
chanical eigenmode frequency of the unidirectional radial electrode mode!.

Accordingly, the variation of the stem cutting angle a affects the stem height and shunt
impedance only to a very small extent of about 1%, considering the uncompensated case
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with zero stem arm offset. However, this allows the dipole ratio to be reduced from 14 % for
a =0, corresponding to a horizontal stem cutting, to 9.5 % for o= 30°, which is the maximum
value of the stem cutting angle as already specified for the reference design in order to limit
the height and heating of the lower stem arms. With a =30°, the required stem arm offset for
yielding full dipole compensation amounts to roughly 15mm. For this case, the stem height
increases only slightly by 2.7 % and the shunt impedance hardly changes from the reference
value of 167.4kQm. After all, the associated resulting decrease of the mechanical eigenmode
frequency amounts to a considerable value of A fiechanical = —9 %, which consequently had to
be accepted in order to achieve the pursued full compensation of the electric dipole.
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Figure 4.5: Variation of the stem geometry (stem thickness and stem width).

The influence of the stem geometry on the RF properties and unidirectional radial mechanical
eigenmode frequency? is depicted in Fig. On the one hand, the stem thickness was varied,
effectively altering the distance between the opposing surfaces of adjacent stems while keep-
ing the stem distance constant (which is defined as the distance between the stem centers).
Considering the finally applied increase of the stem thickness to 35 mm from the reference
value of 25 mm, the shunt impedance is only insignificantly affected (ARpr, <1%) and the
dipole ratio reduces by roughly 1.3 %, whereas the stem height increases by about 9.5 %. The
corresponding increase of the mechanical eigenmode frequency amounts to 3.5 %.

On the other hand, the stems were also widened laterally, while retaining all other dimen-
sions, corresponding to an increase of the stem arm width towards the outside. This increases
the cross section for the current flow on the stem arms and thus improves shunt impedance,
but also significantly increases the mechanical rigidity, especially considering lateral deforma-
tions. Eventually, the stem arms have been widened by 10.5 mm each and hence the overall
stem width increased from 110 mm to 131 mm, resulting in a total of 146.9 mm after dipole
compensation with a stem arm offset of 15.9 mm. While again suffering an increase in stem
height by 8.4 %, this however increases the shunt impedance by 4.6 % and the dipole ratio
decreases only slightly by about 0.3 %. The accordingly achieved increase A fiechanical Of the
mechanical eigenmode frequency amounts to remarkable 9.5 %.
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Figure 4.7: Influence of the cooling channel size
on the mechanical eigenfrequencies.

Relating to the simulated eigenmode spectra on the existing HLI-RFQ, as given in sec-
tion the values of the frequencies differ only slightly between the applied simulation
models (model A: upper electrode only, model B: entire structure). This is because the long
and thin inter-stem electrode segments are mechanically much softer than the comparatively
rigid stems. Hence, the mechanical oscillations take place mainly on the electrode rods, while
the stem arms move along only slightly or not at all. Regarding the much stiffer electrode
geometry of the basic FRANZ/MYRRHA RFQ design, a significant part of the vibration is
transmitted to the stem arm or to the entire stem. This results in a much larger discrepancy
between the simulated frequencies on either only the electrode rods or on the entire RFQ
model, with the respective values differing by a factor of almost 2 (see Tab..

The applied design approach of maximizing the eigenfrequencies in order to obtain lower
vibration amplitudes implies the assumption that the resulting increase in frequency Aw =
V (k + Ak)/(m + Am) is solely attributed to an increased stiffness Ak >0, which effectively
is the case when the oscillating mass remains constant or increases (Am >0). This is true
for all previously conducted structural-mechanical optimizations concerning the stiffening of
the electrode rods or stems, where the modification of the geometry was always associated
with an increase of mass (Am > 0). However, regarding the effect from enlarging the cooling
channel size, which leads to an increase in frequency as depicted in Fig.[4.7] this assumption
is violated due to the resulting reduction of mass (Am <0). Eventually, this is the reason
why the mechanical eigenfrequencies increase, although the stiffness (k) and damping (c)
obviously both decrease because of the increasing internal hollowness of the electrode rod,
which most likely even leads to increased vibration amplitudes. After all, this effect cannot
be predicted easily from only the frequency consideration?. In general, however, it can be
argued that from a structural-mechanical point of view the cooling channels should be kept as
small as possible, regardless of the effect on the mechanical frequencies, in order to maximize
stiffness and damping. On the other hand, this of course has to be carefully considered with
regard to the cooling performance. Concerning the design studies, all mechanical eigenmode
simulations were conducted on a 12-stem model with rectangular cooling channels with edge
lengths of 5 x 3 mm.
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The properties of the evolved final prototype design are summarized in Tab.[4.2] and result
from the non-linearly accumulated effects of the various separate parameter adjustments, an
overview of which is given in Tab.[.2] After all, the simulated mechanical eigenfrequency
of the RF affecting unidirectional radial electrode mode could be increased significantly to
1087 Hz, which is more than twice compared to the existing HLI-RFQ with 501 Hz. The ex-
pected shunt impedance® of 110 kQm (= 146.6 kQm x 0.75) corresponds well to the HLI-RFQ
with Rpr, =108 kQdm. The simulated full compensation of the electric dipole component could
be achieved without difficulty. A distinctive characteristic of the prototype design are the
strikingly high stems. A more detailed description of the final prototype specifications and
its simulated properties is given in the following section.

J varied parameters Ahgtem ARpy, dipole ratio A fiechanical
stem distance \ 7\ pJ \
—13.6 %/cm +2.2%/cm +1%/cm —15.5%/cm
electrode profile ~ \ = ’
—1.8%/mm —2.6 %/mm +0.5%/mm +2.5%/mm
trapezoid base length pJ
+0.21%/cm —0.15%/cm +0.08 %/cm +5.5%/cm
stem arm offset - - \ N
+2%/cm —0.5%/cm —6.3%/cm —6 %/cm
stem cutting angle o ~ —)
—0.18%/10° —0.22%/10° —1.7%/10° —0.9%/10°
stem thickness pJ ~ w4
+9.5%/cm +0.62 %/cm —1.3%/cm +4.8%/cm
stem width pJ p = P
+4%/cm +2.2%/cm —0.13%/cm +5.4%/cm

Table 4.3: Overview of the separate effects of each parameter variation considered for the design
studies on the stem height (Ahgem), shunt impedance (AR,y,), dipole ratio and frequency of the
unidirectional mechanical radial electrode mode (A fiechanical)- The specified values correspond to
the change of the evaluated properties per typical order of magnitude of the respective variation.

4.2 Prototype Design & Simulated Properties

Based on the preceding design studies on 4-rod RFQ models with 4 and 12 stems for RF
and structural-mechanical simulations, respectively, the final technical design for the 6-stem
prototype was derived in close consultation with the chosen manufacturer NTG GmbH [5§].
As stated in Tab.[4.4] the stem height had to be increased again from the 4-stem model in
order to obtain the aimed frequency range by the tuning plates down to —15MHz, taking
into account the two additional RF cells. Also, the stem arm offset needed to be readjusted
to 15.9mm. The position and size of the designated plunger tuner, which can be placed
between two stems, was chosen to provide a dynamic tuning range of £200 kHz.
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For reasons of mechanical production the final prototype structure, which is shown in Fig.[4.§]
and Fig.[£.9] has some minor geometric deviations compared to its simulation model used in
CST Microwave Studio, mostly affecting the rounding radii of the edges on the stems (in-
cluding the stem arms) and electrode mounting brackets. Also, the profile of the electrode
vane tip was flattened towards the end in order to reduce the surplus overhang capacitance.
Overall, this results in very slight deviations of the final simulated RF properties from the
nominal target values according to which the simulation model was optimized for, which
eventually is the reason for the simulated value of the dipole ratio not being exactly zero.

Figure 4.8: Topview of the 6-stem 4-rod RFQ prototype (photo taken by NTG GmbH).

RF design frequency [MHz] 108.0
quality factor (sim./exp.) 6680 /5010
shunt impedance (sim./exp.) [kQdm] 145 /109
dipole ratio [%] 0.3
mechanical electrode eigenfrequency [Hz] 985.9
RF tuning range (tuning plates) [M 92.5-153

Hz|
dynamic RF tuning range (plunger tuner) [kHz] +200
]

electrode length [mm 702
Telectrode /Taperture 0.75

beam axis height [mm] 307.3
(geometric) stem height [mm] 282.7
effective stem height [mm] 179.2
stem arm offset [mm)] 15.9

Table 4.4: Final design parameters and simulated properties of the 6-stem
prototype (all other geometric parameters correspond to Tab..
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90 mm

new design HLI-RFQ new design HLI-RFQ

Figure 4.10: True-to-scale comparison between the HLI-RFQ and the newly developed prototype.

After all, the expected shunt impedance remains virtually unaffected at Rp;, =109 kQdm with
an expected value for the quality factor of Q =5010. The total tuneable frequency range is
from 92.5 to 153 MHz for the tuning plates being in the lowest and highest possible position,
respectively. Because the 6-stem structure has a lower overall mechanical stiffness compared
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to the 12-stem simulation model as considered for the design studies, the frequency of the
lowest unidirectional mechanical radial electrode eigenmode decreased from 1087 to 985.9 Hz,
which is also affected by the slightly enlarged cooling channel size with edge lengths of now
8 x 3mm. The substantial mechanical reinforcement of the resonator structure compared to
the existing HLI-RFQ is depicted in Fig.[4.10]

As shown in Fig.[.11] the prototype tank is fitted with a total of four ISO-F DN 100 flanges
for connecting a vacuum pump and an RF coupler as well as two blind flanges at the hypo-
thetical beam entrance and exit. An ISO-F DN 63 flange is provided for moving the plunger
tuner into the cavity and three KF 40 flanges can be used for RF and vacuum diagnostics.
For the purpose of vibration measurements with a laser vibrometer during RF operation, the
RFQ tank is also equipped with four additional diagnostic windows (ISO-F DN 63). Whereas
two of which are located on the upper cavity lid, with one targeting the overhang of the
upper electrode and the other targeting the inter-stem section adjacent to the corresponding
opposite electrode end, the other two windows are positioned sideways with each again being
targeted to one of the same respective spots. This configuration allows to measure vibrations
at the two designated points on both transversal spatial axes.

~
o}
N

Figure 4.11: Prototype tank dimensions (in mm) and flange configuration.

