BEAM DYNAMICS DESIGN OF AN ENERGY-VARIABLE
SUPERCONDUCTING HEAVY ION ACCELERATOR

DISSERTATION ZUR ERLANGUNG DES DOKTORGRADES DER
NATURWISSENSCHAFTEN

vorgelegt am Fachbereich Physik
der Johann Wolfgang Goethe-Universitat
in Frankfurt am Main

von
Malte Alexander Schwarz
aus
Frankfurt am Main

Frankfurt am Main, 2021
(D30)

£y
GOETHE \:%
UNIVERSITAT

FRANKFURT AM MAIN




vom Fachbereich Physik der Johann Wolfgang Goethe-Universitit als
Dissertation angenommen.

DEKAN:
Prof. Dr. Harald Appelshduser

1. GUTACHTER:
Prof. Dr. Holger Podlech

2. GUTACHTER!:
Prof. Dr. Ulrich Ratzinger

DATUM DER DISPUTATION:
08.11.2021

Malte Alexander Schwarz: Beam Dynamics Design of an Energy-Variable
Superconducting Heavy Ion Accelerator, 2021

This work is licensed under a Creative Commons Attribution 4.0
International License (CC BY 4.0). To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

ZUSAMMENFASSUNG

Diese Dissertation beschreibt die Entwicklung des Strahldynamikdesi-
gns eines neuartigen supraleitenden Linearbeschleunigers (Linacs). Bei
einer Haupt-Betriebsfrequenz von 216,816 MHz kénnen dabei Ionen
mit einem Masse-zu-Ladungsverhiltnis von bis zu 6 bei hohen Tastver-
héltnissen bis hin zum CW-Betrieb beschleunigt werden. Angedacht
fiir einen Bau am GSI Helmholtzzentrum fiir Schwerionenforschung in
Darmstadt lag der Schwerpunkt der Arbeit in der strahldynamischen
Auslegung des Beschleunigerabschnitts nach dem Hochladungsinjek-
tor (HLI) bei einer Injektionsenergie von 1,39 MeV /u. Wesentliches
Merkmal dieses Linacs ist dabei die Verwendung des EQUUS (Equidi-
stant Multigap Structure) Strahldynamikkonzeptes fiir eine variabel
einstellbare Ausgangsenergie zwischen 3,5 und 7, 3MeV /u (entspricht
etwa 12,4 % der Lichtgeschwindigkeit) bei einer erforderlichen gerin-
gen Energieunschirfe von maximal +3 keV /u.

Das GSI Helmholtzzentrum fiir Schwerionenforschung ist eine Grofs-
forschungseinrichtung, die mit ihren Teilchenbeschleunigern Grundla-
genforschung mit Ionenstrahlen durchfiihrt, insbesondere um neue
Erkenntnisse iiber die Bausteine der Materie zu gewinnen. Seit seiner
Griindung 1969 wird an der GSI auf einem breiten Themenfeld, von
Kernphysik, Atomphysik, Plasmaphysik und Materialwissenschaften
bis hin zu Biophysik und Tumortherapie mit einem ebenso breiten
Spektrum an Ionensorten von Helium bis Uran geforscht. Nach der
Griindung begann der Bau des 150 Meter langen Linearbeschleu-
nigers UNILAC. Als Erweiterungen sind seit 1990 das Schwerionen-
Synchrotron SIS18 und der Experimentelle Speicherring ESR in Betrieb.
Um weitere fundamentale Fragen zum Aufbau der Materie und des
Universums untersuchen zu konnen, wird an der GSI aktuell eine
internationale Forschungsanlage namens FAIR (engl. Facility for Anti-
proton and Ion Research) fiir die Forschung mit Antiprotonen und Ionen
gebaut. Die bestehende Beschleunigeranlage an der GSI wird dann
als Injektor fiir die FAIR-Beschleunigeranlage dienen, wobei FAIR
Ionenstrahlen mit bisher unerreichten Intensitaten und Energien fiir
die Forschung bereitstellen soll. Zu diesem Zweck werden einige der
bestehenden GSI-Anlagen aufgeriistet bzw. erweitert.

Forschung zu superschweren Elementen (,SHE” von engl. super-
heavy element) ist ein wesentlicher Schwerpunkt an der GSI. Wahrend
Uran das schwerste Element ist, das in signifikanten Mengen in der
Natur vorkommt, erwartet man von der Produktion und Erforschung
noch schwererer Elemente Antworten auf eine Vielzahl wissenschaft-
licher Fragestellungen. Dies beginnt bei grundlegenden Fragen zur
Herkunft von Atomkernen und Elementen und deren Erzeugung im
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Kosmos, tiber die Langlebigkeit superschwerer Elemente und deren
chemischen Eigenschaften, bis hin zur Frage nach fundamentalen
Symmetrien der Natur und wo das Periodensystem der Elemente
moglicherweise endet. Viele Eigenschaften von Atomkernen lassen
sich in einem makroskopischen Ansatz durch das Tropfchenmodell
des Atomkerns erkldren, welches Anfang der 1930er Jahre von G. Ga-
mow, H. Bethe und C. F. von Weizsidcker entwickelt wurde. Es basiert
auf einer starken Anziehungskraft zwischen den Nukleonen und der
abstoflenden elektrischen Kraft, die auf die Protonen wirkt. Nach die-
sem Modell sollte es Elemente mit Ordnungszahlen (Protonenzahlen)
grofser als Z ~ 100 nicht geben, da ab hier die elektrische Abstoffung
die Anziehung der Kernkraft iberwiegt.

Das Tropfchenmodell kann jedoch das Phanomen der sogenannten
magischen Zahlen nicht erkldren. Durch prézise Massenmessungen
ist bekannt, dass bei bestimmten Protonen- und Neutronenzahlen die
Kerne gegeniiber dem Durchschnittstrend besonders stabil gebunden
sind. Dies ist auf eine erhohte Bindungsenergie zuriickzufithren. Am
stabilsten ist diese Bindung bei den doppelt magischen Kernen, wie
208Pb mit 82 Protonen und 126 Neutronen. Eine Erklarung war erst
Ende der 1940er Jahre mit dem Schalenmodell fiir den Atomkern, vor
allem durch M. Goeppert-Mayer und J. H. D. Jensen, moglich. Ab
den 1950er Jahren wurden mit diesem Modell die ndchsten magischen
Zahlen (,,magische Schalenabschliisse”) jenseits von 208pp berechnet,
und das Konzept der superschweren Elemente wurde eingefiihrt.

Der Begriff ,superschwer” ist in der Literatur nicht einheitlich defi-
niert. Ublicherweise bezeichnet er die Elemente der Transactinoiden
mit Werten zwischen Z > 103 und Z > 114. Alle derzeit bekannten
superschweren Kerne sind radioaktiv und wurden in Kernreaktio-
nen erzeugt. Die Produktion und der Nachweis der Elemente mit
den Ordnungszahlen 107 bis 112 (Bohrium, Hassium, Meitnerium,
Darmstadtium, Rontgenium und Copernicium) gelang in den Jahren
1981 bis 1996 erstmals an der GSI. Hierzu wurden Atome einer Sorte
(,,Projektile”) auf Energien beschleunigt, die hoch genug sind, um sich
einem Atom einer anderen Sorte bzw. dessen Atomkern (,, Target”) so
weit zu ndhern, dass die abstoflende Coulombbarriere (GrofSenord-
nung je nach Atomkern in etwa 10°-10' MeV /u) {iberwunden wird.
Die beiden wechselwirkenden Kerne entwickeln sich zu einem Com-
poundkern. Im giinstigsten Fall kommt es nun weder zu einem Zerfall
in die urspriinglichen Kerne, noch zu einer Quasi-Spaltung, sondern
zur Aussendung von <y-Strahlen und der Abdampfung eines oder
mehrerer Neutronen mit anschlielender Bildung eines Verdampfungs-
restkerns. Dies ist dann der Kern des gesuchten superschweren Ele-
ments, dessen Nachweis tiber den radioaktiven Zerfall zu bekannten
Kernen und Elementen moglich ist.

Zentral fur diese bemerkenswerten Fortschritte in der SHE For-
schung waren kontinuierliche Weiterentwicklungen und technische
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Innovationen. Einerseits auf dem Feld der experimentellen Sensitivitat
und Detektion der Kernreaktionsprodukte und andererseits auf dem
Gebiet der Beschleunigertechnologie. Zur Beschleunigung des Pro-
jektilstrahls wird an der GSI bislang der 1975 in Betrieb genommene
UNILAC (fiir engl. Universal Linear Accelerator) verwendet. Im Zuge
des Umbaus und der Erweiterung der Forschungsinfrastruktur an der
GSI ftiir die kiinftige FAIR-Anlage befindet sich mit HELIAC (fiir engl.
Helmbholtz Linear Accelerator) nun auch ein dedizierter neuer Teilchen-
beschleuniger in der Entwicklung, der die besonderen Erfordernisse
der Strahlparameter zur Synthese neuer superschwerer Elemente be-
riicksichtigt. Typischerweise sind die Produktionsraten superschwerer
Elemente mit Wirkungsquerschnitten im Bereich von picobarn sehr
niedrig. Daher ist ein hohes Tastverhdltnis (bis hin zum CW-Betrieb)
ein wesentliches Merkmal des HELIAC. So lésst sich die benotigte
Strahlzeit fiir die gewiinschten Kernreaktionen signifikant verkiirzen.

Erste Uberlegungen fiir einen dedizierten Linearbeschleuniger (Li-
nac) fiir die Forschung zu SHE an der GSI wurden in Workshops in
den frithen 2000er Jahren international diskutiert. 2009 veroffentlichten
Minaev et al. einen ersten vorldufigen Entwurf fiir das strahldynami-
sche Design eines entsprechenden Linacs. Dieser sollte supraleitend
konzipiert sein, um hohe Beschleunigungsgradienten bei gleichzeitig
hohem Tastverhiltnis zu ermoglichen. Der Schwerpunkt dieser For-
schungsarbeit lag jedoch auf der Analyse und theoretischen Beschrei-
bung des EQUUS-Strahldynamikkonzepts sowie auf der rudimentéren
Untersuchung, ob dieses Konzept grundsétzlich fiir einen solchen Be-
schleuniger in Frage kommt. Im vergangenen Jahrzehnt hat daran
anschliefiend die Erforschung und Entwicklung von supraleitenden
Beschleunigerkavitdten viele Erkenntnisse geliefert. So wurden am
IAP erfolgreich mehrere Prototypen fiir supraleitende CH-DTLs entwi-
ckelt und getestet. Hierbei wurden mehrfach weltweite Spitzenwerte
fur die Beschleunigungseffizienz im Nieder- und Mittelenergiebereich
aufgestellt. Weiterentwicklungen gab es dabei insbesondere an der
Resonatorgeometrie mit Schwerpunkten auf einem kompakten Design,
effektivem Frequenztuning, giinstigen Praparationsmoglichkeiten und
bei dem Design von Leistungskopplern fiir den Strahlbetrieb. So ha-
ben letztlich die theoretischen Vorarbeiten von Minaev et al. und das
neu geschaffene Wissen um Design, Herstellung und Betrieb von su-
praleitenden Driftrohrenkavitdten den Grundstein fiir diese Arbeit
und somit die Entwicklung des Linearbeschleunigers HELIAC gelegt.

Als Injektor fiir HELIAC dient der GSI-Hochladungsinjektor HLI.
Dieser wird aktuell fiir die kiinftigen Anforderungen aufgeriistet und
erhélt eine neue 18 GHz Elektronenzyklotron-Resonanz-lonenquelle
(ECR), einen neuen CW-fahigen Radiofrequenz-Quadrupol (RFQ) so-
wie einen neuen IH-Driftrohrenbeschleuniger mit einer HF-Betriebs-
frequenz von 108,408 MHz. HELIAC besteht aus einem supraleitenden
und einem normalleitenden Teil. Die Beschleunigung findet im su-



praleitenden Teil bei einem Frequenzsprung auf 216,816 MHz in vier
Kryomodulen mit jeweils etwa 5m Léange statt. Diese beinhalten je
drei CH-Kavitdten, eine Buncher-Kavitdat vom Single-Spoke-Typ, zwei
Solenoidmagnete zur transversalen Strahlfokussierung, sowie zwei
Strahlpositionsmonitore (kurz BPM fiir engl. beam position monitor).

Der dann folgende etwa 10 m lange normalleitende Teil dient primér
zum Strahltransport und schliefst mit einer Buncherkavitit ab. Diese
wird mit einer halbierten Frequenz von 108,408 MHz betrieben, um
von dem durch die Frequenzhalbierung verldngerten quasi-linearen
Teil der HF-Flanke profitieren zu konnen. Dies schafft eine grofie-
re Flexibilitat bei der Transformation des Strahls im longitudinalen
Phasenraum hin zur benétigten Energieschérfe.

2016 haben F. Dziuba et al. erfolgreich Kalttests an einer am IAP
entwickelten 15-spaltigen CH-Struktur durchgefiihrt. 2018 folgte dann
mit der gleichen Kavitdt durch W. Barth et al. an der GSI der weltweit
erste Strahlbetrieb einer vielspaltigen supraleitenden Driftrohrenka-
vitit, so dass diese CH-Struktur als erste von 12 CH-Kavitdten des
HELIAC eingesetzt werden kann.

Wesentliches Merkmal dieses Beschleunigers ist die Variabilitat der
Ausgangsenergie von 3,5 bis 7,3 MeV /u bei einer geringen Energie-
unschédrfe von maximal £3 keV /u iiber den gesamten Ausgangsener-
giebereich hinweg. Ublicherweise wird die Energievariation entlang
der Beschleunigungsstrecke durch Aneinanderreihung kurzer Kavita-
ten mit moglichst wenigen Beschleunigungsspalten realisiert. So ist
die Energieakzeptanz jeder Kavitit verhaltnisméafiig grofs, es lassen
sich viele HF-Amplituden und -Phasen individuell regeln und das
Strahldynamikdesign ist unkompliziert. Die Beschleunigungseffizi-
enz ist dagegen bei diesem Verfahren gering, da mit einer grofien
Anzahl an Kavitdten auch viele Driftstrecken einhergehen, in denen
der Strahl nicht beschleunigt wird. Fiir die Entwicklung von HE-
LIAC wurden mit dem verwendeten EQUUS-Strahldynamikkonzept
daher die Vorteile konventioneller Linac-Designs mit dem hohen Be-
schleunigungsgradienten von supraleitenden CH-DTLs kombiniert.
Die Auslegung und Simulation der Strahldynamik wurde mit dem
Simulationscode LORASR durchgefiihrt, der am IAP stindig wei-
terentwickelt wird. Durch den Frequenzsprung auf 216,816 MHz in
der supraleitenden Sektion und die Verwendung von CH-Kavitédten
mit 5 (CH10 und CH11) bis 15 (CHO) Beschleunigsspalten bei einem
Beschleunigungsgradienten von maximal 7,1 MV /m wird eine welt-
weit bislang einmalige Beschleunigungseffizienz mit supraleitenden
Driftrohrenstrukturen ermoglicht. Gleichzeitig wird mit kompakten
Langen der CH-Kavitdten von 59-81 cm ein dennoch gutes Handling
sowohl fiir die Fertigung als auch den Betrieb gewéhrleistet. EQUUS
fithrt mit der gleitenden Bewegung der Synchronphase innerhalb
jeder CH-Kavitédt zu longitudinaler Strahlstabilitit in allen Energiebe-
reichen des Beschleunigers. Das rms-Emittanzwachstum ist in allen
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Ebenen mit +10% (xx’), +11% (yy’') und +14 % (zz') moderat. Der
modulare Aufbau des HELIAC mit 4 Kryomodulen erméglicht die In-
betriebnahme des Beschleunigers grundsitzlich bereits ab dem ersten
Kryomodul, dem sogenannten Advanced Demonstrator. In der darauf-
folgenden Ausbaustufe mit lediglich den ersten beiden Kryomodulen
des HELIAC, kann bereits die untere Grenze des von HELIAC zur
Verfiigung zu stellenden Energiebereiches (3,5 MeV /u) deutlich iiber-
troffen werden, so dass die Verwendung im regulédren Strahlbetrieb
an der GSI ab hier bereits denkbar ist.