According to Fig.[4.12] the order of modes in the simulated mechanical eigenmode spectrum of
the 6-stem prototype shows several differences to that of the existing HLI-RFQ (see Fig.|3.12
for comparison, but be aware that here only eigenmodes on the upper electrode have been
considered). First of all, the spectra of eigenmodes for the upper and lower electrode, respec-
tively, now are substantially different, which is mainly caused by the differing geometry of
the electrode mounting brackets due to the introduced stem arm offset, affecting the lower
electrode. Second, in addition to the stem modes that already occurred before (Fig.,
also a number of stem torsion modes can be observed (Fig., which is a consequence of
the large stem height. Third, because the square electrode profile now is very large compared
to the vane tip, two more planes of symmetry emerge in vertical and horizontal orientation,
thus resulting in accordingly oriented additional vibrational planes.
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Figure 4.12: Simulated mechanical eigenmode spectrum of the 6-stem prototype.
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Figure 4.14: Mechanical eigenmodes of the electrode overhangs (front view,
the gray arrows indicate the vibrational planes).
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Figure 4.15: Stem torsion modes (topview, the gray second order stem mode ( 2)

arrows indicate the orientation of the stem torsion). Figure 4.16: Stem modes (sideview).
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Figure 4.17: Overview of unidirectional electrode modes (perspective
view, the gray arrows indicate the vibrational planes).

As shown in Fig.[4.13] perfect radial excitation as corresponding to the effect of an ideal elec-
tric quadrupole field (also see section causes mechanical oscillations of the electrode
overhangs in almost all their eigenmodes, which are depicted in Fig.[f.14] Considering oppo-
site electrodes, the associated mechanical forces always act in opposite direction (antiphase
excitation) and hence the comparatively weak presence of the radial mode 4 in the simulated
spectrum can be explained by its in-phase deformation of the overhang ends, whereas other-
wise the also radial mode 5 with corresponding antiphase deformation is most strongly being
excited. The noticeable occurrence of the tangential overhang modes (modes 2 and 3) is due
to the fact that the respective vibrational planes are slightly tilted relative to the tangential
plane, which results from the influence of the mounting bracket and stem arm deformations
on the overall deformation profile of the electrode rod. The accordingly minor but non-zero
radial deformation component of the primarily tangential eigenmodes eventually leads to the
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observed excitation by the ideal radially acting excitation force.

As already expected, the only electrode mode that occurs in the response spectrum with
a significant amplitude is the unidirectional radial mode 18, which besides being the only
unidirectional radial electrode mode also has antiphase electrode deformation, as can be seen
in Fig.[£.17] Whereas mode 18 with an eigenfrequency of 985.9Hz is primarily an oscil-
lation mode of the upper electrode, the frequency of the corresponding eigenmode on the
bottom electrode is above 1500 Hz. Regarding the striking horizontal mode 6, which oscil-
lates predominantly on the bottom electrode but however is also associated with a significant
deformation of the upper electrode, the condition of in-phase deformation for both electrodes
effectively suppresses excitation by the forces associated with the electric quadrupole field.
For the same reason as with the overhang oscillations, also some tangential electrode modes
are weakly recognizable in the response spectrum (see modes 23 and 24).

Figure 4.18: Cooling channels in the electrodes (left) and stems (right) of the 6-stem
prototype (the blue arrows indicate the direction of water flow).

The routing of the water cooling channels through the electrodes and stems is shown in
Fig.[4.18 Each stem is fitted with two separate cooling circuits, which are further divided
into two channels that are located at a depth of 2 mm below the copper surface and reach as
high as practically possible into the stem arms, which besides the opening of the acute stem
cutting angle are the most heat loaded areas of the stem surface. The horizontal positions of
the long vertically running channel sections were optimized by thermal simulations to a uni-
form temperature distribution on the stem surface, which can be seen in Fig.[4.19 In order
to optimize the cooling of the large electrode mounting brackets, which carry the entire cur-
rent flow from the stems to the electrodes, they have been fitted with maze-like cooling loops
which feed the water from the inlet through the stem into the electrode cooling circuit. At the
6-stem prototype, each electrode is mounted on an uneven number of 3 stems, with the water
in- and outflow to and from the electrodes being at the first and third stem, respectively, thus
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the entire electrode being cooled by a single water circuit that spans over a total of 5 RF cells.
In case of longer RFQ structures with more than 6 stems and each electrode being mounted
on an even number of stems, the in- and outflow can be located at adjacent stems connected
to the same electrode, reducing the number of RF cells to 3, over which each cooling channel
of the electrodes extends. A dedicated feature for thermal diagnostics of the prototype is pro-
vided by additional vertical hollow channels inside the stems, through which thermo sensors
can be inserted from the outside and placed at a position close to the stem cutting surface
in order to measure the material temperature for comparison with simulations (see Fig..
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Figure 4.19: Simulated temperature distribution on the 6-stem prototype for P, =30kW/m
(left: perfect heat transfer and high water flow rate of 201/min, right: finite
heat transfer of a=3500 W/m?K and low water flow of 21/min).

In principle, the cooling channels are completely embedded within the solid copper structure,
which is made possible by a new fabrication technique developed by NTG GmbH. At this,
the channels are first milled into the prefabricated bottom part of the copper structure and
then filled with a special wax. In the next step, the channels are closed by applying the entire
surface layer of the structure by thick copper plating using electro forming, before the wax
is being removed again [88]. The produced solid copper structure provides highly efficient
heat conduction from the stem surface to the cooling channels, without additional material
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transitions such as welding or soldering seams, which is a significant advantage regarding the
production of CW RFQs with an average power loss of up to several tens of kW/m. This
new technique was first used to fabricate the RFQs for FRANZ and MYRRHA.

——
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Figure 4.20: Simulated thermal frequency detuning Af of the 6-stem prototype for P.=30kW/m
as function of the water flow rate for different mechanical boundary models as given in section |3.5
(see Fig. , considering perfect and finite heat transfer (v = 0o, a = 3500 \?\7/11121()7 respectively.

According to the results of thermal simulations for P, =30kW/m as shown in Fig.[4.19] the
maximum temperature increase on the stems and electrodes, which is approximately the
same, amounts to only 3K (Tjax = 296 K), considering the ideal case of perfect heat transfer
and a very high water flow rate, but ranges up to 23 K (Tinax = 316 K) for a lower flow rate
of 21/min as well as a comparatively low heat transfer coefficient of 3500 W/m?K. Again, the
warmest spots are located at the edges of the electrode mounting brackets as in case of the
existing HLI-RFQ (see Fig., but also at the corners of the tuning plates.

Compared to the simulated temperature distribution on the existing HLI-RFQ under ideal
conditions (dV/dt = 201/min, o = 0o, P, = 30kW/m), with a maximum temperature in-
crease of 6 K, the corresponding value of the prototype amounts to only half of that. Consid-
ering the supposed worst case scenario (dV/dt = 21/min, a = 3500 W/m?K, P, = 30 kW /m),
the difference of the temperature increase of 23 K at the prototype compared to 88 K at the
existing HLI-RFQ is even much larger, corresponding to a factor of about 4.

The simulated frequency detuning Af for the four different mechanical boundary models
(A...D) from section as function of the water flow rate is shown in Fig. again for
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perfect and finite heat transfer. At the existing HLI-RFQ, there are huge differences in the
simulated frequency detuning between the considered boundary models and scenarios for wa-
ter flow and heat transfer, with even qualitative differences of the overall deformation and
resulting differing sign of the detuning, ranging from 490 to —800kHz (see Fig.. At
the prototype, the corresponding deviations are in general considerably smaller, with the
frequency detuning at a water flow rate of 21/min always being negative, differing by a factor
of 2 to 3 between perfect and finite heat transfer. Accordingly, compared to the existing
HLI-RFQ, the prototype is much less sensitive to the properties of the water flow, which
eventually determine the heat transfer characteristics. At a power of P, = 30kW /m, also the
absolute values of the frequency detuning at the prototype of +6 and —130kHz, as simulated
for ideal cooling and the worst case, respectively, are significantly less than at the existing
HLI-RFQ with +30 and —800kHz, corresponding to a factor of 5 to 6. Consequently, also
the thermal frequency sensitivity is reduced accordingly and can thus be estimated for the
prototype to 1.1-1.3 Hz/W, based on the value of 6.7 Hz/W observed at the HLI-RFQ.

4.3 Low-Level Measurements & Pre-Tests

This section provides an overview of the low-level measurements for the investigation of the
RF properties and the field distribution, the initial mechanical pre-tests concerning the vi-
bration behavior, as well as the experimental modal analysis using a 3D laser vibrometer,
which all have been conducted at TAP on the open prototype tank.

4.3.1 RF Measurements & Field Distribution

The low-level measurements of the RF resonator properties and the field distribution were
conducted using a network analyzer with the power coupler and an RF pickup each being
connected to one of the ports. The finally determined values for the quality factor and the
shunt impedance are summarized in Tab.[4.5

quality factor (Qo) 5050 £ 20 (3dB method)
shunt impedance (Rpr) [kQm] 1149 £ 0.5  (capacitance simulation)
110.5 + 2.6  (perturbation capacitance)
109.8 + 0.4 (R/Q-comparison)

Table 4.5: Determined values of the quality factor @y and the shunt
impedance Rpy, from the low-level RF measurements.

At first, measurements of the quality factor by the 3 dB method were done right after the ad-
justment of the tuning plate positions, with the therefor used dummy tuning plates still being
mounted between the stems (see Fig.. The dummy plates are made of aluminum and
are contacted to the stems by copper alloy contact springs. The correspondingly measured
value of the quality factor was approximately ()9 =4000. After this, the dummies have been
replaced by the actual tuning plates, having the same construction and contacting mecha-
nism as the tuning plates of the FRANZ- and MYRRHA-RFQs®, and the measurement was
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repeated with the result of a significantly increased quality factor of about Qg =5050. This is
probably due to the considerably improved contacting to the stems by the firmly pressed-on
silver sheet and the comparatively low electric conductivity of the aluminum dummy plates.
After all, the measured value of the quality factor nicely matches the expected value from
the RF simulations. Also, the value of the shunt impedance measured by the perturbation
capacitance method corresponds within its error margin to the expected value and is largely
consistent with the values determined by the methods of R/Q-comparison and capacitance
simulation, with the latter slightly deviating upwards.
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Figure 4.21: Simulated and measured RF resonance Figure 4.22: Positioning of
frequency fy for different positions of the tuning plates. the dummy tuning plates.