Mittels Fehlertoleranzstudien konnte die Stabilitat des HELIAC-
Strahldynamikdesigns gegeniiber moglicher Justierfehler der magne-
tischen Fokussierelemente und Beschleunigerkavitdten sowie Fehler
der elektrischen Feldamplituden und -phasen untersucht und kriti-
sche Parameter ermittelt werden. Ein zuséatzliches Steeringkonzept
tiber Dipolkorrekturspulen an den Solenoidmagneten erlaubt eine
transversale Strahlsteuerung sowie -diagnose mittels zweier BPMs pro
Kryomodul. Letztlich zeigte sich sowohl bei Betrachtung einzelner
als auch kombinierter Fehlertypen eine ausreichende Strahlstabilitit
gegeniiber zu erwartender Abweichungen. Mittels eines zweiten Simu-
lationscodes (TraceWin) konnte die HELIAC-Strahldynamik zudem
grundsétzlich verifiziert werden.

Parallel zu den unmittelbaren Arbeiten am Strahldynamikdesign
von HELIAC wurde mit der Entwicklung des Java-basierten Computer-
programms LINAC-Multitool ein Werkzeug geschaffen, um Routine-
aufgaben im Beschleunigerbereich zu automatisieren und zu vereinfa-
chen. So kénnen nun Storkorpermessungen, als zentrale Prozedur bei
der Werksabnahme von gefertigten Kavitéten, effizient tiber eine grafi-
sche Benutzeroberfldche steuerbar, ausgewertet werden. Auch der De-
signprozess mit dem Strahldynamikprogramm LORASR gestaltet sich
dank einer umfassenden Erweiterung der Plotting-Funktionalitdten
tiber das LINAC-Multitool nun wesentlich komfortabler.

Mit Fertigstellung dieser Arbeit im Sommer 2021 wurden die Ka-
vitdten CH1 und CH2 bereits gebaut und befinden sich in der fi-
nalen Prédparations- und Kalttestphase. Parallel wurde die Entwick-
lung der CH-Kavitaten CH3-11 auch gestartet. Der Erfolg dieses
Strahldynamik-Designs héngt letztlich insbesondere von der Leis-
tungsfahigkeit der Kavitdten ab. Das zuverldssige Erreichen der hohen
Beschleunigungsgradienten in den CH-Kavitédten ist der wichtigste
Schliissel zu diesem ehrgeizigen Projekt. Angesichts der grofien Fort-
schritte auf diesem Forschungsgebiet im letzten Jahrzehnt ist dies
sicherlich ein anspruchsvolles, aber erreichbares Beschleunigervorha-
ben. Somit ist die hier dargelegte Entwicklung eines effizienten, su-
praleitenden Linearbeschleunigers mit variabler Ausgangsenergie und
hohem Tastverhiltnis auch von Interesse fiir die Auslegung zukiinfti-
ger vergleichbarer Anlagen zur Beschleunigung von Ionenstrahlen.
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INTRODUCTION

1.1 MOTIVATION AND RESEARCH CONTEXT

In 1869 Russian chemistry professor Dmitri Mendeleev' devised the
periodic table of elements. Since then it was continuously refined. In
the last decades it has been significantly extended up to the nucleon
with proton number Z = 118 and mass number A = 294, named
oganesson. Historically, the periodic table was of particular importance
for predicting as yet undiscovered elements and their properties. Today,
it serves primarily as an organizational scheme of the elements, as
framework for analyzing chemical reactions, and is widely used in
chemistry and nuclear physics. While uranium (Z = 92) is the heaviest
element found in significant quantities in nature, the production and
exploration of even heavier elements is expected to provide answers to
many scientific questions [1] and is therefore of high scientific interest
[2]. The work summarized in this thesis is specifically concerned with
the synthesis of so-called super-heavy elements (SHE), the definition of
which is not uniform but assumes at least a proton number Z > 103
[3].

For the synthesis of SHE fusion-evaporation reactions of accelerated
medium or heavy ions with heavy-element targets have recently been
the most successful methods [4]. Due to the very low cross sections
of these reactions, long beam times are required in order to observe a
sufficient number of events. Obviously, a higher experimental sensitiv-
ity and an increased projectile intensity, especially in continuous wave
(CW) mode, could remarkably enhance the SHE yield [5-7].

For that purpose, this thesis has been started to develop and in-
vestigate possible beam dynamics layouts of a future machine for an
efficient SHE-production. As a result, the development of the heavy
ion superconducting CW linac HELIAC (HEImholtz LInear ACceler-
ator) has been started. It will be built at GSI Helmholtz Centre for
Heavy Ion Research at Darmstadt under key support of the Helmholtz
Institute Mainz (HIM) [8-10] and the Institute of Applied Physics
(IAP) at Goethe University Frankfurt [11, 12] and with contributions
from Moscow Engineering Physics Institute (MEPhI) and Moscow
Institute for Theoretical and Experimental Physics (KI-ITEP) [13, 14].

The construction and operation of CW-operated proton and ion
linacs are key goals of the worldwide accelerator development. Large-
scale facilities [15-17], such as spallation neutron sources (SNS) or

in Russian (modern Cyrillic script): Imurpnit IBanosma Mennesnees; transliteration:
Dmitriy Ivanovich Mendeleyev
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accelerator driven systems (ADS) are based essentially on high-energy
CW linacs. Medium-energy superconducting CW linacs are used or in-
vestigated for numerous applications [18], i. e. particle physics, nuclear
astrophysics, material science, R&D of radiopharmaceuticals, neutron
radiography and novel cancer therapy methods (accelerator-based
boron-neutron capture therapy) [19—21]. Consequently, further elabo-
ration of superconducting RF technology [22-24] and in particular the
development of linacs using this technology is of high relevance for
the particle accelerator community.

The most essential element of the developed accelerator design in
this thesis is the use of superconducting multigap CH-DTL cavities
which allow very high acceleration gradients of 7 MV /m and beyond
[8]. While the IH-DTL structure is already well known for its high
shunt impedance at low-8 values [25, 26], the CH-DTL structure
derived from it offers new properties. With operation in the H,,,
mode, the transverse cavity dimensions are significantly larger than
that of the IH-cavity at a given frequency and beam velocity, allowing
the operation at higher frequencies. Especially the mechanical rigidity
makes it also suitable for superconducting operation. Superconducting
CH-cavities have been developed and continuously improved at IAP
for about 20 years [27]. Following previous work by Minaev et al. [28]
and incorporating new research outcomes and findings from recent
years, this sets the baseline for this work.
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BEAM DYNAMICS

In this chapter, fundamentals of the main beam dynamics principles
of heavy ion linacs are presented. RF linacs operate by accelerating
electrically charged particles with longitudinal electric fields generated
in a resonant cavity. The motion of particle bunches in the transverse
and longitudinal planes is summarized under the term beam dynam-
ics. More in-depth descriptions of accelerator physics can be found
in RF Linear Accelerators by T. P. Wangler [29] and in the regularly
and open-access® published Proceedings of the CAS — CERN Accelerator
School. For further discussions on the subject of beam dynamics, the
book Theory and design of charged particle beams by M. Reiser [30] is
highly recommended.

Details on the cavity research and development, in particular on the
mechanical design of the superconducting HELIAC accelerator cavities
of the CH-DTL type can be found in the PhD theses of F. Dziuba [31]
(for CHO) and M. Basten [32] (focusing on CH1/2) as well as for
CH3-CH11 in [33] and [34].

2.1 CHARACTERIZATION OF A PARTICLE BEAM

The term particle beam (or in other words beam) is used in this thesis
to refer to an ensemble of similar particles, for which the following
applies:

Uz » Uy, Y. (2.1)

The longitudinal velocity component v, is thus significantly larger
than the transverse ones v, (horizontal) and v, (vertical).

Figure 2.1 schematically depicts the general time structure of bunched
beams in pulsed operation. Here, the smallest unit is the particle bunch,
also referred to as bunch. In principle, individual bunches are ini-
tially spaced by one RF period Tgrg, which is the inverse of the linac
operating frequency f:

Tre = f L (2.2)

Several bunches form a pulse with the pulse length T and the average
pulse current I, in the following referred to as beam current. The
beam current plays an important role in the strength of the space
charge forces. These have a repulsive effect in a bunch due to the
equally electrically charged particles and defocus the beam. At the
same time the movement of the charged particles along the beam
axis z generates an azimuthal magnetic field component B’ which has

1 https://cas.web.cern.ch
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Figure 2.1: Definition of different beam currents and time structures.

an attractive effect. However, its influence only becomes relevant for
highly relativistic beams and is not relevant for the investigations in
this work at B = v/c « 1. Here v is the particle velocity and c the
vacuum velocity of light.

The duty cycle D of the beam is defined as

T

D= -100 %. (2.3)

rep

If the linac continuously accelerates the beam the duty cycle equals
100 % and the linac is said to operate in continuous wave (CW) mode.

2.1.1 Emittance

While the motion of a single electrically charged particle (i.e. N = 1)
in external electromagnetic fields can be specified compactly and
unambiguously via its position in the 6-dimensional phase space
(X, Px, Y, Py, Z, Pz), the complete description and measurement of
a particle ensemble N » 1 requires an extended concept. Although
the motion of each individual particle over a single point in the 6N-
dimensional phase space could also be described, it is usually more
useful and efficient to view the particle ensemble as a whole and in
two-dimensional subspaces to simplify handling. For the description
of a beam, the divergence angle x’ in rad is often chosen instead of
the transverse momentum py:

x = ZJZC = Z—’Z( = };’Z( = tan 0. (2.4)
In general (see Equation 2.1) the divergence angle 0, is small, so the
paraxial approximation tan 6, ~ 6, can be used, and therefore x’ ~ ;.
This applies accordingly and, in the following, also to the transverse
components in y. In the phase space consisting of x and x/, all N
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particles can now be represented with their corresponding spatial
coordinates and angles. For easy detection of the occupied area in this
phase space, the particle distribution can be surrounded by an ellipse
in such a way that all beam particles are enclosed with a minimum
area A. The emittance ¢, is obtained as

A
£y = ?x, (2.5)
with the phase-space area A,:
Ay = J dxdx' = e,m. (2.6)

This (often elliptical) area in 2-dimensional phase space Ay resp. the
emittance ¢, is conserved when Liouville’s theorem is satisfied and
when the forces in the three orthogonal directions are uncoupled.
However, a prerequisite for calculating the motion in these subspaces
is the neglect or external description of particle-particle interactions
and horizontal and vertical planes that are not coupled with each
other. In particular, the latter is in principle not given in drift-tube
accelerators, since the longitudinal electric field component and thus
the acceleration of the particle is a function of the transverse position.

For use in beam dynamics simulations, a 6-dimensional (6D) particle
distribution is usually generated such that the particles randomly
populate a 6D hyperellipsoid. The most common distributions are:

¢ KV-distribution® which has homogeneously filled ellipses in
the 2D projections (e. g. xx’) so that the forces resulting from the
electric beam potential are linear,

¢ the Gaussian distribution where the 6D hyperellipsoid is filled
with a 6D Gaussian density distribution, which also implies that
the 2D projections are Gaussian in shape,

e and the Waterbag distribution which is a 6D hyperellipsoid
homogeneously filled with particles.

Simulations in this thesis have been done with Waterbag distri-
butions for the input beam as they were considered to be the most
suitable approximations available.

2.1.2 Twiss Parameters

As parameter to determine the beam quality and to better describe the
size and position of the distributions in the 2D phase space, ellipses
can be defined, which enclose all or a certain fraction of the particles
in the phase space (see Figure 2.2). These ellipses can be characterized

2 named by I. M. Kapchinskij and V. V. Vladimirskij [35]

The Liouville
Theorem states that
the volume occupied
by a given number of
particles in phase
space is invariant
with respect to
canonical
transformations. It
applies for the time
evolution of a
particle beam in the
6D phase space,
given that there are
no binary collisions,
no dissipative forces
and no particle losses
or charge exchanges.
For further details
see [29] and [30].
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by the so-called Twiss or Courant-Snyder parameters, corresponding to
the equations

Yx? 4 2axx’ + Px’? = e, (2.7)
and )
1+«
= 5 (2.8)

where «,  and 7y are the Twiss parameters and ¢, is the emittance of
the ellipse [29]. The parameter « is dimensionless and refers to the tilt
of the ellipse. If « = 0, the ellipse is not tilted, if x > 0 or « < 0, the
ellipse is tilted counterclockwise or clockwise respectively.

Figure 2.2: Geometrical relations of the Twiss parameters and the correspond-
ing ellipse in the xx” 2D phase space. The enclosed area is A = 7te.

2.1.3 Emittance Growth

As a measure of beam quality, one of the goals of beam dynamics
designs is to limit the growth of emittance during beam acceleration
and transport. In this context, according to Fraser [36] the sources of
emittance growth can be classified in several groups:

¢ Couplings: The emittance transfer between coupled phase space
planes (e. g. transversal <> longitudinal) can cause the emittance
in a particular phase space plane (e.g. xx’) to increase, even
though the total 6-dimensional phase space volume remains
invariant. This is the case in DTL-cavities due to the phase
dependence of the transverse RF defocusing (see Section 2.2.2).
It results in a different transverse force on the front and back part
of a bunch when traversing the cavity gaps. Another example are
asymmetric beams (with respect to their horizontal and vertical
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dimensions) whose projected emittance oscillates when they are
rotated in solenoids.

* Imperfections: E. g. misalignment of components, manufactur-
ing errors and dynamic errors such as RF+jitter or beam current
variations.

* Non-linearities: Non-linear fields, e. g. as a function of the dis-
tance x or y to the ideal beam axis, resulting in a filamented
or distorted phase space such that the effective emittance is
increased. This also applies to the particularly non-linear re-
gions of the RF waveform (also compare Figure 4.22 on page
60) near ¢ = 0°. This is the key source of emittance growth for
EQUUS. Furthermore, intrinsic aberrations of optical elements
(for the superconducting HELIAC part: Solenoids) can introduce
non-linearities and increase the effective beam emittance.

¢ Parametric resonances: Single-particle resonances and space-
charge driven transverse parametric resonances (see also Sec-
tion 2.2.1).

2.2 TRANSVERSE BEAM DYNAMICS
2.2.1  Space Charge

The particle motion in a linac depends not only on the applied ex-
ternal fields from the RF or magnetic lenses, but also on the fields
from the Coulomb interactions between the particles within a bunch
due to their electrical charge Q. These have a repulsive effect due to
the equally charged particles within a bunch and therefore defocus
the beam. For HELIAC, this effect becomes visible when comparing
the transverse emittance growth for different beam currents (see Fig-
ure 2.3). Nevertheless, since the maximum beam current of I = 1mA
at HELIAC is still relatively small - compared to other hadron ac-
celerator projects - the influence of space charge effects on the beam
plays a rather minor role here. Nevertheless, since space charge forces
act inversely proportional to the particle mass - as shown below -
attention should be paid to their effect at decreasing mass-to-charge
ratios3 A/z. In order to estimate the strength of acting space charge

forces, the generalized perveance K for non-relativistic beams is defined
as [30]
QI

- 2rtegmvd’ (2.9)

The symbol used for the mass-to-charge ratio in this thesis is A/z (dimensionless),
referring to A as atomic mass number respectively nucleon number and z as charge
number being the electric charge Q in Coulombs divided by the elementary-charge
constant e. Other common terms used in literature are also A/q, A/Q, m/q and m/z.

mass-to-charge ratio
Alz
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where €p is the vacuum permittivity, m the particle mass and v its
velocity. After passing an accelerating voltage U,, v can be substituted
(v = V/U,2Q/m) and Equation 2.9 can therefore be written as

1 m 1
K= — . .
4mey'\ 2Q U3/2 (210)

More details on multiparticle dynamics with space charge can be
found in [29, chap. 9].
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Figure 2.3: Simulated rms emittance growth Agout, rms Of @ preliminary HE-
LIAC design for both transverse and the longitudinal plane in
dependence of the beam current I; A/z = 6, Wout = 7.3MeV/u.

2.2.2  RF Defocusing in Drift Tube Linacs
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Figure 2.4: Schematic electric field distribution in an accelerating gap. The
accelerating force F; is caused by the longitudinal component E,
of the electric field on the beam axis (radius r = 0). The beam is
moving in the direction z (to the right). [37, modified]

RF defocusing is the transverse defocusing experienced by a parti-
cle that crosses an accelerating gap on a longitudinally focusing RF
phase [38]. When an off-axis particle enters an acceleration gap and is
accelerated by a longitudinal electric RF field, it also experiences radial
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s longitudinal motion transverse motion average velocity
-90° focusing/bunching defocusing ~ constant
0° light defocusing ~ constant largest gain
90°  defocusing/debunching focusing & constant

Table 2.1: Approximate effect of a particle bunchs’ synchronous phase in
a gap on the longitudinal and transverse motion as well as the
average velocity of the bunch.

forces (see Figure 2.4). However, these oppositely directed radial elec-
tric forces in the two halves of the gap do not cause the entire radial
force to be canceled out. In contrast, a net radial force is generated.
This is due to the time-variation of the electric field amplitude as the
particle traverses the gap. Considering a single cavity, then ¢ must
be negative for longitudinal stability, i.e. the field increases when
the synchronous particle is injected. However, this also means that
most particles in the second half of the gap pass through an electric
field that is higher than the field in the first half, resulting in a net
defocusing force. Table 2.1 shows the corresponding relationships and
effects.

2.2.3 Magnetic Lenses

To compensate for the RF defocusing of beams in drift-tube linacs,
the use of magnetic lenses is the method of choice. Most common
are solenoids or quadrupole magnets [39], which are mostly used in
groups as quadrupole doublets or quadrupole triplets. The choice of
which option is the most suitable depends on various factors such as
beam energy, pulse frequency (resp. duty cycle of the beam) and the
choice of overall technology (room temperature or superconducting).

2.2.3.1  Quadrupoles

Conventional quadrupole magnets consist of a yoke made of iron
or cobalt-iron (CoFe) alloys and four pole shoes, arranged 90° apart
around the beam axis where the opposing poles have the same polarity
and an approximately hyperbolic surface. Excitation is provided by
copper coils (sometimes water-cooled) wound around the pole shoes.
Figure 2.5 depicts a schematic layout and the magnetic field distri-
bution of a quadrupole magnet. It produces a magnetic field which
is zero at the radial center of the beam line and increases linearly
with distance from the center. Due to its configuration, a horizontally
focused beam gets at the same time defocused in the vertical plane
(and vice versa) by a single quadrupole. This is why quadrupole
magnets are usually grouped to doublets or triplets with alternating

11
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Figure 2.5: Schematic layout and magnetic field distribution of a quadrupole
magnet. Shown is the Lorentz force F on 4 positively charged
particles at different positions which move away from the reader
into the paper plane. In this configuration (N = north pole, S =
south pole), this quadrupole singlet focuses in the vertical plane
and defocuses in the horizontal plane.

polarity which leads to a focusing in both transverse planes, called
alternating-gradient focusing or strong focusing.

2.2.3.2 Solenoids

The magnetic field of solenoids is created by a rotationally symmetric
coil. Unlike a single quadrupole magnet, solenoids have the advan-
tage of focusing in both transverse planes simultaneously. From the
Maxwell equation V - B = 0 it follows that the magnetic field, which
is purely longitudinal in the inner part of the coil, must contain radial
components at the input and output of the solenoid. While particles
moving exactly in the center of the ideal beam axis do not experi-
ence any force, the others experience an azimuthal acceleration at
the entrance and exit due to the radial component (see Figure 2.6).
Due to the azimuthal movement, a radial force is generated along the
longitudinal field. This force is proportional to the radial distance from
the axis which ultimately leads to a focusing of the beam. The radially
linear increasing focusing force leads to a convergence of the charged
particles towards a common focal point. Furthermore, to minimize
stray fields in adjacent superconducting RF cavities, so called bucking
coils are frequently used.

2.3 LONGITUDINAL BEAM DYNAMICS
2.3.1  Energy Gain in an Accelerating Gap

An electrically charged particle passing the gap between two drift
tubes with the velocity v experiences an electric field E, (Figure 2.7):

E.(r,z,t) = E;(r,z) cos(wt(z) + ¢), (2.11)
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a)

Figure 2.6: Solenoid focusing principle shown by a simulated (CST STUDIO
SUITE) proton beam coming from the top right. Bottom: Three
cross sectional views show the movement of 121 individually
color-coded beam paths at the entrance into the solenoid (a), in
its center (b) and at the exit (c).

with 7 being the radius from the beam axis z and the phase ¢ being
the position of the particle relative to the RF cycle with the angular
frequency w when passing the center of the gap. The energy gain AW
of a particle after passing the gap is generally given by

—left
2
AW = qf , E:(r,z,t)dz
—eff
2
iy (2.12)

=g J_L; E.(r,z) cos(wt(z) + ¢) dz,

with the particle charge g and the effective gap length I.¢ within which
there is a significant axial E-field. The voltage amplitude Uy on the
beam axis (r = 0) between two adjacent drift tubes is given by:

—leff
2

Uy = fleﬁ E.(r=0,z)dz. (2.13)

Due to the time-variable electric field and the finite speed of the
particle, the effective electric voltage U, is given by

—left

u, = f ’ E.(r =0,z) cos(wt(z))dz. (2.14)

loff
2

13

w =27f
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Figure 2.7: Schematic illustration of the E-field distribution in an accelerating
gap [37, modified].

The transit time factor T then indicates this ratio:

—leoff

§_i; Ez(r =0,2) cos(wt(z)) dz

T = U” = = < 1. (2.15)
0 {2 E.(r=0,2)dz

—left
2

As the change in velocity in relation to the initial particle velocity
while traversing a gap is generally small, we can approximate wt(z) ~
wz/v = 2mz/BA with B = v/c and BA being the distance the particle
travels in one RF-period. This leads to

—leff
S& E.(0,z) cos(zﬁ%) dz
T=_2 <1 (2.16)

legt
Sjeff E.(0,z)dz
2

and thus the energy gain of the particle can be derived:
AW =q-Uy-T-cos(¢)
=q- U, -cos(¢).

It can be useful to express the energy gain AW in terms of another
quantity: EoT. Here, Ej is defined as the mean axial E-field amplitude
Ey = W/1 and [ is the geometric cell length. The energy gain then
becomes

(2.17)

AW =gq-Ey-T-1-cos(¢)
=q-E;-1-cos(¢).

The acceleration gradient E, is an important quantity to classify the
acceleration efficiency of a superconducting multi-gap cavity. From
here on, it is therefore no longer used for just one gap, but as a
parameter for the combined acceleration gradients of all gaps in a
cavity. Thus, for an n-gap cavity | generally becomes with the so-
called BA-definition | = n - BA/2. This is a commonly used and good
approximation of the cavity length L within which acceleration occurs.

(2.18)
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2.3.2 Longitudinal Phase Focusing

The phase stability of particle bunches is crucial for a beam to be
accelerated synchronously in an RF particle accelerator. The phase
focusing of the particles around the synchronous particle, which by
design remains synchronous to the RF fields, can be achieved by
the bunch seeing an in time increasing accelerating field within the
RF gaps. As a result, the slower particles (B < fBs) that arrive later
than the synchronous particle see a stronger accelerating field and
receive a larger velocity boost than the faster particles (8 > fs) that
crossed the cavity earlier. The slower particles that are at the back
of the bunch catch up with the faster particles at the front of the
bunch and vice versa, as shown schematically in Figure 2.8. The term
synchronous particle is not used fully consistently in the literature,
as beam dynamics concepts such as KONUS or EQUUS are based
precisely on the fact that the bunch in each gap passes through a
somewhat different RF phase on average (i.e.is not "synchronous"
to the RF). Thus, an efficient acceleration close to ¢ = 0°, can be
combined with a less efficient, but beam-dynamically conventional
and more stable acceleration close to values of e.g.¢ = —30°. In
these cases, one therefore often refers to a reference particle or virtual
synchronous particle instead of a synchronous particle. Nevertheless, for
simplicity, the term synchronous particle is used synonymously in this
thesis. Synchronous phase ¢s refers to the RF phase position of the
geometric center of mass of the bunch at the time a gap center is
reached. As already mentioned above, this inherently changes from
gap center to gap center in the EQUUS beam dynamics concept used
and is explained in the following.

Bs
1.0r ® ﬁ<ﬁs
® B>

0.5

\

- deceleration . acceleration : acceleration :

0.0

EZ/EZ, max

deceleration

-0.5

-1.0 i A
-270 —-180 -90 0 90 180
e/°

Figure 2.8: Longitudinal phase focusing keeps bunches stable in linacs if
an increasing rf-field (here, the longitudinal E-field component
located between adjacent drift tubes) is seen by the beam in the
cavities.
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2.4 EQUUS BEAM DYNAMICS CONCEPT

There are many different design concepts for developing the beam
dynamics of linacs. Probably the most common is the constant-phase
approach, in which a constant design phase of for example ¢; = —30°
is used at each gap within one multi-gap cavity (see Figure 2.9). This
leads to gap center distances of I = ﬁZ—A with A = % being constant
within one cavity and with the particle velocity f = . The gap-to-gap
distance thus increases successively with increasing particle velocity
to ensure a constant synchronous phase.

¢;=-30°
A
-~
\j r W W W wd R 2w oo | I ][ ] I:‘
@ @ o @ L L o o o o o L
’:l r wh W ' wrd W ez | I 10 ] :‘

Figure 2.9: Schematic illustration of a constant-phase acceleration scheme
showing a bunch in subsequent gaps, each at the time of the
formation of the maximum electric field within the gap. The
distance between the gap centers increases to ensure a constant
synchronous phase ¢s while the bunch is accelerated.

However, depending on the application, other concepts can be
advantageous. This includes the three concepts KONUS#, APF> and
EQUUS®.

KONUS is a beam dynamics concept for efficient acceleration with
a minimum number of magnetic focusing elements. A KONUS section
usually starts with a triplet lens and a short rebunching section around
s = —35°, followed by the main multigap acceleration starting near
a synchronous phase of ¢; = 0° with an excess energy compared to
a hypothetical zero degree synchronous particle. Therefore, it moves
towards more negative phases with each gap and the difference be-
tween the excess energy and the hypothetical reference energy for
each gap decreases (see Figure 2.10). While KONUS and EQUUS have
the similarity of the most negative phases at the start and end of the
section, the gap center distance within a cavity changes for KONUS
while it remains constant for EQUUS. Further details on KONUS and
corresponding in-depth studies can be found in [37, 40, 41].

APF [42—44] uses its DTL cavities not only for longitudinal but
also for transverse focusing and therefore gives the possibility to
be operated without magnetic lenses which could save costs and
reduce the linac length. It has been developed since the 1950’s but
has only been used to a limited extent due to a decisive feature and
disadvantage: As the transverse focusing is (only) depending on the

4 Acronym for ger. Kombinierte Null Grad Struktur (Combined Zero Degree Structure)
5 Acronym for Alternating Phase Focusing
6 Acronym for Equidistant Multi-Gap Structure
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Figure 2.10: Exemplary bunch center motion of a KONUS design. [40]

phase position of the particles (in contrast to the use of magnetic
lenses for transverse focusing) there is a strong coupling between
transverse and longitudinal motion. This inevitably leads to emittance
growth (especially at low energies where the bunch usually has a
larger phase width) and to a significantly reduced energy acceptance
at the entrance of the respective cavity.

The EQUUS concept was first named and studied in detail in 2009
by Minaev et al. [28]. Prior to that, there were first approaches with
multi-gap constant-B DTLs already in 1994 by R. von Hahn et al. [45]
and in 1998 by H. Podlech et al. [46, 47]. Even earlier in history, the
Argonne Tandem Linac Accelerator System (ATLAS) at Argonne Na-
tional Laboratory (ANL) in the USA can be considered as the origin of
a cw-capable superconducting heavy ion linac [48-50]. Superconduct-
ing split-ring resonators (3 gaps, constant-$ design) were used here.
EQUUS features an efficient acceleration with some similarity to
KONUS and special advantage for variable final energies. In con-
trast to KONUS, at EQUUS the beam is usually injected with an
energy deficiency’ at a synchronous phase of ¢s « 0° into the cavity.

The basic principle of the design can be described as follows:

A. The beam is injected into the cavity with an energy deficiency
of —5% to —20 % to the reference energy of the cavity, defined
by its geometrical parameters, namely the BA/2 distance of
neighboring gap centers. The value that is reasonably taken for
the design depends, among other things, on the achievable gap
voltage, the length of the cavity, the selected input synchronous
phase (in the first gap) and the particle distribution. At the same
time, the synchronous phase in the first gap is chosen within
the range of about —55° to —25° ensuring longitudinal stability
through the focusing effect in this phase region.

7 energy deficiency in relation to the cavity’s design energy (also reference energy) defined
by the gap center to gap center distance BA/2. When BA/2 is kept constant within a
cavity, it is also called constant-§ cavity.

17
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Figure 2.11: Schematic illustration of an EQUUS acceleration scheme with

a bunch in subsequent gaps, each at the time of the formation
of the maximum electric field within the gap. While the bunch
crosses the center of the gap with ¢s « 0° for both the first (A)
and the last gap (C) at the time of a rising E-field and therefore
is depicted at the end of the gaps, the bunch is located within
the middle of the cavity (B) in the center of the gap (¢s = 0°).

B. Based on the previously selected parameters, the accelerated

bunch now performs a sliding movement in the longitudinal
phase space (Figure 2.12), as in KONUS partly, but starting in
the third quadrant (see Figure 2.13) moving towards a positive
synchronous phase direction near the coordinate system’s origin.
The acceleration efficiency increases with each gap, while the
bunch is still slower than the reference particle. Finally, the
synchronous phase approaches ¢; ~ 0° and the cavity’s reference
energy at the same time. The cavity could now end at this point
and the beam could be extracted.

It is also possible to accelerate the beam further in a cavity with
enough gaps. In this case, the beam would become faster than the
reference energy and with each gap slide back to more negative
synchronous phases as it arrives earlier than the reference parti-
cle in each gap. This slightly lowers the acceleration efficiency
again but ensures longitudinal stability one more time.

(AW/W) ! %
o

-270 -180 -90 —45 0 90
s/ °

Figure 2.12: Schematic illustration of the typical movement of an accelerated

bunch in an EQUUS-section in the longitudinal phase space. The
stable region is within the dashed orange so-called Separatrix.