Figure 4.23: Perturbation capacitor Figure 4.24: Dielectric “bead” (PEEK, diame-
(1pF) on PEEK mounting bracket”. ter =1cm, length =1.2) moved along the longi-
tudinal axis between the upper electrodes.
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the measurements of the shunt impedance had to be carried out with the bare capacitor,
which was clamped between the electrodes with its existing wire connections
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Given the experimentally determined value of the shunt impedance of 110kQ2m, the total
capacitance between the 702 mm long quadrupole electrodes amounts to 135 pF (according
to Eq., which corresponds well to the value simulated with CST EM Studio of approx-
imately 130 pF (also see section . However, the analytically derived formula for the
calculation of the capacitance between ideally cylindrical quadrupole electrodes (Eq.
only yields about 35 % of the simulated value. This is mainly due to the fact that in case
of the given electrode geometry with a comparatively large square rod profile (see Fig.,
a significant part of the overall capacitance is not only between the electrode vane tips, as
in the idealized case, but also between the opposing flat surfaces of adjacent rods as well as
between other parts of the RFQ structure like the stem arms and electrode mounting brackets.
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Figure 4.25: Dipole ratio as function of the RF resonance frequency, measured using a perturbation
capacitor and calculated according to Eq. (left: measured values for each RF cell, right: comparison
between the mean measured value of cells 1-3 and the simulated curve of the dipole ratio).

The measured and simulated values of the RF resonance frequency as function of the tuning
plate position (all plates set to the same height) are shown in Fig. with the corresponding
deviation being in the order of less than 1%. The inductive influence of the coupling loop,
which has not been included in the RF simulations, affects the resonance frequency by less
than 0.1 %. The overall adjustable frequency range between the lowest and highest position
of the tuning plates is 92.5 to almost 150 MHz, as expected from the simulations.

A measurement of the dipole ratio in each of the five RF cells of the prototype as function
of the RF resonance frequency adjusted by the tuning plates is shown in Fig.[£.25] using a
1 pF perturbation capacitor on a PEEK mounting bracket as depicted in Fig.[4:23] From the
measured frequency shifts A fiop and A fyottom resulting from the capacitor being mounted
on the upper and lower electrode pair, respectively, the dipole ratio was calculated according
to Eq.[4.2] following Eq.[2.49 and considering the proportionality between the frequency shift
and the square of the field amplitude (see Eq..

\/Aftop - \/A.fbottom

vV Aft0p+ vV Afloottoxnu
2

dipole ratio = (4.2)
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For a correct measurement in a given RF cell, the capacitor has to be placed at the exact
same longitudinal position at the upper and lower electrode pair, respectively. The mea-
surement error of the applied perturbation capacitance method is hence mainly determined
by the deviation of the measured perturbed frequencies due to inaccurate positioning of the
capacitor mounting bracket attached by hand, which results in an error of the corresponding
frequency shifts A fiop, bottom Of about 0.3 % at fo = 108 MHz.

htuning»plates [mm] / fO [MHZ]
24/93.8 34/95.3 44/96.8 54/98.5 64/100.3 +—74/102.2
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Ae [%]

RF cell number RF cell number

Figure 4.26: Measured deviation of the field flatness Ae along the longitudinal axis, using a
perturbation capacitor as depicted in Fig.[4.23 on the upper and lower electrode
pair, for different tuning plate positions and corresponding resonance frequencies.

Overall, the measured curve of the dipole ratio as function of the frequency corresponds well
to the predicted dipole compensation from the simulations, which shows that compared to the
uncompensated reference design with a simulated dipole ratio of 9.5 % (see Tab. almost
full compensation is achieved. However, as can also be seen from the measurements, in some
RF cells the dipole compensation deviates from the ideal case (see cells 4 & 5), with a dipole
ratio of up to 2 %. Based on the presumption that this was related to a tilted field distribution
due to an initial mechanical misalignment of the electrodes, which was particularly striking
regarding the concerned cells 4 & 5 (also see [156], Fig. 5]), the electrodes have been realigned
and further investigations of the field flatness using the perturbation capacitor, but also the
bead-pull method, were conducted (see Figs. & respectively). Despite unrelent-
ing efforts, however, achieving an exactly symmetrical field distribution along the electrodes
proved to be difficult, and both the full dipole compensation as expected for the ideal case, as
well as deviations with typical values of up to =2 % could be reproduced in several attempts
to mechanically realign the quadrupole electrode rods. This is due to the fact that the RF
structure of the prototype with the high stems and comparatively short electrodes, each being
connected to only 3 stems in total, is obviously prone to unpredictable mechanical contortion
occurring during the tightening of the fixing screws between the electrode mounting brackets
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and the stem arms. Eventually, this problem will likely have less of an effect at a longer RFQ
structure, where the longer electrode rods and the higher number of screwed connections
reduce the degrees of freedom for mechanical tilt of the single components.

Ae [%]

r T 241938 y

upper electrode pair lower electrode pair
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Figure 4.27: Deviation of the field flatness Ae along the longitudinal axis, measured using the

bead-pull method (see Fig.[4.24]) between the upper and lower electrode pair,
for different tuning plate positions and corresponding resonance frequencies.

4.3.2 Vibration Measurements

In order to experimentally investigate the vibration behavior of the 6-stem RFQ prototype
structure without the presence of an electric RF field, vibration measurements were conducted
with the tank being open and applying different external excitation mechanisms as well as
different available vibration measurement techniques. This procedure offered the opportunity
of also observing vibrational modes that are typically not excited by RF operation. The used
methods for achieving mechanical excitation were as follows:
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e The most simple possibility to excite the mechanical structure to vibrations is given by

the broadband shock excitation due to a hit with a soft-face hammer, which basically
can be executed at any arbitrary position on the RF structure or the tank.

The RF structure of the prototype can also be directly mechanically contacted with a
piezo actuator® which can be mounted through one of the flanges intended for diagnostic
windows or for the vacuum pump, using a specially designed mounting structure as
shown in Fig.[4.32 This allows the piezo actuator to be pressed against either the
overhang of the upper electrode, the corresponding inter-stem electrode section adjacent
to the opposite electrode end (see Fig., or the lower part of a stem. The applied
excitation signal was either a harmonic frequency sweep or noise (white, pink or brown).

Yet another method to trigger mechanical vibrations is given by applying externally
generated sound, eventually resulting in acoustic excitation. For this purpose, a PA
loudspeaker, which is supposed to have a flat frequency response curve, was placed on

8model: P-225.20 PICA power piezo actuator by PI
(Physik Instrumente) GmbH & Co. KG
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top of the tank with the membrane directly facing the RF structure (also see Fig..
Again, the applied sound signal was a harmonic frequency sweep or noise.

Figure 4.28: Piezo mounted against inter- Figure 4.29: Microphone sus-
stem electrode section. pended in the prototype tank.
1 2 3 4 5678 91011 1213 1415 16 1718
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Figure 4.30: Microphone measurements on the prototype of vibration frequency spectra
for different excitations (red: lateral hammer hit on electrode, green: lateral excitation
of the electrode by piezo actuator with brown noise signal, blue: acoustic excitation by
frequency sweep, vertical gray dashed lines: simulated mode frequencies).
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Figure 4.31: Experimental setup for the Figure 4.32: Schematic drawing
vibration measurements. of the piezo mounting structure.

For the measurement of the excited vibrations the following methods were applied:

e As shown in Fig.[£.29] a microphone was suspended in the tank to capture the audible
acoustic signal generated by the mechanical vibrations. By this, all vibrations occurring
on the different parts of the structure are measured simultaneously, without being able
to localize the vibration or determine its spatial direction.

e On the other hand, the piezo actuators can also be used as vibration sensors, whose
output signal can be recorded after running through a preamplifier. This allows to
measure the vibrational component in longitudinal direction of the piezo at the specific
point where the sensor touches the structure.

e In analogy to the preceding vibrometer measurements on the existing HLI-RFQ (see
section , also the Polytec OFV-525 laser vibrometer was employed and measure-
ments were conducted by pointing the laser beam through the diagnostic windows of
the prototype tank onto the corresponding electrode overhang or inter-stem section.

Some results of the numerous measurements conducted using the microphone, piezo sensor
and laser vibrometer are shown in Fig.[4.30] Fig.[1.33] and Fig.[4.34] respectively, considering
the typical frequency range for the occurrence of mechanical vibrations of up to 1kHz. Only
by looking at the microphone measurements, which after all is a very simple and cost-effective
method, already a good agreement between the measured and simulated spectra can be ob-
served, with frequency deviations of only a few Hz between the easily recognizable measured
peaks related to the modes 2-13 and the corresponding simulated values. The generally
broader peaks occurring with the acoustic excitation and measurement methods indicate a
higher damping of the acoustic signal compared to the mechanical vibration of the structure.
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Figure 4.33: Piezo measurements on the prototype of vibration frequency spectra for different excita-
tions (red/cyan: frontal hammer hit on stem / vertical hammer hit on electrode, green/orange: lateral
excitation by piezo actuator with frequency sweep, magenta/blue: acoustic excitation by brown noise
signal / frequency sweep, vertical gray dashed lines: simulated mode frequencies).

By a direct vibration measurement at the lower part of the stem, using the piezo sensor,
also the first stem mode (mode 1) could be observed in the spectrum. However, with the
piezo sensor/actuator being mounted to the electrode, generally some further modes ap-
peared which typically were noticeable in the range around 400 Hz as well as a little below
the second mode. After all, the fact that this only occurs at the piezo measurements leads
to two different possible explanations, which eventually pose inherent problems of the ap-
plied measurement technique: On the one hand, the piezo mounting structure itself can be
excited to vibrations, which then additionally occur in the mode spectrum. On the other
hand, the mechanical contact of the piezos to the comparatively mechanically soft electrodes
might alter their vibrational behavior and shift the frequencies of the affected eigenmodes.
Although a definite conclusion could not be drawn from the conducted measurements, it can
however be assumed that the measured peaks around 400 Hz correspond to a vibrational
mode of the piezo mounting structure which is clamped between its screwed mounting at the
flange and the electrode. This can be deduced from the observation that the concerned mode
occurs for both cases of the piezo either being mounted to the electrode overhang or to the
inter-stem section and, furthermore, that the occurrence and magnitude of the corresponding
peak can be induced deliberately by direct excitation at the piezo mounting structure using
the soft-face hammer [I56]. It is also striking that the measurements with both piezos (one
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as actuator, one as sensor) generally show the largest deviations to all other measurements
as well as to the simulations. It can therefore be concluded that non-contacting techniques
for the excitation and measurement of vibrations should in principle be preferred over piezo-
based methods, as those interfere with the mechanical behavior of the investigated structure.
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Figure 4.34: Vibrometer measurements on the prototype of vibration frequency spectra
for different excitations (red/cyan: hammer hit on tank, green/orange: lateral excitation
by piezo actuator with pink noise signal, magenta/blue: acoustic excitation by pink noise
signal / frequency sweep, vertical gray dashed lines: simulated mode frequencies).