To increase the flexibility with this beam dynamics approach, the
EQUUS movement can be split up on two separate cavities at the point
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where the reference energy of the cavity is reached, and the bunch
continues to accelerate to higher energies and again to synchronous
phases of ¢s « 0°. While CHO of HELIAC has been designed for a full
EQUUS-movement, the split-up is used for all subsequent CH cavities.
Furthermore, the main structure design parameters for EQUUS are

given in Figure 2.13.
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Figure 2.13: Exemplary variation of the four main equidistant structure de-
sign parameters reference energy W, number of gaps Ngap,
effective cavity voltage U, and synchronous phase ¢ of the first
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2.5 SIMULATION CODES

To efficiently calculate the trajectory of charged particles, most com-
puter programs use either analytical charge distributions or so-called
particle-in-cell methods (PIC) [51] based on Fast Fourier Transforma-
tion (FFT) [52]. While analytical distribution models can be useful for
theoretical investigations, they do not allow detailed simulations for
real accelerator facilities. In principle, space-charge effects could be
determined by calculating the Coulomb forces between all particles.
However, given particle numbers in the range of 10”, this approach
is inefficient. PIC therefore uses a temporal and spatial discretization
of an often-reduced number of particles, so-called macroparticles, in
which several particles are combined into a common particle and
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location. After subdividing the Cartesian space in and around the
particle ensemble, the Poisson equation for electrostatics

ap =2 (2.19)
€0
with A¢ being the Laplacian of the electric potential, p the total volume
charge density and €p the vacuum permittivity, is solved for each grid
point. Then, the resulting forces are interpolated from the grid points
to the macroparticles.

Weighting of Solving the Poisson | Calculation of the E-field
macroparticles onto a grid g equation on the grid components on the grid
A
@
\4
Calculation of Interpolation of the forces

Particle losses?

<= the new particle from the grid points to the

New particles? 4 ’
positions macroparticles

Figure 2.14: Simplified schematic illustration of a PIC algorithm with time
step At.

With PIC, realistic space-charge distributions can thus be assumed,
whereby discretization errors play a decisive role here. While the
forces between charged particles act continuously, in the simulations
they are only considered as single pulses interrupted by particle
transport (Figure 2.14). If these time steps are too large, the simulation
accuracy is reduced [53]. However, the other way around, if the spatial
discretization is too fine, the number of particles per grid cell decreases,
which can lead to numerical noise and artificial emittance growth [54].
When performing beam dynamics simulations, it is therefore essential
to consider their accuracy as a function of various parameters such as
beam current, particle number and spatial/temporal discretization of
internal and external fields.

2.5.1 LORASR

The beam dynamics design for HELIAC was performed with LO-
RASR?, a simulation program especially for drift-tube accelerators
which use the KONUS beam dynamics. Details on the general func-
tionality of LORASR can be found in [55], on the PIC-FFT algorithm in
[56] and with focus on KONUS in [40]. Among the accelerator facilities
where LORASR has been used so far are:

Acronym for ger. Longitudinale und radiale Strahltransportrechnungen unter Beriicksichti-
gung der Raumladung (longitudinal and radial beam transport calculations including
space charge).
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¢ GSI high-current injector (HSI) [57], high charge injector (HLI)
[58], ion trap facility HITRAP [59] and FAIR proton injector [60],

e CERN Linac3 [26] and REX-ISOLDE (Geneva, Switzerland) [61],

* Fission fragment accelerator (MAFF) at the Munich II research
reactor [62],

* Heidelberg Ion Beam Therapy Center (HIT) [63],

* Jon Beam Therapy Center Med Austron (Wiener Neustadt, Aus-
tria) [64],

¢ CNAO (Pavia, Italy) [40],

e MIT (Marburg, Germany) [40],

e SPHIC (Shanghai, China) [40],

* EBIS pre-injector at BNL (Upton, USA) [65],

e TRIUMF ISAC-I (Vancouver, Canada) [41],

e FRANZ at Goethe University (Frankfurt, Germany) [66-68],
¢ Injector for CSRm at HIRFL (Lanzhou, China) [69],

e HILac and LILac injectors for NICA at JINR (Dubna, Russia) [70,
71,

* MYRRHA injector (Mol, Belgium) [72, 73].

Probably the most important characteristic of a simulation is whether
it is realistic, in the sense that the results determined by it, or in this
case the particle beam dynamics, are actually true in reality or at least
are reasonably accurate approximations. The successful construction
and long-term operation of the accelerator facilities mentioned above
can be regarded as a very strong indication of this. Therefore, LO-
RASR has been chosen as primary simulation code for design and
optimization of the beam dynamics layout in this thesis.

To model the acceleration gaps inside a cavity, LORASR proceeds as
follows [56]: After defining the array and geometry of the acceleration
gaps (based on the input parameters of the designer) each gap field
is approximated by an axially symmetric E-field (Ey = const.). In
radial direction, 4 zones with linearized longitudinal fields E.(z, r) are
defined (zone borders are at 20 %, 31.5 % and 40 % of the inner drift
tube diameter @;) divided into 5 individual zones along the beam axis
for each gap, resulting in a total of 20 rings (Figure 2.15). Each particle
is then tracked along each gap in a 30-step process.
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Ez(z.n) glg =1

Figure 2.15: Schematic illustration of the longitudinal and radial E-field ap-
proximations used in LORASR for different gap geometries. [55]

2.5.2 TraceWin

Simulations for HELIAC have also been performed with TraceWin [74].
It is a widely used and feature-rich beam dynamics code allowing
start-to-end simulations from ion source to target. For large accelerator
projects like ESS, MYRRHA, IFMIF, LINAC4, SPIRAL2, EUROTRANS,
EUROISOL and SPL it has been chosen as reference code. Furthermore,
a benchmark with the codes LORASR, DYNAMION and PARMILA
at the UNILAC (GSI) has shown good agreement between the results.
Also C. Zhang et al. [75] and H. Hahnel [76] found only minimal
discrepancies between results from TraceWin and LORASR.

A crucial parameter for the accuracy of beam trajectories simu-
lated with TraceWin is the way gaps in cavities are modeled in the
simulation. In principle, three variants can be distinguished here:

A. Thin Gap: In the Thin Gap approximation, the forces on the
particles of a bunch are only computed once — while the bunch
center traverses the center of a gap. Thus, it is approximated
to a literally infinitesimal thin gap. The great advantage of this
variant is the high simulation speed it allows. Especially for error
studies, which usually require a large number of simulations (or-
der of magnitude 10°), this advantage comes in handy. However,
the highly simplifying approximation of the gap geometry is at
the same time the disadvantage of this method. Longitudinally,
often the largest emittance growth occurs compared to the other
two methods, which approximate the longitudinal gap geom-
etry more realistically. Especially for complex beam dynamics
concepts like KONUS and EQUUES, this approximation therefore
leads to errors that should be taken into account. Fine tuning of
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parameters such as the RF phase of cavities can help to account
for the simplified gap geometry. For HELIAC, this approxima-
tion already showed sufficiently accurate agreement to LORASR
for the relevant beam parameters.

B. 2D (LORASR) Field Map: TraceWin gives the possibility to im-
port electric and magnetic field maps of external programs, so
2D field maps of E,(z), generated by LORASR and sufficiently
converted to the required data structure format by TraceWin
could be used. Thus, the main disadvantage of the Thin Gap
method can be eliminated, since the longitudinal field profile is
now reproduced much more accurately. At the same time, the
variable and by default smaller step size of the approximated
radial field in TraceWin can be utilized. The transverse E-field
components are not exported from LORASR and imported into
TraceWin in this method but are approximated by TraceWin so
that the transverse RF defocusing of the beam in acceleration
gaps is also taken into account. This ultimately leads to an al-
ready quite detailed reproduction of the accelerator respectively
the cavity in TraceWin.

c. 3D (CST) Field Map: For a very realistic reproduction of the
tields inside a cavity, a full 3D field map of the electric (and
possibly magnetic) fields can be used, usually especially in the
final phase of the design process. This can usually be exported
from the electromagnetic 3D simulation program (e. g. CST Mi-
crowave Studio) and used accordingly, after a format conversion,
in TraceWin. The corresponding file format is defined in [77]
and shown in Listing 2.1. While the resulting simulation results
can be considered the most accurate among the three methods,
the simulation time required is also the largest. Moreover, the
effort required for this method is by far the largest, since the 3D
model of the cavity must be created (or even fully finalized for
manufacturing) beforehand. This usually requires very extensive
R&D activities (see e. g.[31] and [32]).

When directly comparing LORASR simulations to TraceWin Thin
Gap simulations, the following has been observed: Even though the
energy gain per gap is identical in both codes, it was found that the
shear transformation of the bunch in the longitudinal phase space
in TraceWin sometimes is too weak (compared to the LORASR cal-
culation). The difference is that in TraceWin the full shear occurs at
one point (in the center of the gap) and the bunch drifts until there
with the low initial energy of the previous gap. In LORASR, on the
other hand, the shear happens gradually in a 30-step process (with
simultaneous gradual energy gain) over the entire effective length of
the gap. This difference obviously affects mainly the edge particles of
a bunch (in particular the late particles). It can be handled in TraceWin
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Listing 2.1: Data format of 3D E field maps for TraceWin. [77]

nz zmax
NX Xmin xmax
ny ymin ymax
Norm
for k=0 to nz
for j=0 to ny
for i=0 to nx
Fz(k*zmax/nz, ymin+j*(ymax-ymin)/ny, Xmin+ix(xmax-xmin)/nx)
Return

by slightly changing the RF phase of the cavity and/or adjusting
the E-field amplitude of the cavity in a small percentage range. The
TraceWin simulations for HELIAC are shown in Section 4.4.1.1 (p. 56).

To sum up, all three variants of gap modeling in TraceWin have
their advantages and disadvantages. In summary, the big benefit of
TraceWin is the possibility to perform start-to-end simulations with
feature-rich analysis methods. In this way, the entire beam dynamics
behavior of an accelerator can be modeled and investigated in detail,
from the ion source through all acceleration, diagnostic and transport
sections to the target of the experimentalists. Therefore, after LORASR
has proven its value as design code for the cavities, TraceWin is rec-
ommended in the long term for the simulation of the beam dynamics
of the entire HELIAC with consideration of the limitations mentioned
above.
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3.1 INTRODUCTION

While uranium is the heaviest element found in significant quantities
in nature [78], the production and exploration of even heavier elements
is expected to provide answers to many scientific questions [1]:

* Where do nuclei and elements come from? Can superheavy
nuclei be produced in the cosmos?

* How are superheavy nuclei and atoms made and organized? Do
very long-lived superheavy nuclei exist in nature?

e What are the heaviest nuclei that can exist? Where does the
periodic table of elements end?

* How can superheavy nuclei and atoms be exploited to reveal
the fundamental symmetries of nature? What is the interplay
between strong and electromagnetic interactions as the product
of the fine-structure constant and atomic number approaches 1
(azZ — 1)?

e What are the chemical and physical properties of superheavy
atoms?

Many properties of atomic nuclei can be explained in a macroscopic
approach by the liquid drop model of the atomic nucleus. It is based
on a strong attractive force between the nucleons (see Figure 3.1)
and the repulsive electric force acting on the protons. According to
this model, elements with atomic numbers (proton numbers) greater
than Z ~ 100 shouldn’t exist [84], because from here on the electrical
repulsion outweighs the attraction of the nuclear force [85].

The liquid drop model cannot explain the phenomenon of the so-
called magic numbers. Through precise mass measurements it was
known that with the proton and neutron numbers 2, 8, 20, 28, 50 and
82 (for the neutrons also 126) the nuclei are particularly stable bonded
relative to the average trend. This is due to an increased binding
energy of the nuclei (see Figure 3.2). Most stable is this binding with
the double magic nuclei, like 2%Pb with 82 protons and 126 neutrons.
An explanation was only possible at the end of the 1940’s with the shell
model for the atomic nucleus by several scientists, most notably Maria
Goeppert-Mayer [88, 89] and J. Hans D. Jensen [90]. From the 1950s,
this model was used to calculate the next magic numbers resp. new
“magic shell closure” beyond 2%®Pb, and the concept of superheavy
elements was introduced for such nuclei.
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Figure 3.1: Mean binding energy per nucleon calculated with the Weizsacker
semi-empirical mass formula (SEMF) [83]. Colored dashed con-
tour lines double in energy difference as moving away from the
maximum calculated binding energy, showing the rapid instabil-
ity outside of experimentally-known nuclides (inside the solid
black lines). The a coefficients for the SEMF are taken from [86]
and factor in data by [87].

3.2 FUSION OF SUPERHEAVY ELEMENTS

The term "superheavy" is not uniformly defined in literature. Usually it
refers to transactinide chemical elements with values between Z > 103
[3] and Z > 114 [91]. All currently known superheavy nuclei are
radioactive and were produced by scientists in nuclear reactions.

The most successful methods for the laboratory synthesis of heavy
elements have been fusion-evaporation reactions using heavy-element
targets, recoil-separation techniques, and the identification of the
nuclei by generic ties to known daughter decays after implantation
into position-sensitive detectors [92].

Two different experimental approaches, cold fusion [93] and hot
fusion [94], were commonly used to extend the periodic table from
Z =107 and above. The basic principle is the same for both methods:
One type of nuclei is accelerated to energies high enough to approach
a target nuclei sufficiently close to overcome the repulsive Coulomb
barrier' and enter the region of the attracting strong force. The two in-
teracting nuclei form a composite system and evolve into a compound
nucleus (CN). Now, the CN can separate and decay back again into the
initial nuclei. Alternatively, it could go directly to fission channels with-
out forming a spherical CN, which is called quasi-fission. However,

The Coulomb barrier between two nuclei is given as the electrostatic potential energy
Ucoulomb = % R211+ZI%2 (with the elementary charge e) for the atomic numbers Z and
the nuclear radii R. In this context, the probability of quantum mechanical tunneling

(Gamov factor) to overcome the Coulomb barrier should also be considered. [95]
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Figure 3.2: The discrepancy between experimentally-obtained binding en-
ergies by the AME2016 atomic mass evaluation [87] and those
predicted by the SEMF (using the a coefficients from [86]). An
increased binding energy of magic and double-magic nuclei is vis-
ible. Energy colors are trimmed to the range [-120keV, 150 keV]
for contrast reasons.

it may also happen that the CN cools down due to the evaporation
of neutrons and vy rays and forms an evaporation residue (ER) in the
ground state. In this case, the neutron-emission reduces the excitation
energy of the CN below the fission barrier. This process can be made
more likely by using projectile and/or target nuclei, which have a (dou-
ble) magic number like #*Ca with 20 protons and 28 neutrons or 2%Pb
with 82 protons and 126 neutrons. By using one of these two elements,
the resulting compound nuclei in fusion reactions have slightly lower
excitation energies than in reactions with neighboring nuclei, resulting
in a lower probability of the compound nucleus fission. The result
is the synthesis of a super-heavy element, e. g. darmstadtium-110 by
using Pb-208 as target and Ni-62 as projectile:

$3Ni + 33°Pb — 0Ds + .

In this so called "cold fusion" the excitation energy is relatively low
and only one neutron (and 7 rays) is emitted to reach the ground
state of the ER. In contrast, the synthesis of super-heavy elements
in "hot fusion" reactions with actinide targets and lighter projectiles
the excitation energy is higher, and three to five neutrons are emitted
[96]. An exemplary reaction for the hot fusion is the synthesis of the
so-far heaviest known element: Oganesson-118. It was synthesized
2006 in Dubna (Russia) with californium-249 as target and calcium-48
as projectile [4]:
48Ca +28°Cf — 2020g + 3{n.

27

cold fusion

hot fusion



28

Z > 118
Z =119
Z =120

SUPER-HEAVY ELEMENT RESEARCH

Figure 3.3 shows the rapid decrease of the cross section for fusion
reactions towards higher proton numbers, in particular for the cold
fusion approach.
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Figure 3.3: Measured cross sections for cold and hot fusion reactions de-
pending on the proton number of the compound nucleus (CN).
The plotted total cross section is the maximum value of the sum
of neutron evaporation channels measured as a function of the
beam energy. Data taken from [6]. The dashed curves are drawn
to guide the eye.

For elements with Z > 118 several approaches for the synthesis
are potentially possible: While calcium-48 already mentioned above is
basically well suited as projectile, einsteinium (Z = 99) and fermium
(Z = 100) are difficult to obtain in sufficiently large quantities for
the target production. Therefore, the use of heavier projectiles for
synthesis is necessary.

For the production of element 119, the approach 33Ti + 2,°Bk seems
to be appropriate. Among others, scientists at GSI (Darmstadt, Ger-
many) used this reaction in 2012, but without detecting any event that
could be assigned to the decay of an isotope of element 119 [6].

For element 120, there are also multiple reactions plausible:

0T + 29Cf, 3Cr + 28Cm, *Fe + 2**Pu and *Ni + Z°U.

The last three reactions all yield the same compound nucleus 32120%,
the first one the slightly lighter isotope 2*°120*.

Which reaction is targeted depends on technical and physical con-
siderations. According to S. Hofmann [85], there is the assumption
that reactions with great charge asymmetry between projectile and
target are more advantageous. This indicates the reaction *°Ti + 24°Cf
for the synthesis of element 120, but on the other hand there are
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measurements showing that neutron-rich reactions are more favorable.
This, in turn, speaks in favor of the other three reactions, in which
the compound nucleus 3°2120* has three more neutrons and is thus
also closer to the predicted neutron shell N = 184. Nevertheless, most
publications predict much lower cross sections for complete-fusion
reactions with projectiles heavier than calcium-48 [97-103].

To sum it up, two main measures are therefore essential for the fu-  future of SHE
ture synthesis of superheavy elements in the region of Z > 119 at  research
decreasing cross sections [104]:

1. An improvement of the experimental sensitivity. [6]

2. The further development of accelerator facilities for higher beam
intensities. [92, 105, 106]

In the context of this thesis, the second measure was tackled and the
beam dynamics layout for a new accelerator for the production of
superheavy elements has been designed.

3.3 CHOICE OF TECHNOLOGY — SUPERCONDUCTING VERSUS NOR-
MAL CONDUCTING CAVITIES

An important issue in the field of high-performance hadron linacs is
the choice of technology in terms of superconductivity or room tem-
perature operation (see Figure 3.4) [107]. The decision for a particular
technology usually depends on several parameters which include the
following in the first place:

* Beam energy W,

® beam current I,

* beam power Pyeam and
¢ duty cycle D.

At the same time, the decision for one of the technologies also
has many consequences for the design of the accelerator. The front
end of a particle accelerator usually consists of an ion source, a low-
energy beam transport line (LEBT) and a radio frequency quadrupole
(RFQ). Due to the particle losses that generally occur in these elements
and the danger of thermal quenching, they are usually realized with
normal conducting (NC) technology. For the subsequent elements, a
superconducting (SC) design can then also be considered. In addition
to the previously mentioned decision criteria beam energy W, beam
current I, beam power P and duty cycle D further decision factors are
capital costs, operating costs (particularly in terms of electrical power),
technical risk, reliability and availability.
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Figure 3.4: Qualitative regimes of normal conducting and superconducting
cavities and the approximate classification of HELIAC. [107, mod-
ified]

The challenges of sc cavities so far (e.g. multipacting, perturbing
mechanical modes/microphonics, Lorentz-force detuning, field emis-
sion) have been intensively studied and are well understood and
addressed in the meantime. Based on worldwide experience with
high-performance elliptical cavities, the design, handling, and surface
treatment of low- and medium-f cavities has also evolved. Further
performance enhancement could be achieved by nitrogen doping and
Nb3Sn coating, which have not yet been applied on a larger scale to
low-p cavities. Also further exploring different surface treatments and
the design and integration of cryomodules could bring new insights.

In the coming decades, the construction of more linacs with high
beam power for a wide range of particles from protons to heavy ions
can be expected. Here, thanks to sc cavities for low- and medium-f
ranges, the superconducting accelerator part is already increasingly
starting to operate at beam energies in the order of 1 MeV /u (HELIAC:
1.39MeV /u). Certainly, there are disadvantages when pushing down
the energy transition between the nc and sc part: The beam dynamics
matching is more difficult; the entire system gets more complex with
a larger cryogenic plant; advanced R&D on low beta cavities/magnets
especially for high average current is needed; NC cavities are easier
to handle in terms of conditioning permanence as well as easy set-up
and the operational flexibility is paid by a more time-consuming set-
up of the entire linac. Nevertheless, the advantages often outweigh
the disadvantages: The linac length is reduced due to the higher
acceleration gradient; the aperture-to-beam radius could be increased;
the power efficiency Prean/ P,y is larger; capital costs (short linac length)
and operational costs (in terms of electricity) are reduced and sc
cavities work well with high duty cycle.

As sc cavities are becoming established as the most suitable solution
for low- and medium-p linac sections for CW applications, in recent
years a large number of laboratories around the world have been
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working in this field. As a result, the design of these resonators is
becoming increasingly mature. By now, the parameters to be optimized
as well as production techniques and tools are well established. In
particular, QWRs, HWRs and SSRs* (much more rarely also double- QWR, HWR, SSR
and triple-spoke cavities) have since been widely used worldwide

(Figure 3.5).

1 _meter el

Figure 3.5: Three pairs of the most widely used superconducting cavity
types in the low- and medium-f regime. Left: 80.5MHz QWRs
(B = 0.041 and 0.085). Center: 322 MHz HWRs (8 = 0.29 and 0.53)
[108]. Right: 325 MHz SSRs (B = 0.22 and 0.51) [109].

On the other hand, the approach of superconducting accelerator
structures in the very-low-p range seems to be discarded in favor of
modern normal-conducting CW RFQs. Table 3.1 (p. 33) provides a
worldwide overview of existing and planned major superconduct-
ing ion accelerators. While the widely used QWRs, HWRs and SSRs
are resonator types which offer several major advantages (they are
extensively researched in many accelerator laboratories, can be man-
ufactured relatively easily and have a high energy acceptance and
flexible usage options), their efficiency in terms of energy gain per dis-
tance is a clear disadvantage compared to superconducting CH-DTL ~ CH-DTL
cavities, which can definitely score points here. Therefore, supercon-
ducting CH-DTLs are used as the main accelerator structures in the
beam dynamics design for HELIAC (see Figure 3.6).

Complex cavities such as superconducting multi-gap CH-DTL cavi-
ties are still a rarity but have the possibility to develop into a viable
and reliable option due to their extremely high acceleration efficiency,
already presented by previous research achievements [8] and making
use of in this work. Highly comprehensive research on the mechanical
design of the already built cavities CHO—CH2 can be found in [31, 32].
Based on these successful designs and tests, the design process of the
additional nine CH cavities was performed in parallel with the beam
dynamics investigations of this work and continues to be optimized
[33]. Here, the design optimizations are targeting further improve-
ment of the mechanical properties (both of the cylindrically symmetric

2 single-spoke resonators
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Figure 3.6: Three-quarter section rendering of the final geometry of the
216.816 MHz sc CH1/2 for HELIAC with surrounding helium
shell (8 = 0.069). [32]

cavity resonator and of the bellow tuners used for frequency tuning),
reduction of E and B peak fields within the cavity, and reduction of
production costs (e.g. by using identical parts within the nine cav-
ities and by reducing the number of welds). The design of cavities
CH3 to CH11 has been largely completed by now. For this purpose, a
wide variety of simulations were performed to gain information for
the future construction and operation of the cavities. These include
the force acting on the bellow tuner when mechanically deformed to
change the resonance frequency, the effect on the resonance frequency
due to thermal shrinkage, due to evacuation of the cavity and due to
pressure fluctuations within the cryomodule, the surface treatment
due to Buffered Chemical Polishing (BCP), the possibility of secondary
electron emission and multipacting occurring, and possible measures
to handle these effects. In a next step CH3—-CHS5 will be built. During
manufacturing, control measurements are performed, followed by a
cold test to measure essential RF parameters. Furthermore, additional
bellow tuners are currently being manufactured as part of the research.
The purpose of this is to perform a long-term stress test on the nio-
bium in order to determine the maximum stress on complex geometric
structures such as the bellow tuners and thus ensure long and safe
operation. In addition to the lifetime of the tuners and the maximum
possible excursion force, the aim is also to determine possible hystere-
sis effects and material fatigue caused by operation. For this purpose,
a tuner test bench was developed in order to test the tuners under
cold conditions (liquid nitrogen).
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< @ — & @) AE) _
ANL ATLAS|,5 4o, =0, 110, 111] QWR, SRR 48.5-109.25 7 0.025-0.15 12 < 10ppA
MSU ReAj3(,, QWR 80.5 5 0.041-0.085 12 ~pA
MSU FRIB[HZ] QWR, HWR, EIL 80.5-644 7 0.041-0.53 400 < 2mA
INEN LNL{;3, 114] RFQ, QWR 80-160 7 0.047-0.13 10 « pA
RISP RAON[” 5] QWR, HWR, SSR 81.25-325 3 (7) 0.047-0.51 18.5 (200) 8.3ppA
IUAC, New Delhi, 6, ;] QWR 97 3.4 0.05-0.08 7.2 50 pnA
TRIUMF ISAAC-HIHS] QWR 106-141 6 0.057-0.11 6.5 L pA
HELIAC CH, SSR 216.816 6 0.059-0.121 7.3 1mA
CERN HIE-ISOLDE[, 4 1,0] QWR 101.28 3(45) 0.063-0.103 8(10) < pA
GANIL SPIRAL2[,,;  1,] QWR 88.0525 3 0.07-0.12 15 1mA
RIKEN RILAC[m] QWR 73 6.8 0.078 11 < 100 pA
SARAF[12 4l HWR 176 2 0.091-0.181 20 5mA

Table 3.1: Overview of existing and planned superconducting ion accelerators, listed by the lowest
cavities” geometric § with the cavities frequencies f, maximum mass-to-charge ratio A/z,
the maximum beam energy Eoy+ and maximum/design/typical beam current I3. Different
laboratories indicate their beam currents in different units. While some use the electrical beam
current I (in e.g. nA, nA, mA), others use the particle current Iart. Some of the accelerators
(I « pA) are post-accelerators for radioactive isotopes, which can only be produced with very
low intensities. In principle, these can therefore also be regarded as “zero current machines”.
Ell. = Elliptical cavity, SRR = Split-ring resonator.

3 For ions of charge state Q this is composed as follows: I = Qlpart. Thus, for highly
stripped ions the electrical current can be much greater than the particle current. The
units pnA, ppA and pmA for particle nano-/micro-/milliamperes have come into use to
accommodate this dichotomy [125].
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Unless otherwise stated, the simulations presented in this chapter have
been performed with LORASR, versions 2018.08.01 and 2020.01.23
(and/or the associated batch versions 2018-08-22 and 2021-04-23) us-
ing 100000 Waterbag®-distributed macroparticles, at a beam current of
I = 1mA and with a mass-to-charge ratio of A/z = 6. The macropar-
ticle density of all particle phase space portraits is logarithmically
color-coded on a rectangular grid of > 120 - 120 data points superim-
posed over the phase space region used. On the right and above the
density plots, histograms are shown in gray to visualize the density
profile for the corresponding plane.

4.1 GSI AND THE HLI

—

UNILAC SIS100

Figure 4.1: Schematic layout of GSI and FAIR. The existing GSI facilities are
colored in blue. The planned FAIR facilities are shown in red.
(Figure adapted from [126])

The GSI Helmholtz Centre for Heavy Ion Research (GSI) is a large-
scale research facility, whose particle accelerators enable basic re-
search with ion beams, in particular to gain new insights into the
building blocks of matter. It was founded in 1969 under the German

1 A Waterbag distribution is a homogeneously particle-filled 6D hyperellipsoid, which
is a common choice for beam dynamics simulations (see also Section 2.1.1).
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name Gesellschaft fiir Schwerionenforschung mbH. At GSI, research in the
fields of nuclear physics, atomic physics, plasma physics, materials re-
search, biophysics and tumor therapy are conducted with accelerated
ions ranging from helium (He) to uranium (U). After the foundation,
construction of the 150-meter-long linear accelerator UNILAC near
Darmstadt, Germany began. Since 1975, GSI has been conducting
experiments with ions from helium to uranium. Since 1990, the heavy
ion synchrotron SIS18 and the Experimental Storage Ring (ESR) have
been in operation as extensions. In 1991, the High Charge State Injec-
tor HLI was put into operation, enabling UNILAC-operation without
any stripping process at 1.4 MeV /u. This allowed the discovery of the
elements 110, 111 and 112. Figure 4.1 gives a general overview of GSI
with its accelerators and its experiments.

In order to be able to answer further fundamental questions about
the structure of matter and the universe, one of the largest research
projects worldwide, an international research facility for research with
antiprotons and ions called FAIR? is being built at GSI. The existing
accelerator facility at GSI will then serve as an injector for the FAIR
accelerator facility [127, 128], whereby FAIR will provide ion beams of
previously unattained intensities and energies for research. For this
purpose, some of the following GSI facilities, like the proton linac
pLinac [129, 130], the Universal Linear Accelerator (UNILAC) [25,
131-134], the linear heavy ion decelerator HITRAP (Heavy Ion TRAP)
[135, 136], the LIGHT (Laser Ion Generation, Handling and Transport)
facility for laser acceleration of protons and heavy ions [137, 138] and
the Heavy Ion Synchrotron (SIS18), are upgraded or expanded.

As a further result, the availability of beam time with a high duty
cycle for superheavy element research at GSI's Universal Linear Ac-
celerator (UNILAC, see Figure 4.2) will be greatly reduced due to the
duty cycle limitation for the operation of FAIR. Besides, an upgrade
program of the High Charge State Injector (HLI) was already initial-
ized comprising a new 18 GHz electron cyclotron resonance ion source
(ECR), a CW capable radio frequency quadrupole (RFQ) [139] and
an interdigital H-mode drift tube linac (IH-DTL), keeping the SHE
program at GSI competitive.

It is assumed that an additional standalone superconducting CW
linac (HELIAC) will best meet the requirements of the experimental
program. With a significant higher beam intensity, the SHE production
rate could also be increased. The upgraded HLI will then serve as the
injector for HELIAC.

4.2 DESIGN EVOLUTION

Initial considerations for an upgraded and optimized linac for SHE re-
search at GSI were discussed internationally in workshops in the early

2 Acronym for Facility for Antiproton and Ion Research.
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Figure 4.2: Schematic layout of the UNILAC. [140]

2000s [105, 106]. A very preliminary approach for the beam dynamics
design of a corresponding superconducting linac was then studied by
Minaev et al. and published a few years later [28]. Nevertheless, the
main focus of that research work was on the analysis and theoretical
description of the EQUUS beam dynamics concept, as well as the
rudimentary investigation of whether this concept could in principle
be considered for such an accelerator. The resulting conclusion was
very optimistic about the basic applicability of this novel concept, so
it was also chosen for the work done within this thesis. However, as
the research focus was set on the theoretical investigation of EQUUS,
many of the assumptions made for the preliminary proof-of-principle
beam dynamics design were actually very simplified. As a result,
while retaining the basic EQUUS concept, the beam dynamics design
had to be created from scratch in this thesis.

Some of the parameters initially assumed in a deliberately simplified
manner by Minaev ef al. are [141]:

* The ratio of gap length to drift tube length within all cavities:

It has been assumed to be ldlgﬁ = 1. This is a valid first assump-

tion, but realistically varies roughly from about ﬁ =03to2
in H-mode cavities in the low- and medium-energy range (see
Figure 4.3). As a result, the assumed transit time factors also
differed from the current ones, which is an additional factor

influencing the differences from the beam dynamics at that time.

¢ The voltage distribution:
It was assumed to be constant within each cavity (see Figure 4.5
on p. 42). Furthermore, the assumed voltage distribution within
the cavities with this geometry of gap and drift tubes would not
be physically possible in the Hy1; mode used.