Eventually, it shows that a systematic excitation of specific vibrational modes could not
be achieved with any of the applied excitation methods. In addition, most of the measured
spectra also contain some seemingly randomly occurring minor unidentifiable peaks which are
most likely associated with vibrations of the prototype tank, its mounting frame, components
of the measurement setup, or even other surrounding objects. An improved experimental vi-
bration analysis would hence require a much greater effort in terms of mechanical decoupling
from the experimental environment as well as a much more sophisticated method for sys-
tematic mechanical excitation. Because with the excited vibrations, usually a number of
mechanical eigenmode oscillations occur simultaneously, no reliable analysis of the typically
mode-dependent damping times could be obtained, which are required to determine the cor-
responding vibration amplitudes from numerical simulations. The values of the damping
times calculated from the measurement data are in a broad range between 30 and 700 ms,
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while being noticeably lower for spectra that predominantly contain higher vibration modes,
thus indicating a strong mode-dependency of the damping characteristics. Also, an accurate
evaluation of the damping based on the mechanical resonance width proved to be difficult
due to large deviations of the observed resonance widths of the individual peaks between
different measurements. Nevertheless, every single mode in the frequency range below 1kHz
could finally be excited and identified, thus achieving an appropriate validation of the simu-
lated mode spectrum by the 1D vibration measurements.

4.3.3 Experimental Modal Analysis

Exploiting the opportunity to employ a 3D laser vibrometer in collaboration with the re-
search group System Reliability, Adaptive Structures, and Machine Acoustics (SAM) of the
Technical University of Darmstadt, an experimental modal analysis was conducted, under
the technical direction of C. Adams and the support of K.Bahrke. Typically, experimental
modal analyses are used to investigate vibrations of thin-walled structures as for automotive
or aeronautical applications.

vertical excitation horizontal radial excitation
on inter-stem excitation on inter-stem

electrode section on stem electrode section

.
X @m

Figure 4.35: Excitation points and directions for the 3D vibrometer measurements®.

Similar to the applied method of excitation by a soft-face hammer at the previous vibration
measurements as discussed in section for the 3D measurements the prototype structure
was excited by an impact hammer, that basically measures the impact force during the ham-
mer hit, to which the accordingly measured vibration amplitudes can then be normalized.
To achieve excitation of as many vibrational modes as possible, three series of measurements
were carried out, with excitation at different points of the structure and in different direc-
tions, as depicted in Fig.[£.35] The overall measurement setup for the used Polytec PSV-500
3D laser vibrometer is shown in Fig.[£.36] To be able to reconstruct the deformation profiles
of the electrode, a virtual measuring grid was defined upon its surface in the vibrometer
software. Unlike to the previous 1D vibrometer measurements, a perpendicular alignment of
the laser beams from the three sensor heads relative to the electrode surface is not possible,
so that optical scattering on the bare copper structure was too severe to obtain a high enough
magnitude of the reflected signal. Therefor, a piece of reflective foil was attached at each

9all images marked with the SAM-logo courtesy of K. Bahrke 93
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position corresponding to a predefined measuring point. Finally, by measuring the vibration
amplitudes in the three spatial projections in direction of the laser beams from the three vi-
brometer sensor heads at each of the measuring points, the vibrometer software can calculate
the resonance response spectra in the three orthogonal spatial directions and reconstruct the
vibrational deformation profile of the electrode as function of the vibration frequency.

laser sensor heads

measuring grid mapped to
the vibrometer software

reflection of
laser beams
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Figure 4.36: Measurement setup for the experimental modal analysis with the 3D laser vibrometer.

As can be seen in Fig.[1.37] the response spectra measured with the 3D vibrometer generally
agree well with the previous 1D measurements as well as with the simulations. Also, the
spatial directions, in which the peaks of the respective modes occur, largely correspond to
the vibrational planes found in the simulations. As shown in Fig.[4.38] the occurrence of some
of the simulated deformations could be nicely demonstrated by the measurements.

Whereas some peaks in the measured response spectra can be clearly identified as being asso-
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ciated with a certain vibrational mode on the basis of both frequency (with relative deviations
of less than 10 %) and by the correspondingly measured deformation profile (see modes 1, 3,
9, 11 and 13), the frequencies of other modes that can seemingly be identified only from their
deformation profile however deviate considerably, as it is particularly the case for modes 6
and 18, but also to a lesser extend for modes 5, 10, 12 and 19.
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Figure 4.37: Measured frequency spectra by the 3D vibrometer for different excitations
according to Fig.[f-35] The black numbers indicate the modes that correspond
to the respective peaks according to the simulated mode spectrum. The gray
numbers in brackets indicate the modes that correspond to the respective
peaks according to the measured deformation profiles, as depicted in Fig.
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Figure 4.38: Measured deformation profiles of the upper electrode for some identified modes in
topview (t.v.) and sideview (s.v.) (left) and the corresponding simulated deformation (right). The
black number equals the simulated frequency of the respective mode, whereas the frequency associated
with the measured deformation profile is given in gray.
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After all, a possible reason for some of the observed deviations can be given by the fact that
several modes might just not be correctly identified by the optical comparison between the
measured and simulated deformation profiles. Because for some modes only low vibration
amplitudes can be achieved by excitation with the impact hammer, which is more often the
case at higher vibration frequencies, the corresponding deformation profiles are often diffi-
cult to classify due to the measured deflections being very small, which makes it complicate
to assign the reconstructed representation of the deformation by the vibrometer software to
one of the known deformation profiles from the simulations. However, further insights can
be expected from the planned vibrometer measurements during RF operation of the RFQ
prototype, especially regarding the investigation of the most critical mode 18.

Nevertheless, the data from the 3D measurements finally allowed for a more precise determi-
nation of the damping ratio than at the previous 1D measurements. The according values
of the resonance width and damping ratio are summarized in Tab.[4.6 for all modes where
an evaluation could be achieved. The already previously observed mode dependence of the
damping can clearly be seen. Regarding the RF affecting mode 18, the measured damping
ratio amounts to ¢ =0.93 %, which corresponds to about 9 times the observed damping at
the existing HLI-RFQ.

mode # frequency fp [Hz] resonance width A frpwnwm [Hz]  damping ratio ¢

1 168 4.51 0.0134
3 360 0.38 0.0005
5 428 2.15 0.0025
9 560 1.87 0.0016
10 532 3.18 0.0030
11 593 3.98 0.0034
12 660 5.38 0.0040
13 738 8.43 0.0057
14 759 13.72 0.0090
18 803 15.01 0.0093
19 913 9.58 0.0050

Table 4.6: Measured resonance width A fpwuy and corresponding damping
ratio ¢ for some modes identified from the 3D measurements.

4.4 RF Pre-Conditioning

In preparation for the planned high-power tests at GSI, a pre-conditioning of the prototype
at low powers of up to 200 W was carried out at IAP, using a low wattage broadband RF
amplifier. The assembled test stand for RF operation of the prototype and vacuum/RF di-
agnostics is shown in Fig.[4.39] Since the frequency of the of the RF feed at GSI is fixed
at 108.408 MHz and cannot be further adjusted, also a plunger tuner had to be installed for
dynamic tuning of the cavity to the nominal frequency at high thermal loads.
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With the coupling loop which has been adapted for installation in the prototype tank, a
coupling of —45 to —50dB (= |S11| = \/P;/F) is achieved. The two RF pickups have been
adjusted to —30 and —45dB (= [S21| = /P:/F%), respectively, to yield a reasonable ampli-
tude of the transmitted signal at both low and high forward powers. The pre-conditioning
was done without water cooling of the RFQ structure. The base pressure of the evacuated
cavity was at approximately 2.5 - 10~7 mbar.
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Figure 4.39: Setup of the test stand for RF conditioning and high-power tests.

Eventually, the conditioning up to 200 W could be carried out within 3 working days without
major difficulties. The temporal progression of the forward, reflected and transmitted power
(P, P;, P,) and the pressure during conditioning is shown in Fig. As can be seen, a
significant conditioning threshold occurred between about 140 and 240 mW, for the overcom-
ing of which the largest part of the overall conditioning time had to be spent. After crossing
the threshold, which happens abruptly and is marked by a sudden decrease of the reflected
power and an associated increase of transmission, the forward power could be immediately
increased to 200 W without further complications. Also, after the threshold once had been
crossed and the structure has already been operated at higher power levels, during a restart of
RF operation it can then easily be jumped just by increasing the forward power fast enough.
Due to the structure not being water cooled during pre-conditioning, thermal equilibrium
is hence reached very slowly, which can be observed during the long-term measurement by
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the steady increase of the time span in which the reflected power rises from its base value
of about 3 W to the maximum accepted value of 10 W, from where the frequency was finally
again readjusted manually.
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Figure 4.40: Forward power P, reflected power P,, transmitted power P; and pressure
during low-power conditioning up to 200 W for different cases:

(a) Slow conditioning over the persistent low-power threshold
between approximately 140 and 240 mW.
(b) Long-term measurement over a duration of 5h, following to (a).

(c) Fast crossing of the low-power threshold after previous long-term operation at 200 W.
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4.5 High-Power Test Preparations

Finally, after pre-conditioning, the water cooling system was installed with a total of 50 single
water connections (see Fig., corresponding to 25 separate cooling circuits (2 in each of
the 6 stems, 1 in each of the 4 electrodes, 1 in each of the 5 tuning plates, 1 in each of the
2 end-plates, 1 in the power coupler and 1 in the tuner). For monitoring the water outlet
temperatures, PT100 temperature sensors are mounted at the outlet tubes of the stems, elec-
trodes and tuning plates and connected to a read out bus system.
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Figure 4.41: Installation of the water supply with water inlets in blue and outlets in
red (left) and read out bus system for the temperature sensors (right).

The manufactured and assembled structure for positioning additional temperature sensors
inside the stems is shown if Fig.[4.42] Basically, the used PT100 sensors were fixed to the
copper contacting heads with a thermally conductive adhesive and can then be slid in the
sensor shafts using a guiding rod until the head touches the curvature at the end of the shaft,
to the surface of which it is thermally contacted by thermal paste.

The entire diagnostics read out of the temperature sensors, the pressure gauge and the power
meters is done using a dedicated LabVIEW script which was developed especially for the RF
conditioning of accelerator cavities [161].