¢ The drift tube aperture:
For CHO3, a diameter of 20.5 mm was initially assumed here. In

3 The naming of the CH cavities has changed compared to the paper by Minaev et al.
The first CH cavity in the design at that time was named “C1” (see also Figure 4.4),
in the HELIAC design it is “CHO0” (counting starting with the digit “0”, as this cavity
represents the prototype or demonstrator cavity).
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Figure 4.3: Cross-sectional views of two CH-DTL cavities (left) and the corre-
sponding E;(z)-field distribution on the ideal beam axis (right).

Top: ldl‘g% = 1 leading to a decreasing amplitude to the sides

. c . Lo, cp . .
(quasi Hpi1-mode). Bottom: Variation of ;—5*— within the cavity
drifttube

to flatten the field distribution (quasi Hpjp-mode). [142, modified]

the built cavity CHO, however, this value was varied between 18
and 20 mm.

¢ The length of the cavities:
Values exceeding 1 m in some cases were assumed. For the HE-
LIAC design, however, the cavity lengths were limited. CHO
represents the longest cavity with 0.81 m. The remaining super-
conducting CH cavities have lengths between 0.59 and 0.73m.
This allows an easier manufacturing, preparation and handling
of the cavities.

* The distance between cavities:
This value respectively the deviations between the original as-
sumptions of Minaev et al. and the values for HELIAC, which
have been checked for realistic feasibility, probably represent
one of the decisive differences. Two cases are to be distinguished
here. On the one hand, two directly adjacent cavities:

- While the distance between the last gap center of cavity n
and the first gap center of cavity n + 1 was assumed to be
20 cm in the former approach, this value is more than twice
as large in HELIAC at over 40 cm.

And on the other hand, two adjacent cavities with a magnetic
solenoid in between:
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- In their approach, Minaev et al. set 60 cm as distance be-
tween the last gap center of cavity n and the first gap center
of cavity n + 1 when placing a solenoid of 30 cm effective
length in between. However, 108 — 113 cm have been deter-
mined to be a realistic minimum distance for the HELIAC
design.

¢ Details about the cryostat geometry:

Minaev et al. state in their paper “the cylindrical cryostats might be
about 5 m in length” [28], but no further details were given about
their exact lengths and positions. Crucial from a beam dynamics
point of view is in particular the additional drift distance due
to the cold-warm and warm-cold transition of two neighbor-
ing cryostats. At Minaev et al. (see Figure 4.4) it is most likely
that such an intermediate cryomodule section could be placed
between the cavities C3 and C4 (there also called transition be-
tween "fixed energy" and "variable energy" part). Nevertheless,
only 90cm are provided here between the last gap center in
cryomodule n and the first gap center in cryomodule n + 1. In
the HELIAC design, however, it was found that for a realistic
and buildable design this distance has to be longer than 200 cm,
even though both cases only include one solenoid and some
beam diagnostics in between.

Variable part —
Bl ClI (2 C3 Cc4C5s C6 C7 C8 C9 B2 |

or S§1 82 83 S4 S5 S6 S7

T T T T T T T T T T T T T T T T

0 5 10 15 Z (m)

Figure 4.4: Schematic layout of the superconducting heavy ion linac by Mi-
naev et al. [28].

At the beginning of this work, the beam dynamics properties of
the CHO cavity, which had already been built and which was in the
final preparation phase, were investigated. Also, with regard to the
two subsequent structures CH1 and CH2, different approaches for
the first expansion stages of the HELIAC accelerator were studied.
This focused on the evaluation of possible layouts, but at the same
time the goal was to be able to use as many components of the test
phase (in particular cryomodules) as possible for the entire accelerator
in the future. After CHO was tested very successfully in a separate
cryomodule with two superconducting solenoids [8], the decision was
made to develop a cryomodule for the commissioning of the cavities
CH1 and CH2, which also contains CHO and will be used in the future
as the first cryomodule of the entire HELIAC (CM1). Parallel to this,
optimizations have been made to the matching line after the HLI [143].
Based on the successful commissioning of CHO, it was decided to
use higher acceleration gradients of up to E;, = 7.1MV/m. At the
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Figure 4.5: Linac approach by Minaev ef al.; shown is the evolution of the
mean bunch energy W, the reference phase ¢s and the effective
voltage per gap U,.

same time, it became apparent that the significantly higher distances
between individual components compared to Minaev’s preliminary
approach (see also the previous listing) made the beam dynamics of
the accelerator much more challenging. Thus, for additional longi-
tudinal stability and flexibility, the use of buncher cavities was then
investigated. Here the question was both whether these could also
be normal conducting cavities in the intertank sections, or in the case
of superconducting cavities, where these should be placed best. In
the end, it was found that one superconducting buncher cavity per
cryomodule is a good choice. The cryomodules themselves were then
technically designed to be as long as possible to avoid frequent cold-
warm transitions and associated drifts, and at the same time as short
as necessary for good handling. After several iterations, trying to keep
the distances between individual components as short as possible, the
cryomodules in the suggested HELIAC design now have lengths of
just under 5m. The details of the beam dynamics layout of HELIAC
in its various stages of expansion are presented in the following.

4.3 ADVANCED DEMONSTRATOR

After the very successful cold tests [144] and subsequent promising
beam tests [8] with the CW Demonstrator Cavity (named CHO for
HELIAC) the originally intended acceleration gradient of 5.1 MV/m
[28] for all the CH-cavities of this linac could be increased. As CHO
was already built at that time and CH1 and CH2 had been in the
manufacturing process, it has been decided within the research for
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this thesis to gradually increase the gradient with each cavity up to a
maximum value of E; = 7.1 MV /m (see Figure 4.6).

1010 T T T T T T T T T
—=— Coldtest of CH1 at 4.2 K
*  Design Value of HELIAC (preliminary)
10° | 3
OO
108 | 3
107 i 1 i 1 i 1 i 1 i 1 i 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

E /(MV/m)

Figure 4.6: Plot of the measured quality factor Qp as function of the acceler-
ation gradient E, of CH1 [32, modified]. The figure reveals the
possibility of increasing the design gradient targeted so far.

Thus, there is a compromise between very high acceleration effi-
ciency, with nevertheless available safety buffer in case of individual
performance limitations in cavities. In addition, the gradual increase
of the gradient does not increase the beam velocity too far at the
beginning, so that the cavities of the Advanced Demonstrator (named
CML1 at the full-expansion stage of HELIAC) are not operated too
high above their reference energy, which would otherwise lead to
beam quality and acceleration efficiency degradation. The next mile-
stone within this research will be the construction, commissioning and
testing of the multi-cavity superconducting Advanced Demonstrator.

CHO Solenoid 1 BPM1 Buncher 1 CH1 CH2 Solenoid 2 BPM2
Cryostat-cap Cryostat-cap

Figure 4.7: Conceptual layout scheme of the Advanced Demonstrator cryomodule CM1. Vac-
uum gate valves on the outer sides, CH-cavities, solenoids, a buncher cavity and
two beam position monitors (BPM) for beam diagnostic purposes are depicted.

The Advanced Demonstrator includes the cryomodule CM1 equipped
with demonstrator cavity CHO, two more CH cavities CH1 and CH2
[32], two solenoids and a short Buncher cavity of the single spoke type
[13]. For beam diagnostic purposes two Beam Position Monitors (BPM)
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are foreseen. The sequence of components inside the cryomodule is
shown in Figure 4.7. The flange-to-flange length is about 4.5 m. Further
details are given in Table 4.1. In the future, this cryomodule CM1 is
the first in a series of four cryomodules for the entire HELIAC. So,
the input beam parameters are the same in both cases and given in

Table 4.4 (p. 52).

CHO Bl CH1 CH2

Gap number 15 2 8 8

Total length / mm 811 416 593 593
Cell length (BA/2) / mm 40.8 44.1 47.7 477
Uy total / MV 34 05 23 25

Table 4.1: Main parameters of the Advanced Demonstrator cavities.

4.3.1  Choice of Transverse Focusing Structure

As transverse focusing elements quadrupole doublets, quadrupole
triplets and solenoids are basically available. As mentioned before,
solenoids have been chosen for HELIAC which is regarded as common
practice for low-energy superconducting linacs (see [36]). The solenoid
prototype uses NbTi and Nb3Sn as material for the coils, while the
next solenoids will be made only of NbTi. By choosing solenoids, the
overall length and cost of the machine can be reduced. Thus, less space
is lost to the regions between the cryomodules and as a consequence
of the increased packing of the cavities the longitudinal acceptance
is increased. It also simplifies the operation of the linac, since only
one solenoid (and not two or three quadrupole singlets) needs to be
controlled per focusing unit. Quadrupoles might seem more reason-
able at first, since their focal length 1/f is proportional to the inverse
particle speed 1/v, while for solenoids it is proportional to 1/2*. At
higher beam velocities, quadrupoles therefore gain increasingly in
efficiency compared to solenoids. Due to the aforementioned reasons
and since superconducting solenoids can reach a very strong magnetic
field (here up to about 9T), solenoids are the more suitable choice for
HELIAC.

In addition, and especially advantageous for HELIAC requirements,
solenoids have a higher tolerance to beam mismatch and a higher
acceptance to beams with multiple charge states [145]. The solenoids
for HELIAC have an effective length of Lot = 298 mm [146] and
are made of three coil-sets (see Figure 4.8): A main solenoid, two
shield coils in an Helmholtz-like configuration connected in series
with the main solenoid and two dipole pairs for steering the beam
in horizontal and vertical direction. The required amount of steering
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Figure 4.8: Schematic layout of the three sets of coils for the HELIAC super-
conducting solenoids.

potential — including a sufficient safety buffer — was estimated to a
maximum deflection angle of 0 = 20 mrad (~ 1.15°), including a large
safety margin. The resulting required magnetic fields for the dipole
pairs can be calculated for small angles as follows:

tan(Af) ~ 0 ~ PL L PL
P p

With Ap as transv. momentum change, p as longit. momentum and
the angle change by the field as A6, we get:

Ap
A = — (4.1)
p
_ 1ApAt
= pAaraz (42)
1 Ap
= Oz (4.3)
p(a7) At

Az is the distance a particle travels through the field in the time At,
while the deflecting force is impinging on it. Here this is equal to the
effective length of the solenoid L. In differential notation:

_ 1 dp
¥ g )
1
= ﬁFdz (4.5)
1 (Lett
1 (Lett
= | " qBaz (47)

pPv Jo
q Leff
= EL Bdz (4.8)
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pb
=B = .
P (4.9)
0
= (Bp)— (4.10)
eff

The HELIAC-specific energy range extends from 1.39 MeV /u (input
energy) to 7.3 MeV /u (output energy). For the desired deflection angle
as a function of the beam’s mass-to-charge-ratio A/z, kinetic energy
Wiin and magnetic rigidity Bp the calculated values are given in Ta-
ble 4.2. The dipole pairs are therefore designed to provide a maximum
integrated field of B - Legs = 0.07 Tm to ensure that the deflection angle
can be reached for Wy;, = 7.3MeV/u even at A/z = 8.5.

Wiin = 1.39MeV/u A/z=3 6 8.5

Bp / Tm 0.50942 1.01884 1.44335
B/T 0.03419  0.06838 0.09687
B:Leg/Tm 0.01019  0.02038 0.02887
Wiin =7.3MeV/u A/z=3 6 8.5

Bp / Tm 1.16927 2.33855 3.31294
B/T 0.07847 0.15695 0.22235
B Let / Tm 0.02339 0.04677 0.06626

Table 4.2: Required magnetic values for the dipole magnets’ deflection angle
of 20 mrad for different beam energies and mass-to-charge ratios.

4.3.2 Beam Dynamics Design

In general, it can be stated that the beam dynamics design for HELIAC
and thus also partially for the intermediate stages (here Advanced
Demonstrator) is ambitious in several aspects. Ultimately, not only a
highly efficient superconducting linac will be developed using sev-
eral multi-gap CH cavities at highest acceleration gradients, which is
unique worldwide so far, but the high requirements also extend to
the beam to be accelerated: Here, a smooth energy variation of 3.5
to 7.3MeV /u must be provided while achieving an energy spread of
constantly below +3 keV/u and with full beam transmission.

For SHE experiments the beam energy spread before hitting the
target should typically be in the order of AW /W = 103 [147]. As men-
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tioned, for HELIAC this value was set to +3keV/u (AW = 6keV /u),
which corresponds to

AW 6keV/u
W  35MeV/u

=17-1073 (4.11)

for W = 3.5MeV /u which is the minimum energy and

AW 6keV/u

_ _0.10-3
W = 73Mev/u 0810 (412)

for W = 7.3MeV/u being the maximum energy HELIAC has to
provide.

The pursued beam dynamics approach is based on a variant of
EQUUS in which the sliding movement in the longitudinal phase
space does not always take place within one cavity (as in CHO), but is
also split between two adjacent cavities for some cavities (see Figure 4.9
for the EQUUS-split between CH1 and CH2). This allows for even
greater flexibility in terms of beam acceptance and energy variability.
In CH1, a negative synchronous phase of approximately ¢s = —35° is
injected with an energy deficiency and the bunch then moves counter-
clockwise in the direction of ¢s = 5°. The beam is then injected into
the second cavity, reaching approximately the reference energy at
about g5 = 10° and then moves to even higher energies and negative

synchronous phases around about @5 = —60°.
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Figure 4.9: LORASR-simulated evolution of the relative mean bunch energy
AW/W (in relation to each cavity’s reference energy) and the
reference phase ¢ along the cavities CHO, B1, CH1 and CH2;
Wout = 2.7 MeV /u; the labels with the cavity names indicate the
data point for the first gap of each cavity.

A set of beam dynamics simulations have been performed with
LORASR for the design ions (A/z = 6), considering increased accel-
eration gradients compared to the initial value of E, = 5.1MV/m
in 2009 [28]. A compromise between the highest acceleration gain
and the lowest degradation of the beam quality, in particular in the
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energy spread

Ea = Ua/L, with
L=n-pA/2is
used as definition for
the acceleration
gradient for an
n-gap cavity
throughout this
thesis.
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longitudinal phase plane, had to be envisaged in the optimization
process.

The beam dynamics simulations were performed with 10° Waterbag-
distributed macro-particles at a beam current of 1 mA. The simulated
beam envelopes and phase space portraits are shown in Figure 4.10
and Figure 4.11 respectively. Finally, with the optimized settings, CHO
is operated at E; = 575MV/m, CHI1 at E; = 6.0MV/m, CH2 at
E, = 6.5MV/m and the buncher Bl at E, = 5.7 MV /m. The resulting
output beam energy is 2.7 MeV /u. The particle transmission for the
beam with initial parameters defined from the measured data and from
the results of previous simulations [12] is 100 %. Thus, in accordance
with the specifications, no particle loss occurs.
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Figure 4.10: Beam envelopes simulated along the Advanced Demonstrator
showing a smooth movement in all planes without beam loss.
The aperture is indicated by the hatched gray areas.
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4.4 HELIAC

After the design of the Advanced Demonstrator yielded promising
results, the design of the entire linac was started while maintaining
the essential design characteristics of CM1. Main parameters for the
HELIAC beam dynamics simulations are given in Table 4.3.

Simulation and Linac Parameters

Total length 30m
Length (superconducting part) 20m
Number of cavities 17
Accel. gradient E, <71MV/m
Required beam transmission 100 %

Operating frequency

n -108.408 MHz

Beam properties

Number of macro particles 1-10°

Particle distribution type 6D Waterbag

3D PIC grid 64-64-64

Beam current I < 1ImA
Mass-to-charge ratio 4/z <6

Injection energy Win 1.390 MeV /u

Exit energy Wout 3.5MeV/u—-73MeV/u
Exit energy spread AWyt +3keV/u

erms (xx” and yy’)

€rms (W)
€100% (xx’ and W')
€100% ((PW)

0.13mm mrad
0.236keV/y -ns
1.12mm mrad
2.18keV/y -ns

Solenoids

Total length 400 mm
Effective length 298 mm
Number of solenoids 8 (2 per cryomodule)
Magnetic field <635T

Beam aperture diameter 30 mm

Table 4.3: Main linac and LORASR simulation parameters of HELIAC. n =1

for the final buncher cavity FB, n = 2 for the superconducting

HELIAC-part.
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4.4.1  Full Layout with 4 Cryomodules
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Figure 4.12: Schematic HELIAC layout with cryomodule, cavity and magnet positions. The
total length is about 30 m.

From a beam dynamics point of view, a layout with as few cryomod-
ules as possible would be preferable, since it has the fewest cold-to-
warm transitions and thus minimizes the number of beam drifts. These
are undesirable as they cannot be used effectively for either diagnostic
or focusing purposes. In contrast, any additional drift section causes
the beam to widen, which is more likely to result in beam quality
degradation. At the same time, however, the maximum length of the
cryomodules must be short enough so that they can still be handled
(from a mechanical point of view). Therefore, the maximum permit-
ted length of the cryomodules for HELIAC was limited to 5 meters.
Therefore, after extensive investigations, the HELIAC cavity layout is
as follows:

It comprises twelve superconducting CH-DTL cavities (CHO to
CH11), operated at 216.816 MHz and grouped in four cryomodules
(CM1 to CM4) with a total length of about 20 m (Figure 4.12). Based
on the design of the Advanced Demonstrator (Section 4.3.1), each
cryomodule contains three CH-DTL cavities, one spoke-type buncher
[14] and two magnetic solenoids (including a BPM downstream each
solenoid). The buncher cavities in each cryomodule adjust the beam
phase- and/or energy-spread, providing longitudinal beam matching
at varying acceleration gradients and the corresponding varying beam
energies. The buncher position in CM4 is moved to the downstream
end of CM4 to increase the beam dynamics’ flexibility prior to the
subsequent drift in the beam transport section. The superconducting
part is followed by a normal conducting part of about 10 m length. It
uses a magnetic quadrupole triplet (QT) for transverse focusing and
a final buncher cavity (FB) that provides the required narrow beam
energy spread of £3 keV/u. Main parameters of the HELIAC cavities
are given in Table 4.4.

The use of BPMs directly downstream all solenoids is recommended
as a minimum equipment for beam diagnostics inside the cryomodules.
This allows the transverse center of gravity position of the beam to
be precisely measured in order to make any necessary changes to the
solenoid field strength or the associated dipole correction coils. In
addition, ToF* measurements should be performed to determine the

Time-of-Flight measurement, see [148] for a detailed explanation and [149, 150] for
examples.
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Table 4.4: Main parameters of the HELIAC cavities.

Cryo- CaVity Gap Length (ﬁA/ 2) ua,total Ea / Wout /
module no. / m /mm / MV (MV/m)(MeV/u)

CHO 15 0.81 40.8 34 5.8 1.9
M1 Bl 2 0.42 441 0.5 57 1.9
CH1 8 0.59 47.7 2.3 6.0 2.3
CH2 8 0.59 47.7 2.5 6.5 2.7
CH3 8 0.69 56.7 3.2 7.1 3.2
CM?2 B2 2 0.44 57.3 0.6 55 3.2
CH4 8 0.72 59.6 34 7.1 3.8
CH5 7 0.68 62.4 3.1 7.1 4.3
CH6 7 0.73 70.3 3.5 7.1 49
CM3 B3 2 0.46 67.7 0.2 1.5 49
CH7 6 0.69 73.6 3.1 7.1 54
CH8 6 0.69 739 3.1 7.1 59
CH9 6 0.73 81.7 3.5 7.1 6.4
CM4 CH10 5 0.67 83.6 3.0 7.1 6.9
CH11 5 0.67 83.9 2.5 6.0 7.3
B4 2 0.59 78.1 0.4 23 7.3
FB 2 0.45 156.2 0.4 1.3 7.3

beam energy and adjust the RF phases of the cavities. The latter is
probably one of the biggest challenges in operating the HELIAC, due
to the limited options for placing and using beam diagnostic elements.
In the inter-cryomodule region, the minimum equipment for beam
diagnostics involves the measurement of the beam current by means
of a beam transformer and phase probes for the longitudinal phase
space.

Figure 4.13 shows the simulated beam envelopes along the entire
HELIAC. They are well-defined without any particle beam loss. Since
the design of the beam dynamics focuses on a maximum energy gain
at the shortest distance, the transverse envelopes propagate without
a constant periodicity, in contrast to conventional beam dynamics
designs where this periodicity often becomes visible. However, the
requirement of a maximum cryomodule length of 5 m with the result-
ing inevitable long drift distances between adjacent cryomodules (in
addition to the drifts that also noticeably occur between the cavities
within the cryomodule) is a significant challenge here. Therefore, clas-
sical design approaches that primarily focus on the longitudinal and
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Figure 4.13: Simulated beam envelopes along the entire HELIAC. The phase
jump at the end of the beam line corresponds to the halved
operating frequency of the buncher FB.

transverse phase advance of the design could not be fully applied for
this accelerator design.

Nevertheless, the simulated beam can clearly be reliably transported
to the required maximum energy of 7.3 MeV /u for mass-to-charge-
ratios of up to 6. The characteristic counterclockwise crescent-shaped
EQUUS motion for all CH cavities is shown in Figure 4.14. It can also
be seen from the plot that the superconducting buncher cavities B3
and B4, as well as the normal-conducting buncher FB are designed
for a lower reference energy and geometric f, respectively (AW /W
is » 0% here). This was intentionally chosen to achieve high energy
acceptance and a good working point for the entire required energy
range from 3.5 to 7.3MeV /u.

The evolution of the reference phase from the first to the last ac-
celeration gap of the HELIAC design is shown in Figure 4.15. It can
be seen how the phase slip gradually decreases with each CH cavity
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and approaches the mean value of —(|¢;|) = —21° . "Outliers" in this
phase progression are, as intended, exclusively the buncher cavities.
Figure 4.16 depicts the simulated transverse and longitudinal phase
space portraits at injection and exit of the HELIAC. The required out-
put energy of Wout = 7.3 MeV /u is reached with an energy spread well
inside the range of 3 keV/u. The rms-emittance growth is moderate

with increases of +10 % (xx’), +11% (yy’) and +14 % (zz).

Figure 4.14: Bunch center motion plot for HELIAC showing the reference
phase ¢ of each gap and the deviation from the reference energy
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While initial design approaches for HELIAC were carried out manu-
ally and repeatedly adapted in coordination with the scientists at GSI
due to frequently changing boundary conditions (among other things
due to new component lengths for mechanical reasons), optimization
routines were used in the further stages. A previously selected mul-
tidimensional parameter space (e.g.ranges of RF phases and field
amplitudes of the cavities, positions of the buncher cavities inside
the CMs and solenoid field strengths) was systematically simulated,
partly also by using computational methods such as particle swarm
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Figure 4.16: Simulated transverse and longitudinal phase space portraits at
injection and exit of the HELIAC. The required output energy of
Wout = 7.3 MeV /u is reached with an energy spread well inside
the range of +3keV /u (bottom right).
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optimization [151, 152]. For the optimization cost function A, depend-
ing on the use case and design status, a multi-parameter approach
was used:

A A A A A A
A= Aex,rms L. Aey,rms 2 'Aez,rrns 3. Aex,mo% 4. Aey,loo% 5. Aez,loo% 6

Ay Ao U'Ax)m . O-Ay)\u . aA(pAw

Mg

'T_/\7-HAX/\8.VAy ',uA(p
: xrnalx)\]4 : ymax/\15 ’ §9max)\]6 : A(Pout/\17 ’ AI/Vout
(4.13)

The main variation parameters were the rms emittance growth in all
planes A€y /y/z,rms, the 100 % emittance growth in all planes €.y /2 100%,
the beam transmission T, the mean transverse beam widths ip,/, and
phase width ps,, and their standard deviations 0a,/y/, the maximum
transverse envelope amplitudes (Xmax/Ymax) and longitudinal enve-
lope amplitude @max, as well as the phase width A,y and energy
width AW,y at the HELIAC exit downstream the FB. By means of
variable weighting factors A;_1g, the cost function could be flexibly
adjusted in this semi-supervised optimization approach and thus, e.g.,
an unintended convergence to local side optima has been prevented.

In addition, input distributions with larger emittance were used
in the design process to provide a safety buffer from the beginning,
especially for the error tolerance studies.

For other mass-to-charge ratios A/z < 6 the basic procedure to find
the optimum accelerator settings is as follows: Both the E-field of the
cavities and the strength of the magnets can first be reduced linearly
by the factor Anwew/Zye, - 1/6, with Anew/z,., being the mass-to-charge
ratio of the new particle type. Now, however, it should be noted that
a lower mass-to-charge ratio leads to stronger space charge effects
at constant beam current. The beam thus widens more transversely
and longitudinally. The magnetic field strengths and RF phases of the
cavities must therefore be slightly readjusted to compensate for this.

4.4.1.1  Porting the Design to TraceWin

As stated in Section 2.5.2 a particularly valuable feature of TraceWin
is the possibility to perform start-to-end-simulations for an entire
accelerator, from the output of the ion source up to the final beam
target respectively experiment. In the future, when the RF designs
of all HELIAC cavities are finalized, the use of 3D field maps for
precise simulation of the electric field distribution within the cavities
is recommended for a high simulation accuracy.

In a first step, it has been investigated for the HELIAC design to
what extent a Thin Gap approximation already provides sufficiently
accurate results, i.e.comparable with LORASR, despite the strong
simplification of the gap geometry (see Section 2.5.2). Advantages of
using a Thin Gap approximation are a significantly shorter simulation
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Figure 4.17: Comparison of input files for TraceWin with Thin Gap approximation (left) and
LORASR (right), here at the excerpt example of the definition of the first 5 gaps
and the corresponding electrical voltages of CHO.

time (compared to the use of field maps) and more flexibility when
performing error studies. In LORASR, the real drift tube geometry
consisting of drift tube lengths and gap lengths is taken into account,
whereas the acceleration gaps in TraceWin — when using the Thin
Gap approximation — have no longitudinal physical dimension (see
Figure 4.17), so that the entire bunch transformation in the gap is
performed at a single time (and not stepwise as in LORASR). As
can be seen from Figure 4.18 and Figure 4.19 the TraceWin-simulated
beam envelopes are in very good agreement to the ones simulated
with LORASR (Figure 4.13 on p. 53).
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Figure 4.18: TraceWin-simulated transverse beam density along the entire
HELIAC. The black curves show the rms-width.
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Figure 4.19: TraceWin-simulated longitudinal beam density along the entire
HELIAC. The black curves show the rms-width.

The same holds true for the phase space density plots at the HELIAC
exit:
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Figure 4.20: TraceWin-simulated transverse (top) and longitudinal (bottom
left) phase space portraits as well as transverse beam profile
(bottom right) at the HELIAC exit. The required output energy of
Wout = 7.3MeV/u (= 43.8MeV at A/z = 6 assuming z = 1) is
reached with an energy spread well inside the range of +3 keV /u
resp. +£18keV (bottom left, red horizontal lines).
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As it is in LORASR, the rms-emittance growth in TraceWin is mod-
erate with increases of +18 % (xx’ and yy’) and +9 % (zz’). The devia-
tions between the two codes are therefore within the expected range,
especially due to the previously mentioned deviations caused by the
Thin Gap approximation. Overall, the good agreement of the LORASR
simulations with the TraceWin simulations is a pleasing result, both as
a confirmation of the simulation results as such, and as an outlook for
a future use of TraceWin for start-to-end calculations of the entire HE-
LIAC beam dynamics. Especially the enormously extensive features
for automatic parameter optimizations, 3D field maps, error studies
and correction strategies during operation can be a valuable tool for
future work.

4.4.2  Position of the Final Buncher FB

Several positions of the final room-temperature 108.408 MHz buncher
(FB) are generally conceivable. The number of possible positions is
additionally increased if not only the full expansion stage with all 4
cryomodules but also the intermediate expansion stages with two and
three cryomodules are taken into account assuming an already a fixed
position of the buncher for all these stages.
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Figure 4.21: Simulated longitudinal phase space in units of 216.816 MHz at three key locations
of the HELIAC design: (A) at the exit of the last CM; (B) at the injection into the
FB; (C) downstream of the FB. The ultimate goal is to achieve the required energy
spread of +3keV/u.

The general principle of the operation of the FB is depicted in
Figure 4.21 at W = 7.3 MeV /u and described in the following;:

A. At the exit of the last CM, the beam is longitudinally slightly
divergent. During the subsequent beam transport over several
meters, the beam drifts and the phase width thus increases (cyan
arrows).

B. After the drift, at the injection into the FB, the beam’s phase

width has reached ~ +80 (at 216.816 MHz). At 108.408 MHz,
this corresponds to a phase width of ~ +40°. The approximately
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linear part of the sinusoidal RF wave is now used in the final
buncher to perform a shear transformation of the bunch in the
longitudinal phase space. Particles with negative phase differ-
ence to the bunch center are decelerated and those with positive
phase difference are accelerated (cyan arrows).

c. After the transformation in the final buncher the energy spread
of the particle bunch is now drastically reduced and fits into the
required narrow range of £3keV /u (red horizontal lines).

The maximum distance between the output flange of the last CM
of the superconducting part and the FB depends in particular on
the longitudinal phase space distribution at the output of this CM.
Depending on the phase width, energy spread and position of the
beam in the phase space, the longitudinal expansion of the beam up to
the position of the FB is determined. For the highest possible energy
sharpness, it is advantageous if the approximately linear part of the
RF curve of the FB is used to transform the beam in phase space. The
phase width (with respect to 216.816 MHz) should therefore ideally
not exceed the range of £120° at the input of the FB. This then cor-
responds to £60° at 108.408 MHz. Figure 4.22 shows the deviation of
the effective voltage of this phase range from a linear curve. Consider-
ing the output energies of 3.5, 5.4 and 7.3 MeV /u for this accelerator
and different initial energy widths AW /W, Figure 4.23 presents the
evolution of the phase width depending on the distance between the
superconducting accelerator section and the final buncher.
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Figure 4.22: Time-dependency of the effective voltage U, at 108.408 MHz.
In the range from —150° to —30° the RF-amplitude (orange)
increases approximately linear (dashed purple line). According
to an RF-frequency of 216.816 MHz this range equals a phase

spread of +120° (gray scale at the top).
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Figure 4.23: Additional phase spread A¢ (in relation to 216.816 MHz) due
to an initial energy spread AW/W for a drifting beam with
energy W as function of the drift length z. A phase spread of less
than +120° is desirable to achieve the desired energy width of
+3keV/u by means of a phase-energy-transformation through
the final buncher. In the case of a longitudinally converging
beam at the beginning, its initial phase width and movement
must be considered accordingly before using this plot.

Space charge is not considered here but plays only a minor role
anyway. However, this plot can be used for an initial estimate of the
dimensions of the beam transport path from the superconducting part
of the accelerator to the final buncher on the way to the experimental
stations.

4.4.3 Error Studies

Error studies play a major role in the development of beam dynamics
for linear accelerators. They ensure that not only ideal assumptions
are made for the development of the design, but also that typically
occurring deviations from parameters during production, adjustment
and operation of the accelerator are taken into account. One of the ob-
jectives could be to determine "safe values" in order to define tolerance
ranges in which values may lie without a significant reduction in beam
quality or occurring beam losses. However, the tolerance region could
also indicate the range of values within which parameters may lie in
order to still be able to correct them assuming a certain diagnostic
sensitivity and accuracy of diagnostic elements such as BPMs. Typical
parameters of a linac design that may be subject to errors are listed
in Table 4.5. The influence on the beam dynamics is very different
for these types of errors. Moreover, these error types should not only
be considered independently of each other, since they are partially
coupled with each other so their influence may consequently increase
or decrease together while effects add up or compensate each other.
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In LORASR, the error nos. 1, 3 and 5-7 can be simulated [153, 154]
and can generally be regarded as the most critical ones.