After the preparations for the high-power tests had been completed, the entire test stand
was finally transported to GSI (see Fig., where the infrastructure of the RF test bunker
concerning RF supply, data read out and water has to be adapted to finally be able to run
the planned investigations of the RF, mechanical and thermal behavior of the RFQ prototype.
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4.5 High-Power Test Preparations
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Figure 4.43: Prototype tank in the RF test bunker at GSI'®
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Besides conclusions regarding the application of the developed prototype design for a newly
revised full-length HLI-RFQ from the planned high-power RF tests, the prototype config-
uration also offers outstanding possibilities for general studies concerning the comparison
between measurements and corresponding thermal and structural-mechanical simulations,
due to the installation of the dedicated systematically placed diagnostic windows for vibra-
tion measurements, the additional temperature sensors being mounted inside the stems, and
the extensive monitoring of the cooling water temperatures by thermal sensors.
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(5) Design Concept for a New Full-Length
HLI-RFQ

Based on the developed prototype design and the validation of the anticipated RF and me-
chanical properties by the pre-tests, a preliminary new design for a revised full-length HLI-
RFQ was derived, which is briefly presented in this chapter. In principle, the RF structure
of the prototype could be adapted almost without further modification to the length and
electrode geometry of a newly developed beam dynamics design. A comparison between the
new RFQ concept and the existing HLI-RFQ is provided in the following.

5.1 Beam Dynamics Design

The preliminary new beam dynamics design presented in this section was originally devel-
oped by C.Zhang and kindly provided for publication in this thesis. Since at the time the
specific beam input distribution from the LEBT of the upgraded HLI was not yet available, a
generic 4D waterbag input distribution was used. The overall design approach was to pursue
an as far as possible reduction of the required vane voltage while achieving similar beam
characteristics to the existing HLI-RFQ. The main advantages of a lower vane voltage are
on the one hand a reduced thermal load per length during CW operation, but on the other
hand also a reduction of the mechanical forces on the electrodes, which eventually helps to
suppress mechanical electrode vibrations.
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Figure 5.1: Synchronous phase ¢g, energy W, minimum cell aperture a, modulation factor m
and radial focusing strength B along the beam axis as function of the cell number.
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Figure 5.2: Evolution of the transversal beam particle distribution in x/y-direction,
the phase spread A¢p = ¢ — ¢ and the energy spread AW = W — Wy
as function of the modulation cell number, for A/q =6 and I = 1 mA.

beam current [mA] 1
mass-to-charge ratio 6
input energy [keV/u] 2.5
output energy [keV/u] 300
eintransversal, n.rms [7‘(‘ mm mrad] 008
eouttransversal, X, . rms [7‘(‘ mm mrad] 0.086
Eouttransversal, Yy, n.rms [7‘(‘ mm mrad] 0.085
|
]

RF frequency [MHz] 108.48
electrode length [m]  2.83
intervane voltage [kV] 40
number of cells 206
minimum aperture [mm|  1.63

maximum modulation  2.238
Kilpatrick factor [kV]  1.72

0.8 6outlongitudinal7 rms [7'(' MeV deg 0.048
Telectrode / Taperture .

transmission [%]  98.31

Table 5.1: RF and electrode properties of

the new beam dynamics design approach. Table 5.2: Beam properties with the

new design approach.
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After all, the vane voltage could be reduced to 40kV for the acceleration of the HELIAC
design beam with a mass-to-charge ratio of A/¢=6 and a beam current of 1 mA [43] at the
expense of the electrode length having to be increased to about 2.8 m. Also a high trans-
mission of > 98 % was yielded. Details on the developed beam dynamics design are given in
Fig.[5.1] and Fig.[5.2] and a summary of the corresponding RF and electrode properties as
well as of the beam properties is provided by Tab.[.I] and Tab.[5.2] respectively.

5.2 RF Design

A model of the developed preliminary new design for a completely revised full-length HLI-
RFQ is shown in Fig.[5.3] with an overall electrode length of 2829 mm and a total of 24 stems
at a distance of 120 mm (= stem center distance, see Fig.. To yield the nominal electrode
length specified by the beam dynamics design, the length of the electrode overhangs was cut
down to 34.3mm (from 51 mm at the prototype) by applying a minor modification to the
electrode mounting brackets at the end-stems. After all, the decrease in overhang length
is beneficial for reducing the longitudinal end-field magnitude (see chapter , decreasing
the depth of the tub-shape of the longitudinal voltage distribution by reducing the surplus
overhang capacitance, and for the mitigation of mechanical overhang vibrations. At an ef-
fective stem height of 174.9 mm to obtain the nominal resonance frequency of 108.408 MHz,
the geometric stem height can finally be decreased to 265.7mm. Also, the stem arm offset
for dipole compensation was readjusted to almost exactly 15mm. Based on the RF simu-
lations, the expected shunt impedance is about 105kQm (0.75 of the simulated value), the
difference of which compared to the prototype is attributed to the higher number of RF cells,
the reduction in overhang capacitance and a slight difference in the ratio of rejectrode/Taperture-

Figure 5.3: CST model of the developed new design for a completely revised full-length HLI-RFQ.

5.3 Comparison of Existing HLI-RFQ and New Design Concept

As summarized in Tab.[5.3] the key features of the new design concept compared to the ex-
isting HLI-RFQ are an almost preserved shunt impedance > 100kQm, a reduced intervane
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(5) Design Concept for a New Full-Length HLI-RFQ 5.3 Design Comparison

voltage of 40kV, resulting in a correspondingly decreased expected power consumption of
<45kW, full dipole compensation, a considerably enhanced mechanical rigidity, and a re-
duced thermal sensitivity. As shown in Fig.[5.4] the vibration amplitudes at the electrodes
are reduced by a factor of at least 20 (¢ =0.106 %) up to 200 (¢ =0.93%).

existing HLI-RFQ new design concept

beam mass-to-charge ratio (cw) 6 6
design beam current [mA] 5 1
electrode length [m] 1.99 2.83
shunt impedance [kQ2m] 108 105
quality factor 3300 5200¢
intervane voltage (A/q=06) [kV] 55 40
RF power (cw) [kW] 55.7 43.1°
Telectrode/raperture (an-) 0.8 0.8
dipole ratio [%] 10.2° ~0°
number of stems 12 24
stem distance [mm|] 173 120
beam axis height [mm] 162 290.3
mechanical damping (¢) [%] ~0.11 0.5-0.93¢
mechanical eigenfrequency [Hz| 500 786°
thermal detuning [Hz/W] 6.7 1.1-1.3b%¢

Table 5.3: Comparison of the existing HLI-RFQ and the new design concept by their crucial proper-
ties regarding design beam parameters and structure geometry, as well as RF, mechanical
and thermal properties (a: expected value, b: simulated value, ¢: value of the prototype).
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Figure 5.4: Comparison of the simulated mechanical resonance response of the existing HLI-
RFQ (upper electrode, see Fig. and the new design (lower electrode) to radial harmonic
excitation at an intervane voltage of 50kV, regarding different values of the damping ratio (. On
the new design the due to the stem arm offset wider electrode mounting brackets at the lower
electrodes result in an additional horizontal vibration mode at 622 Hz, besides the mechanical
radial main resonance at 786 Hz.
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(6) Compensation of the Longitudinal
End-Fields in 4-Rod RFQs

Besides the difference in length of the current paths to the lower and upper electrodes, which
results in an electric dipole field as discussed in section [2.3.5] the conventional geometric struc-
ture of 4-rod RFQs has another design inherent asymmetry regarding its RF end-cells. As
shown in Fig.[6.1] the current paths to the long-overhang electrode ends, which are mounted
on the second-last stem, are considerably longer than to the short-overhang electrode ends,
being mounted on the end-stem. In analogy to the explanation provided by Fig.[2.33] this re-
sults in a reduced potential on the short-overhang ends compared to the long-overhang ends.
Furthermore, with only one adjacent stem the coupling of the end-stems to the RF structure
is much weaker compared to the second-last stems. This reduces the induced current on the
end-stems and additionally degrades the charging of the short overhangs.

Vshon-overhang / Vlong-overhang
-1,0 -0,8 -0,6 -0,4 -0,2 0,0 0,2

long overhang T T
2>, Vlong—overhang
© 05 0 y
o
\/| - 3 vane short-overhang
g\?e%hang % o i o
o
>® -0.5 A L1 L1 R L1
70 T T T T T
Vshort-
overhang \ 60 1 i
50 i
short —
overhang £ ol ]
second-last 35
stem 2 af i
B
end-siem ol ]
10 + i
Figure 6.1: Front part of the RF structure of 91,0 _0"8 _0" 5 _()"4 _()"2 050 oo
a 4-rod RFQ. The long overhangs are mounted Vv IV

short-overhang long-overhang

on the second-last stem (red) and the short

overhangs are mounted on the end-stem (gray).
The corresponding potentials at the respective
electrode ends are defined as Vihort-overhang and
Viong-overhang- The current paths are indicated
by the black dashed lines.

Figure 6.2: End-field voltage U, (in relation
to the vane voltage Uyane) as function of the
potential asymmetry between the short- and
long-overhang electrode ends, characterised
by the ratio ‘/short-overhang/Viong-overhang~
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(6) End-Field Compensation

After all, the uneven potential distribution at the electrode ends violates the quadrupole po-
tential symmetry (since Viong-overhang 7 Vshort-overhang) and according to section results
in a longitudinal electric field component (“end-fields”) between the plane of the electrode
ends and the end-plates at the beam entrance and exit flanges (see Fig.. The magnitude
of the end-field E,(z) along the longitudinal axis is depicted in Fig.|6.3, whereas the end-field
voltage U, as function of the potential asymmetry is shown in Fig.[6.2] Eventually, these
longitudinal fields might have negative effects on the nominal beam output properties like
energy and emittance, but also transmission. Therefore, several approaches for a compensa-
tion of the end-fields have already been studied so far [162]. However, the applied methods for
increasing the inductivity of the end-stems or increasing the potential on the short-overhang
ends by applying additional capacitance only allowed a small amount of compensation to be
achieved, whereas resulting in drawbacks and constraints on the RF end-cell design.
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Figure 6.3: Longitudinal electric end-field E, (z) for different ratios of the potentials at the electrode
ends of the long overhang (Viong-overhang) and short overhang (Vshort-overnang). The transversal electric
field E,(z) at aperture radius (y =raperture) f0r Uyane =40kV is given for comparison.

According to [163], the presence of a longitudinal end-field at the entrance gap causes a pre-
bunching effect on the incoming DC beam, which mainly affects the beam output emittance
and transmission. It was shown that this prebunching can be advantageously used by match-
ing the synchronous phase of —90° at the center of the first shaper cell for particles with
zero energy gain in the end-field. This can be accomplished by adjusting the phase shift for
the synchronous particle within the distance between the RFQ entrance and the longitudinal
shaper. Therefore, the length of either the gap between the electrode ends and the end-plate
or of the radial matching section has to be adapted accordingly. Overall, a correct imple-
mentation of this method even yields a reduction of emittance growth and an increase in
beam transmission compared to the reference case without any end-field influence, whereas
a mismatch to the nominal shaper entrance phase leads to the exact opposite.

While accordingly the end-field at the entrance gap mainly influences the beam output qual-
ity and transmission, the end-field at the RFQ exit alters the output energy by having the
effect of an additional acceleration gap. This can be problematic for the beam matching
to the downstream accelerating structures, especially when the deviation from the nominal
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6.1 End-Fields in Conventional 4-Rod RFQs (6) End-Field Compensation

output energy exceeds the energy acceptance of the following DTL linac, which can be in the
range of down to £ 10keV. An example for this is given by the case of the FNAL-RFQ [164],
which after commissioning had to be analyzed and modified with tremendous effort in order
to achieve the functionality of the planned injector upgrade.
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Figure 6.4: Electric field at the electrode ends Figure 6.5: Electric field at the electrode
without end-field compensation (U, /Uyane = ends with almost full compensation of the
46.7%). The on-axis longitudinal component end-field (U, /Uyane = 0.2 %).

is clearly visible.

This chapter presents a fundamentally new approach for a modification of the RF end-cell
design of 4-rod RFQs', allowing to even out the potentials on all four electrode ends to
+|Uvane/2| as in the case of intrinsically symmetrical structures like 4-vane RFQs. By mostly
restoring the desired quadrupole potential symmetry at the electrode ends using the newly
developed method, an almost full compensation of the end-fields could be achieved. The
electric field distribution at the entrance gap for the compensated case is shown in Fig.[6.5

6.1 End-Fields in Conventional 4-Rod RFQs

In order to further investigate the effects of the conventional design parameters of 4-rod RFQs
on the magnitude of the end-fields, simulations on a generic 6-stem model were conducted.
The deployed simulation model, which is depicted in Fig.[6.6] mostly corresponds to the
geometric specifications of the MYRRHA-RFQ [88] and has non-modulated flat electrodes
which, however, have a radial matcher section to obtain a realistic electric field distribution in
the vicinity of the electrode ends. The main properties of the simulation model are listed in
Tab.[6.1] In general, the simulated values of the end-field voltage U, show a strong dependence
on the quality of the used tetrahedral simulation mesh along the integration path for E,, which
is indicated in Fig.[6.7, and good convergence could only be reached for very high local mesh
refinement. After all, a short 6-stem RFQ model was chosen for the simulations in order
to make optimum use of the available hardware resources, which are mainly limited by the

'as published in [165] 109



(6) End-Field Compensation 6.1 End-Fields in Conventional 4-Rod RFQs

total RAM size. The vane voltage Uyane was evaluated at only one point near to the end of
the matcher section in order to exclude effects of the overall field flatness on the investigated
ratio U, /Uyape. For each simulation step the RF resonance frequency was tuned to exactly
fo=175.0 MHz by adjusting the position of the tuning plates, which again were all set to the
same height without flatness tuning.
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Figure 6.6: RF structure of the deployed
4-rod RFQ simulation model with 6 stems
(the end-plates are shown transparent).

Figure 6.7: Crucial geometric design param-
eters affecting the longitudinal end-field, and
spatial orientation of the voltages U, and Uyape.

RF frequency [MHz] 175.0

stem distance (dstem) [mm] 100
electrode overhang* (Loverhang) [mm] 55 /90

total electrode length [mm] 610 /680

simulated shunt impedance kQm] 79 /64
electric dipole ratio [%] 34.5

electrode radius [mm)] 3.4

aperture radius [mm]| 4.2

RF shielding aperture radius [mm)] 35

Table 6.1: Properties of the basic non-modified 6-stem simulation model (*for the second
modification approach the overhang had to be extended to Loverhang =90 mm
in order to fit the side-stem mounting bracket on the lower electrode).

Eventually, as shown Fig.[6.7] the crucial design parameters which affect the potential distri-
bution at the electrode ends are:

length of the overhang Loverhang

RF shield aperture radius rgpjelq in the end-plate

RF end-cell distance deng-cell

longitudinal distance distance between the electrode ends and the end-plate

Throughout the parameter studies the distance between the electrode ends and the end-plates
was set to a fixed value of 9.2 mm without any further variation. Whereas an increased dis-
tance would result in a reduction of the end-gap capacitance, thus mitigating the end-fields
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6.1 End-Fields in Conventional 4-Rod RFQs (6) End-Field Compensation

[166], this however also increases the space for longitudinal drift, which again is disadvanta-
geous for the beam dynamics at both the entrance and exit gap. Also, the radius of the RF
shield aperture affects the capacitance between the electrode ends and the end-plate, however,
its influence on the end-field voltage is rather moderate (AU, /Uyane ~ 3 %, see Fig.. In
order to minimize the emission of RF radiation through the shield aperture, its radius should
generally be chosen as small as possible with regard to the transversal beam envelope.
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Figure 6.8: Influence of the overhang length Lgyerhang and RF shield aperture radius rghicld
(left), as well as of the stem distance dstem, length of the RF end-cell deng.cen and
dipole ratio (right) on the on-axis longitudinal end-field voltage U,.

As already stated in [I63] and [166], the magnitude of the end-fields is affected by the length
of the overhang Loverhang (actually, Loverhang corresponds to the length of the short overhang,
whereas the length of the long overhang equals Loverhang + dend-cell). Considering the shortest
as well as the longest practically reasonable overhang length, the corresponding difference of
the end-field voltage AU, /Uyane amounts to only about 4.5 %. Because at 4-rod structures,
the potential distribution at the electrode ends is affected by the electric dipole, also the
dependence of the end-field voltage on the degree of dipole compensation was investigated.
From this, it became apparent that the dipole only has a very minor effect on the end-fields of
about AU, /Uyane < 0.3% for a reduction of the dipole ratio from 35 % to full compensation.
Reducing the stem distance of either only the RF end-cell (deng.cenn) or for the entire structure
(dstem) results in better coupling to the end-stems and thus increases the induced current on
them. Although by this a significant reduction of the end-fields can be achieved, both meth-
ods have the crucial drawback of resulting in very large stem heights in order to maintain
the nominal RF resonance frequency, considering the required reduction of the stem distance
for obtaining a substantial end-field compensation of AU, /Uyane >10%. Also, the shunt
impedance Ry, (dstem) typically degrades strongly with decreasing stem distance, considering
the range below the maximum of the corresponding curve (see Fig..

Besides the investigated aspects, also the position of the tuning plate in the RF end-cell, the
overall field flatness, as well as the length of the radial matcher, which typically equals an
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(6) End-Field Compensation 6.2 Modified Design Approaches

integer multiple of S\, have a minor to negligible effect on the magnitude of the end-fields.
Finally, it clearly shows that an efficient compensation of the end-fields cannot be achieved
by a simple adjustment of the conventional design properties, resulting in the requirement
for an extensive design modification of the RF end-cell.

6.2 Modified Design Approaches

As concluded from the previous design studies, on the one hand, the lengths of the current
paths to the electrode ends have to be adjusted and, on the other hand, the induced current
on the end-stems has to be increased in order to achieve an efficient compensation of the
end-fields. Therefore, two different promising approaches for design modifications concerning
these key demands were studied in more detail as presented in this section.

6.2.1 Adjustment of the Current Paths

For adjusting the lengths of the current paths to the long- and short-overhang electrode
ends, the electrode mounting brackets at the end-stem and second-last stem can be modified
according to Fig.[6.9 By this simple modification the current paths to the short overhangs
are deliberately being extended by approximately 2d;, thus increasing the potential on the
respective electrode ends. Analogously, the potential on the long-overhang electrode ends
can be decreased due to a reduction of the respective current path length by about ds.

Figure 6.9: Adjustment of the current paths to the long- and short-overhang ends by
modification of the electrode mounting brackets at the last two stems.

The yielded compensation of the end-field by different variations of the applied method and
the corresponding effect on the shunt impedance is shown in Fig.[6.10] On the one hand,
either only the mounting brackets at the end-stem (d; only) or at both the end-stem and
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6.2 Modified Design Approaches (6) End-Field Compensation

second-last stem (d; and dz) can be modified. On the other hand, for both cases the modifi-
cation of the end-stem mounting brackets further allows to reduce the length of the overhang
uniformly with d;, down to the maximum overhang reduction depth at which the plane of
the electrode ends is at the same longitudinal position as the outer side of the end-stem.
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Figure 6.10: Compensation of the longitudinal end-field (expressed by the voltage
ratio U, /Uyane) by adjustment of the current paths according to Fig.
and corresponding influence on the shunt impedance Rpy,.

Because a reduction of the overhang length decreases the capacitance of the RF end-cell,
the shunt impedance is thereby even affected positively. For the variation of only d; with a
corresponding reduction of the overhang length (red curve, Fig., the end-field voltage
can be decreased by AU, /Uyane =8 % while simultaneously improving the shunt impedance
by considerable 12.5 % from about 79 to 89 kQm. However, since the overall nominal elec-
trode length is primarily determined by the RFQ beam dynamics design, possibly the RF
end-cell distance dgpq.cei1 would have to be increased in order to compensate the overhang re-
duction and maintain the overall electrode length. According to Fig.[6.8] this again partially
cancels the end-field compensation and also might decrease shunt impedance. Even though
the uniform variation of d; and dy generally yields a slightly greater reduction of the end-
field magnitude, varying only d; showed to be more advantageous considering the effect on
the shunt impedance, regarding both cases with and without overhang reduction. Without
overhang reduction, the variation of only d; also allows to reduce the end-field voltage by
AU, /Usane =8 % (black curve, Fig., which however would lead to a degradation of the
shunt impedance by about 6.5 % from approximately 79 to 74 kQm.

Considering the conducted simulations, the overall estimated impact on the shunt impedance
can rather be seen as exaggerated because, compared to the 6-stem simulation model, the
fraction of dissipated power in the modified RF end-cells decreases for longer RFQ structures
with a higher number of RF cells. Although the total amount of compensation achieved by
the investigated adjustment of the current paths seems not particularly high, being in the
order of AU, /Uyane =~ 8-12 %, the method eventually proved to be suitable for the compensa-
tion of minor remaining deviations from the desired quadrupole potential distribution after
applying the concept of inductively coupled side-stems as discussed in the following section.
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6.2.2 Inductively Coupled Side-Stems

With the primary aim to achieve an increase of the induced current at the end-stems, the con-
cept of inductively coupled side-stems was developed. As depicted in Fig.[6.11] the side-stems
are positioned lateral to the end-stem and connected to the long electrode overhangs. Since
the side-stems are inductively coupled to the end-stem, as illustrated in Fig.[6.12] this basi-
cally creates an additional RF cell besides the actual end-cell. While increasing the induced
current on the end-stem by providing another coupling cell for the end-cell, this method also
offers the benefit of eliminating the current path length from the second-last stem to the
long-overhang electrode ends, which are now charged directly by the current flow from the
side-stems. Also, this generally has a positive influence on the overall field flatness because
the normally intrinsically higher capacitance of the RF end-cells is effectively canceled out
(see section for further explanation).

/v side-stem
doer (to bottom
S(Itoet-ﬁ) gg: t electrode)

1
electrode) i L
I
1
L]
dside-stem
connection
plate

Figure 6.11: Inductively coupled side-stems lateral to the end-stem (the path and
orientation of the electric current is indicated by the red dashed lines).

Analogously to the regular stems being connected by tuning plates, in the used simulation
model the side-stems are connected to the end-stem by connection plates, which also were
set to the same height as the tuning plates. Considering a hypothetical technical imple-
mentation, the connection plates can either be movable like the tuning plates or fixed at a
certain position, depending on the practical technical feasibility and benefit for a possible
adjustability of the end-field magnitude. Different mounting options for the connection of
the side-stem to the bottom electrode are shown in Fig. and are discussed in the following.
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Figure 6.14: Compensation of the longitudinal end-field (expressed by the voltage
ratio U, /Uyane) as function of the side-stem distance dsiqe-stem and
corresponding influence on the shunt impedance R,r..

The achieved end-field compensation by the side-stem method is shown in Fig.[6.14] as func-
tion of the distance dgige-stem between the side-stems and the end-stem. The applied method
yields an almost full compensation on the 6-stem simulation model from the uncompensated
value of the end-field voltage of U, /Uyane =46.7 % down to nearly zero. Whereas even over-
compensation can be achieved easily, however, in the compensated cases with close-to-zero
end-field voltage a very small residual end-field still remains due to minor asymmetries of
the end-stem, side-stems and the electrode mountings. Because the side-stems basically pro-
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vide an additional current path to the long-overhang electrode ends, the shunt impedance is
affected positively for large enough distances to the end-stem with less compensation effect.
Positioning the side-stems closer to the end-stem results in stronger coupling and better com-
pensation of the end-field, but however increases the overall power dissipation and accordingly
results in a decrease of shunt impedance. Eventually, the power dissipated on a single side-
stem roughly amounts to 50 % of the power loss on one regular stem, considering the case of
preserved shunt impedance with Rpr, compensated (side-stem = 15 mm) = Rp[, uncompensated- FOI &
typical average overall power dissipation of 35 kW /m, assuming CW operation, the power loss
on one side-stem amounts to about 1.7kW. The corresponding heat load still seems reason-
ably coolable, provided that water cooling channels are routed directly through the side-stems
and an efficient technical cooling concept is implemented, as in the case of the HLI-RFQ pro-
totype or the MYRRHA-RFQ?. After all, the proposed side-stems even simplify the direct
cooling of the long electrode overhangs and additionally stabilize them mechanically, thus
preventing both thermal deformation as well as mechanical vibrations.

6.3 Full End-Field Compensation

For achieving full end-field compensation without a reduction of shunt impedance, a com-
bination of the side-stem method and current path adjustment proved to be effective. For
this purpose, the side-stem distance must first be chosen to the value df . o, at which the
resulting shunt impedance Rpr, compensated (@ige.stom) = FpL,uncompensated 15 €qual to its value
for the uncompensated case without side-stems. Finally, the small remaining end-field with
its voltage U, /Uyane being in the order of a few percent can then further be compensated by

carefully adjusting the current paths to the four electrode ends.
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Figure 6.16: Compensation of the longitudinal end-

Figure 6.15: Adjustment of the cur- field by the side-stem method with d . qem = 19 mm
rent path to the electrode end of the (Rpr. & RpL,uncompensated) and additional adjustment
upper long overhang by variation of of the current path only to the upper long-overhang
the corresponding side-stem mounting electrode end by modification of the side-stem mount-
bracket (parameterized by di-). ing bracket, according to Fig.[6.15]
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6.3 Full End-Field Compensation (6) End-Field Compensation

Fig.m shows the almost full compensation down to an end-field voltage of U, /Uyane ~ 0.2 %,
where additionally to the implementation of the side-stems only the current path to the upper
long overhang was adjusted as depicted in Fig.[6.15] Overall, the initial value of the shunt
impedance of Ry, ~65k{dm is mostly preserved by the applied modification procedure.

In order to demonstrate the end-field compensation by the developed method on a longer
4-rod structure with a higher number of RF cells, other than the previously investigated short
6-stem model, the evolved modification procedure was applied to a design-identical 4-rod RFQ
model with an electrode length of 3m and 30 stems, typical for 4-rod RFQs. At this, a signif-
icant reduction of the uncompensated end-field magnitude of U, yncompensated/Uvane = 51.7 %
down to U, compensated/Uvane = 2.6 % could be achieved easily. However, yielding further
compensation turned out to be considerably more complicated because with a higher num-
ber of RF cells some of the effects which could be considered negligible at the previous
investigations on the 6-stem model, like the electric dipole or effects of the field flatness,
now have a noticeable influence on the end-field. Accordingly, the relevant parameter space
for the fine-adjustment of the end-field is much larger, which makes full compensation with
U compensated/Uvane =~ 0 harder to achieve. After all, no negative influence on the shunt
impedance, field flatness or mode separation could be observed for the implementation of the
developed method at the 3m long RFQ model. As shown in Fig.[6.17] the field distribution
along the RFQ structure can even be improved by mounting the side-stems, due to the re-
duction of the redundant overhang capacitance.
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Figure 6.17: Relative field flatness €(z) for different degrees of the end-field compensation
by the side-stem method on a 3m long RFQ model (with non-modulated electrodes and
without flatness tuning, all tuning plates are positioned at the same height). The positions
of the electrode ends are marked by the vertical black dashed lines.

After all, it could be shown that the method of inductively coupled side-stems in conjunction
with minor modifications of the electrode mounting brackets for adjusting the current paths
to the electrode ends is a suitable approach for obtaining an almost full compensation of
the longitudinal electric end-fields in 4-rod RFQs without perturbing the RF performance or
overall field flatness. A summary of the achieved maximum compensation and the associated
influence on the shunt impedance for the individually and combined applied methods on the
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6-stem simulation model, as well as the maximum total compensation on the 3m long RFQ
model is given in Tab.[6.2]

method U./Usane (%] decrease of shunt
uncompensated compensated impedance Ry, [%]
current path adaption 43.0 314 —-17.7
side-stems 46.7 0.3 —14.1
combined method 46.7 0.2 0
combined method (3m-RFQ) 51.7 2.6 0

Table 6.2: Comparison of the developed methods for the compensation of the longitudinal end-field,
regarding the achievable degree of compensation and influence on the shunt impedance.

Eventually, the adopted approach of actually compensating the end-fields in 4-rod RFQs
by modifying the structure of the RF end-cells has to be compared to the possibility of
making advantageous use of the prebunching effect in the end-field at the RFQ entrance, as
proposed in [163]. For this, apparently only minor design changes are necessary for achieving
the therefor required adaptation of the drift length in the entrance gap, while resulting in
improvements of the beam transmission and emittance growth. Since the end-field at the
RFQ exit mainly acts as an acceleration gap, its effect can simply be taken into account for
the beam dynamics design in order to meet the nominal output energy, which from this point
of view would even make the end-field compensation at the RFQ exit obsolete. However, the
newly developed method for the end-field compensation at 4-rod RFQs, using the proposed
side-stem concept, offers some unique benefits that finally can be summarized as follows:

e Because the longitudinal component of the end-fields can be compensated almost en-
tirely, the resulting overall field distribution with likewise compensated dipole largely
corresponds to the desired ideal quadrupole symmetry. This helps reaching design beam
performance without requiring further considerations about the effects of the mentioned
field deviations.

e The yielded end-field compensation is mostly independent of the overall capacitance
between the end-plate and the electrode ends, which allows the radius rgpjelq of the
shield aperture as well as the lengths of the entrance and exit gaps to be chosen as
small as possible. This is an important advantage for the acceleration of very heavy
ion beams at low energies and high currents [167], where it is crucial to keep the length
of the transition section between the RFQ and the following accelerating structure as
short as possible [168].

e By basically eliminating the excessive overhang capacitance, the overall field flatness
can be improved.

e The installation of side-stems might even be applied with the purpose of improving the
shunt impedance of 4-rod RFQs.
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After several years of operating experience and considerable efforts to analyze and mitigate
the severe problems arising from the high thermal sensitivity as well as from the occurring
electrode vibrations, it became apparent that the pursued operating modes, such as CW ac-
celeration of beams with A/q =6 or pulsed acceleration for A/q= 8.5 at average heat loads of
the quadrupole structure of up to 30 kW /m, cannot be achieved with the existing 4-rod HLI-
RFQ. For this reason, the decision was made to develop a completely revised design concept
for a new HLI-RFQ to eventually replace the existing structure. The numerical simulations
and experimental investigations conducted for this purpose are the primary subject of this
thesis and the applied methods and achieved results are summarized in the following.

Since the primary objective of the ongoing HLI upgrade efforts is to provide a CW beam
for the HELIAC accelerator, which is planned as a dedicated new linear accelerator for
super-heavy elements research at GSI, an overview of the history of the exploration of heavy
and super-heavy elements is given in section starting from the historically first-ever ar-
tificial production of a transuranium element at Berkeley in 1940, over the discovery of six
super-heavy elements at GSI from 1981 to 1996, to the discovery of the heaviest elements
known today between 1998 and 2006 in Dubna. As can be noticed, this considerable progress
was made possible by the continuous development and innovations in the field of particle
accelerator technology. Due to the typically very low production rates of super-heavy nuclei,
further developments for the acceleration of heavy ion beams with a focus on CW operation
are thus highly required to enable the exploration of the predicted island of stability, which
is briefly discussed in section An overview of the existing GSI facility and the planned
and currently under construction FAIR accelerator, the High Charge State Injector HLI, as
well as the planned HELIAC project is given in sections and respectively.

After the limitations of electrostatic pre-acceleration of low-energy ion beams and related
methods for longitudinal bunching in order to accomplish the injection to a downstream drift
tube accelerator constituted a major bottleneck for the achievable accelerator performance
regarding beam intensity and quality, the concept of the RFQ was finally proposed in 1969,
the basic operating principle of which is explained in section After the RFQ principle
had been successfully tested in 1974 at Protvino and later in 1980 at Los Alamos using 4-
vane type resonator structures, in the following years RFQs became a standard device for the
acceleration of low-energy ion beams and are being used in most of today’s ion accelerators.
As presented in section over the years also a variety of different applicable resonator
concepts evolved, with the 4-rod type RFQ mainly having being developed since the mid
1980s at TAP in Frankfurt. Because of the distinct advantages of 4-rod structures in terms
of flexibility and simplicity of the frequency and field tuning, as well as comparatively low
manufacturing costs and simple maintenance, the 4-rod type resonator can despite of all
problems with the existing 4-rod HLI-RFQ be considered to be the most suitable choice of
RFQ structure regarding the operational requirements of the HLI. The basic resonator char-

119



(7) Summary & Outlook 7.1 Conclusions from the Mechanical & Thermal Analyses

acteristics of RFQs are outlined in section and a brief digression into the basics of RFQ
beam dynamics and electrode design is provided by section

Whereas the method of introducing a stem arm offset for achieving dipole compensation
in 4-rod RFQs, originally being developed for the MYRRHA-RFQ, could directly be applied
to the developed design for a newly revised HLI-RFQ, a completely new approach to com-
pensate the other characteristic field error occurring in 4-rod RFQs, namely the longitudinal
end-fields, was developed in the context of this thesis, as presented in chapter @

The conducted studies on the formation of the end-fields clearly showed that the uneven
potential distribution at the quadrupole electrode ends, causing the longitudinal field com-
ponent, is attributed to unequal current path lengths to the electrode ends as well as to
significantly lower induced charging currents on the end-stems compared to the second-last
stem. After all, both problems could successfully be addressed by a modification of the elec-
trode mounting brackets and the introduction of so-called side-stems next to the end-stem.
Finally, a reduction of the end-field from initially about 50 % (ratio of voltage in the end-
field to intervane voltage) to almost zero can be achieved, while entirely preserving the shunt
impedance. An experimental confirmation of the proposed principle is still to be obtained.

7.1 Conclusions from the Structural-Mechanical & Thermal
Investigations

Prior to the prototype development for a new RFQ structure, an extensive simulation-based
analysis was carried out to investigate the mechanical and thermal problems of the existing
HLI-RFQ, the properties of which are stated in section The starting point and reference
case for the conducted simulations were the observations and measurements previously done
at GSI, as summarized in sections [3.2|and From a modal analysis with ANSY'S, the mea-
sured vibrational modes at 350 Hz and 500 Hz could quickly be identified, and two criteria
for the excitation of mechanical electrode eigenmodes by the electric quadrupole field became
clearly evident: On the one hand, the vibrational plane of the eigenmode oscillation needs to
have a radial component with respect to the quadrupole center, meaning that the vibration
must be at least partially parallel to the vector of the electric force on the electrode. On the
other hand, the deformation profile of the eigenmode has to point unidirectionally to one side
of the vibrational plane since also the direction of excitation by the electric force is constant
along the electrode. As shown in section these deductions could later be validated by a
harmonic response analysis, where it was shown that only the radial mode at 500 Hz is excited
by the quadrupole field, whereas the excitation of the tangential mode at 350 Hz is clearly
attributed to an asymmetry of the quadrupole field distribution caused by the characteristic
electric dipole component of 4-rod structures. From an analysis of the RF-sensitivity to the
observed excited mechanical eigenmodes using CST MWS; as given in section [3.4.3] also the
fact that the tangential vibration at 350 Hz cannot be observed in the reflected RF signal
could finally be clarified, which is due to its effect on the RF frequency detuning being in the
order of only 5 % compared to the radial mode. The value of the vibration amplitudes derived
from these simulations of about 2 ym is in good agreement with the measured values from
the preceding vibrometer measurements at GSI. This was additionally confirmed by transient
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vibration simulations with ANSYS, where also the previously assumed excitation mechanism
by the edges of the RF pulses could nicely be reproduced, as presented in section [3.4.4]

From the conducted thermal analysis using CST Mphysics Studio, as shown in section
also the unexpectedly high thermal sensitivity of the HLI-RFQ could be roughly reproduced.
Therefor, it is absolutely necessary to include all crucial thermal processes besides mere
heat conduction in the simulations, like the heating of the cooling water along the cooling
channels and the finite heat transfer from the copper material to the flowing cooling water.
However, since in the current software version of CST both these effects cannot be taken
into account, a semi-analytical workaround was applied. From this it could be shown that
both processes have a considerable and non-negligible effect on the temperature distribution
and resulting frequency detuning. For the case of 4-rod structures, also the properties of
the mechanical coupling between the thermal deformations of the single components at the
screwed connections between the electrodes and stems have a significant influence on the
value of the simulated frequency detuning, which was investigated by applying different me-
chanical boundary conditions. After all, the observed frequency detuning of —200kHz at a
power dissipation of 30kW could be reproduced with an average heat transfer coefficient of
a = 9250 W/m?2K and completely suppressed mechanical coupling between the electrodes and
stems, considering a water flow rate of 21/min as used during operation of the real HLI-RFQ.
Nevertheless, for a more accurate thermal analysis it would be highly recommended to apply
more sophisticated simulation software like ANSYS or COMSOL that are capable to take
into account the heating of the cooling water and the fluid dynamics in the cooling channels,
as well as the properties of the heat transfer at material transitions.

7.2 Summary of the RFQ Development & Outlook

The prototype design was developed on the basis of the already successfully tested RFQs for
FRANZ and MYRRHA. As described in section the basic geometric design parameters of
the RF structure were adjusted and optimized by RF and mechanical design studies in order
to yield the nominal operation frequency of 108.408 MHz and achieve maximum mechanical
rigidity with an as low as possible reduction of shunt impedance. Therefor, the crucial pa-
rameter of the stem distance was chosen to a value of 120 mm, close to the maximum of the
corresponding shunt impedance curve (as function of the stem distance), which eventually
allowed to yield almost the same value of the shunt impedance as at the existing HLI-RFQ
(~105-110kQm), despite of a significantly increase in capacitance due to the structural re-
inforcement of the RF structure. In the same way, all other geometric properties of the
RF structure were optimized, concerning the geometry of the electrodes and their mounting
brackets, as well as the stem geometry. The target parameters considered for the optimization
were the resulting stem height, the shunt impedance, the influence on the dipole ratio, and
the frequency of the unidirectional radial mechanical electrode eigenmode, which was tried
to raise as high as possible. After all, the mechanical eigenfrequencies could be increased to
values close to those of the FRANZ- and MYRRHA-RFQs, thus being significantly higher
compared to the existing HLI-RFQ (by a factor from 1.5 to 2), while achieving full dipole
compensation and obtaining a comparatively large but tolerable stem height of > 250 mm.

Based on the conducted design studies, a 6-stem prototype with an additionally optimized
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cooling concept and an electrode length of 702 mm was manufactured by NTG GmbH, the
simulated RF and mechanical properties of which are presented in chapter While with
a fully functional water cooling system the prototype is designed for high-power RF tests,
it is also equipped with some unique features for vibration measurements and temperature
diagnostics, such as four dedicated diagnostic windows in the tank for measurements with a
laser vibrometer, as well as sensor shafts in the stems to monitor their inside temperature.
Due to the substantially improved cooling system, the simulated thermal sensitivity (fre-
quency detuning per unit of dissipated power) could be significantly reduced by a factor of
about 5 to 6 compared to the existing HLI-RFQ (from 6.7 to 1.1-1.3Hz/W).

Eventually, as shown in section extensive RF and mechanical pre-tests were conducted
to validate the crucial simulated properties prior to the planned high-power tests. By ap-
plying different methods of measurement, the simulated quality factor (@ ~5000) and shunt
impedance (Rpr,~110kQm) could finally be validated. Also, the achievement of an almost
full compensation of the dipole to a ratio of less than 1% was confirmed by measurements
of the voltage distribution on the upper and lower electrode pair. In order to investigate
the mechanical eigenmode spectrum of the prototype structure, different methods for the
measurement and excitation of vibrations have been applied. Whereas the excitation was
induced either acoustically by a PA speaker or mechanically by a piezo actuator or a soft-face
hammer, the corresponding vibrations were measured with a microphone, a piezo sensor and
a laser vibrometer, which had previously been used to measure the vibrations on the exist-
ing HLI-RFQ. After all, it could be observed that the measured spectra agree well with the
corresponding simulations, thus confirming the anticipated mechanical reinforcement. Addi-
tionally, an experimental modal analysis using a 3D laser vibrometer was conducted, which
finally allowed to experimentally investigate the eigenmode deformation profiles of the elec-
trodes, but also to more accurately determine the mode-dependent damping times.

After tuning the RFQ structure to the HLI-frequency of 108.408 MHz, making the tank
vacuum-tight and installing the diagnostics devices, a pre-conditioning up to 200 W was per-
formed at IAP (see section [4.4]), where besides a minor conditioning threshold between 140
and 240 mW within the typically critical low-power range, the cavity accepted the power
ramp-up quickly and without noticeable problems. As shown in section after the comple-
tion of the pre-tests and pre-conditioning, the prototype tank was prepared for the transport
to GSI, where high-power tests with thermal loads of more than 30 kW /m and further vibra-
tion measurements during RF operation are to be carried out soon.

A new preliminary beam dynamics design and a correspondingly adapted model of the de-
veloped RFQ design with an electrode length of 2.8 m for the CW acceleration of a 1 mA
heavy ion beam with A/q=6, according to the HELIAC specifications, is finally presented in
chapter By a reduction of the required intervane voltage to only 40kV, the overall power
consumption could be reduced to only 43 kW. Additionally, this reduces the electric force
on the electrodes and helps to mitigate vibrations. From a comparison between the existing
HLI-RFQ and the new design, it can be seen that only by the mechanical reinforcement of
the structure the vibration amplitudes can be expected to reduce by a factor of 100 to 200,
considering the measured damping properties of the prototype.
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