# ELEMENT ERROR TYPE

=

transversal displacement (x/y)
Magnet longitudinal displacement (z)
rotation (yaw ¢y, pitch ¢y, roll ¢.)

strength (45/B,)

&~ W N

single gap field (4U/uy,,)
cavity field (AU/Ucairy)
cavity RF phase (dg)

Cavit
Y transversal displacement (x/y)

O N O U

longitudinal displacement (z)

10 rotation (yaw ¢y, pitch ¢, roll ¢,)

Table 4.5: Overview of some typically occurring error types.

Therefore, in this study Gaussian distributed errors of the respective
types are generated for many runs (typically in the order of a few 102
to several 10%) and truncated at the +2c-width. Then the probability
distribution of the additional rms-emittance growth for both transver-
sal and the longitudinal plane as well as as the common maximum
envelopes resulting by overlapping all runs and the positions along
the beam line where beam losses are likely to happen can be plotted.
This gives a good indication of the sensitivity of the beam dynamics
design to the aforementioned deviations.

The error studies performed for HELIAC are presented in the fol-
lowing. For this purpose, 10> LORASR simulations were performed
with 10* macroparticles randomly selected from the reference particle
distribution of 10° macroparticles. In this process, all the erroneous
variables were generated in a Gaussian distribution (truncated at 20)
and imposed on the 10> LORASR simulations. In a final step, all error
types were combined and examined together. For reasons of symmetry
in the superconducting part of the linac, the transverse envelope plots
are shown below for the x(z)-plane only.

4.4.3.1  Errors Concerning the Cavities

The errors related to the cavity can be divided into two groups: On the
one hand, those that are primarily static and arise e. g. due to deviations
between the assumed distribution of the total voltage of a cavity and
the individual gaps. And on the other hand, those mainly caused by
deviations during operation, e. g. by a not ideally adjusted phase or
also generally phase and amplitude fluctuations of the LLRF system.
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For the individual gap voltage variations the overall contribution to
the HELIAC errors can be estimated to be small as the accuracy of RF
simulations of cavities has improved significantly over the past decade
due to the vast increase in computing power.

o 7% i i A

10 ﬂ/\\_J,/\_~_,/\’\/—/\—’\/V\_/

10 -‘7\\f_\/'—’\/\/\_\/~/\'\/_\
A 7.,

5 10 15 20 25 30
z/m

X/ mm
o

o

Figure 4.24: Plot of the common maximum beam envelope in x from 1000
error runs for error #5 with 20 = 5 % (dashed orange line; nominal
run 100% envelope in dark blue).
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Figure 4.25: Probability distribution of the additional rms emittance growth

from 1000 error runs for error #5 (gap field variation) with
20 =5%.

Moreover, even for large deviations of up to 5%, Figure 4.24 and
Figure 4.25 still show no particle beam loss, only moderate envelope
growth, and on average only a minimal increase in rms emittance
growth.

If, on the other hand, the power level of the cavities and thus their
total voltages are varied, a transverse envelope broadening is already
evident (here at deviations of maximum +1.5%, see Figure 4.26). Fur-
thermore, there is on average a significant increase in the additional
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Figure 4.26: Plot of the common maximum beam envelope in x from 1000 er-
ror runs for error #6 with 20 = 1.5 % (dashed orange line; nominal
run 100% envelope in dark blue).
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transverse rms emittance growth (Figure 4.27), with a moderately
negative longitudinal rms emittance reduction. This demonstrates
the strong coupling of the transverse and longitudinal planes in this
design due to the fairly high aperture fill ratio (— RF defocusing) and
high acceleration gradient E,. Nevertheless, no beam loss occurs at
this error magnitude.
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Figure 4.27: Probability distribution of the additional rms emittance growth
from 1000 error runs for error #6 (cavity voltage variation) with
20 =1.5%.

The RF phase of each cavity of this design is likely the main pa-
rameter for variation during the setup of beam operation. Figure 4.28
and Figure 4.29 indicate a high stability even for RF phase errors
of up to +2°. So the average additional transverse rms emittance
growth remains below 1% and the average additional longitudinal
rms emittance growth remains below 2%.
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Figure 4.28: Plot of the common maximum beam envelope in x from 1000
error runs for error #7 (RF phase variation) with 20 = 2° (dashed
orange line; nominal run 100% envelope in dark blue).
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Figure 4.29: Probability distribution of the additional rms emittance growth
from 1000 error runs for error #7 (RF phase variation) with
20 = 2°.
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4.4.3.2  Errors Concerning the Magnets

The magnet-related errors simulated with LORASR are the transversal
displacement (error #1) and rotation of the solenoid and the entire
quadrupole triplet around all axes, more specific yaw ¢, pitch ¢, and
roll ¢, (error #3). It should be noted here that each HELIAC solenoid
is equipped with two dipole pairs for steering the beam in horizontal
and vertical direction, to be able to compensate these errors.

Il Solenoid with Steerer N BPM

1 Steerer on

Ideal beam axis

Figure 4.30: Steering correction scheme exemplified for the first solenoids
in CM1 and CM2 with a beam transversely deviating from the
ideal beam axis, which is detected by the BPMs.

The amplitude and risk of these errors is thus significantly reduced.
Nevertheless, the influence of possible deviations will be analyzed in
the following and a general steering correction strategy is presented.
Figure 4.30 shows a beam transversely deviating from the ideal beam
axis, first detected by the BPM on the left. The xy-steering magnets
of the first solenoid are therefore set to a deflection which leads to
a minimum deviation from the ideal beam axis at the second BPM.
The second steerer is then used to set the beam parallel to the beam
axis which can be verified by the third BPM. This is then performed
both iteratively and for the other steerer-BPM combinations along the
HELIAC.

Figure 4.31 illustrates exemplarily which deviations with respect to
rotation (yaw and pitch) would be acceptable at solenoid 1 in order to
obtain no beam losses up to the center of solenoid 2. Here it becomes
clear that already at a rotation of more than 0.5mrad> beam losses
would occur already at the second solenoid. For the whole HELIAC
(without steering correction) this limit is even lower, as will be shown
in the following.

To evaluate how the beam evolves without any steering correction
Figure 4.32 and Figure 4.33 show the corresponding beam envelopes
and additional rms-emittance growth for error #3 (magnet rotation)
with an error amplitude up to 20 = 0.35mrad. For this value no
particle beam losses occur in any of the 1000 simulation runs. The
transversal common maximum envelope is nevertheless visibly en-
larged. In case of no steering correction, a further increase of the error
amplitude would thus lead to transverse particle beam losses here.
At the same time, the additional rms emittance growth is shown to

5 corresponding to a maximum transverse offset of the respective ends to the ideal
beam axis of just 100 pm for a solenoid length (flange-to-flange) of 40 cm.
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Figure 4.31: Beam transmission T at the center of the second solenoid in CM1 while

transverse magnet
displacement

varying yaw and pitch of the first solenoid (left). For Ag,/, < 0.5mrad no
beam loss occurs (T = 100 %). This corresponds to a deviation of the beam

center 4/X;? + ;> from the ideal beam axis of less than 3.5 mm (right).

be small. Its mean value ji,,,,, is less than 1% in all three subphase
spaces, showing the general stability of the design against this type of
error.

X/ mm

10 15 20 25 30
z/m
Figure 4.32: Plot of the common maximum beam envelope in x from 1000

error runs for error #3 (magnet rotation) with 2¢ = 0.35mrad
(dashed orange line; nominal run 100% envelope in dark blue).

2 Hx=03% =—— xx'
2 40 Hy=02% —— yy
5 u;=09% zz'
@
2 20
1S
3
c
0 .
4 6 8 10

Agout, n,rms | %

Figure 4.33: Probability distribution of the additional rms emittance growth
from 1000 error runs for error #3 (magnet rotation) with 20 =
0.35mrad.

The sensitivity of the HELIAC beam dynamics design to transverse
displacement of the magnets (error #1) is depicted in Figure 4.34
and Figure 4.35 for an error amplitude up to 20 = 0.2mm. As for
the magnet rotation, the transverse displacement shows a visible
enlargement of the envelopes without a significant rms-emittance
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growth. Nevertheless, it can be said, since both the assumed maximum
error of rotation and displacement are very small values, which are
difficult to safely meet within a superconducting cryomodule, that the
need for steerer magnets is clearly shown here and their use is thus
strongly recommended.
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Figure 4.34: Plot of the common maximum beam envelope in x from 1000
error runs for error #1 (transverse magnet displacement) with
20 = 0.2mm (dashed orange line; nominal run 100% envelope in
dark blue).

@ 1i Ux=0.6% =—— xx'

2 40 i Hy=04% — vy

kS i Y=1.4% 2z

: 1

£ Al

3 i

2 | . o
-2 0 2 4 6 8 10

AEout, n,rms | %

Figure 4.35: Probability distribution of the additional rms emittance growth
from 1000 error runs for error #1 (transverse magnet displace-
ment) with 20 = 0.2 mm.

4.4.3.3 Combined Errors

Since the aforementioned error types realistically do not occur indi-
vidually but together, it is recommended to combine these error types.
This also allows a better estimation of their possible coupling. In this
section, the error types will be combined and studied together with
the following amplitude values (2¢) in 5000 Gaussian distributed error
runs:

* magnet transversal displacement: 0.1 mm,
* magnet rotation: +0.1 mrad,

* cavity single gap voltage error: +2 %,

* cavity total voltage error: +0.5 %,

* cavity RF phase error: +1°.
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Since errors in the solenoid magnets can be compensated by the
steerer pairs present in each solenoid (see Section 4.3.1) the resulting
magnet error amplitudes were estimated to relatively small values
of £0.1 mm and +0.1 mrad for this study. For illustration: +0.1 mrad
rotation corresponds to a maximum transverse offset of the respective
ends to the ideal beam axis of just +20 um for a solenoid length (flange-
to-flange) of 40 cm. Technically, this value cannot be safely achieved
in practice, which is why the correction coils are needed here in any
case.
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Figure 4.36: Plot of the common maximum beam envelope in x from 5000
error runs for combined errors (dashed orange line; nominal run
100 % envelope in dark blue). No beam loss occurs.
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Figure 4.37: Probability distribution of the additional rms emittance growth
from 5000 error runs for combined errors.

From Figure 4.37 it can be seen, that the average additional rms-
emittance growth both in longitudinal (y,) and transversal (y, and
Hy) planes is low. Especially longitudinally, this indicates a good opti-
mization and the high stability of the HELIAC design. Nevertheless,
it becomes clear from Figure 4.36 that the enormously high efficiency
in longitudinal acceleration, leads to a coupling with the transverse
plane and additionally leaves only a limited transverse margin. It is
therefore of high importance that during operation and also during
the upcoming upgrades of the upstream accelerator structures (in
particular RFQ and IH of the HLI) attention is paid to a compact beam
with low emittance for injection into the HELIAC. For now, these stud-
ies have thus demonstrated sufficient stability of the HELIAC beam
dynamics design against typically occurring errors and error ampli-
tudes. For future investigations, it is recommended to use the even
more comprehensive possibilities for error tolerance investigations of
TraceWin to extend the previous results.
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One of the challenges in the synthesis of superheavy elements is to set
the energy of the primary beam (often referred to as the "projectile")
hitting the target correctly. It must be large enough to exceed the
Coulomb threshold of the target nucleus, but small enough so that the
resulting compound nucleus remains below the fission threshold (see
Section 3.2). Therefore, precise control of both the beam energy W and
its energy spread AW /W is important. However, due to the inherent
coupling of the longitudinal and the transverse phase space (see for
example Section 2.2.2), this always necessarily includes an observation
and, if necessary, correction of the transverse beam behavior by ad-
justing the solenoid field strengths. In conclusion, however, it is also
preferable to set the desired beam energy using as few parameters
as possible, since each additional parameter that needs to be varied
makes the operation of the linac more complex and tends to make it
more error-prone.

4.5.1 Principle of Energy Variation

Basically, energy variation at the beam exit can be achieved in two
ways. Either by decelerating the beam, for example by introducing
a mechanical element into the beam transport line and subsequent
interaction with the incident beam. This is usually done, for example,
in accelerators used in medicine for tumor irradiation [155]. The other
variant is based on varying the strength of the applied electric field
within the particle accelerator to lower the acceleration. This can be
achieved by varying the RF phase/amplitude. This second approach
to energy variation is applied in HELIAC. Figure 4.38 shows the
simulated influence of a varied RF phase of one cavity. Here using
the Advanced Demonstrator with its last cavity CH2 as an example. It
can be seen, that the beam energy Wy, can be reasonably and evenly
varied in a range of 2.45MeV/u to 2.7MeV /u by only varying the
phase @crp initial from —50° to 25° without any beam transmission
degradation at the exit flange of CM1. Even though a smooth energy
variation is generally possible with EQUUS just by variation of one
cavities” RF phase it is obvious that for the entire HELIAC accelerator,
adjusting phase and voltage of one cavity as well as varied buncher
cavity/solenoid settings are essential to ensure high beam quality with
low emittance growth and no beam losses over a large energy range.

4.5.2 Increased Output Energy of CM1 for Different Mass-to-Charge-Ratios

As stated in [12], the acceleration gradients in CM1, chosen below the
achievable value of E;, = 7.1 MV /m for the CH cavities downstream
CH2, are intended to avoid a too large beam energy gain and particle
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Figure 4.38: Simulated exit energy Wyyt, transverse and longitudinal emit-
tance growth Ae€outrms and beam transmission as function of
the initial reference phase of the bunch in the first gap of CH2
¢CH2,initial With CM1 only.

velocity at CH2 (originally designed for a reference relativistic g of
6.9 % of c). But even with the reduced acceleration gradients given
in Table 4.4 (p. 52) the output energy at CH2 is about 20 % higher
than the geometrical reference value. The simulated evolution of the
mean bunch energy and reference phase along the four cavities of the
Advanced Demonstrator is depicted in Figure 4.9 (p. 47). In particular,
the optimized settings (RF voltage and RF phase) for all cavities lead
to a progression of the reference phase along the CH2 cavity from +7°
at the first gap to —61° at the last one.

Injecting the beam with an even higher velocity in CH2 leads to a
larger shift of ¢s in each gap, possibly resulting in the longitudinal
overfocusing of the beam, nonlinear deformations of the beam shape
in the longitudinal phase space, a higher transverse emittance growth
and even beam loss due to the increased radial RF defocusing at very
negative @ in the last gaps. These effects could be observed clearly
during beam dynamics simulations when light ions were used and
acceleration gradients were pushed too high.

Nevertheless, in addition to the general beam dynamics design,
HELIAC also allows acceleration of lighter ions and even protons. A
corresponding set of beam dynamics simulations is shown in the fol-
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lowing as an example for ions with a mass-to-charge ratio of A/z = 3.
Apart from this value, the initial main beam parameters used at the
HLI output were the same as for the design ions. The simulated phase
space portraits are shown in Figure 4.39. By exhausting the maxi-
mum possible energy gain, the resulting beam energy with optimized
machine settings (RF voltage and RF phase) can simply reach up to
3.3 MeV /u without particle losses but with expected compromises in
beam quality.

While the Advanced Demonstrator accelerates an A/z = 6 beam
from 1.4MeV/u to 2.7MeV /u, the output energy for A/z = 3 can
therefore be increased up to 3.3 MeV /u. As such energy exceeds the
reference energy (based on the geometrical beta) of the last cavity CH2
by about 50 %, this approach fully exploits the advantages of the broad
energy acceptance of the EQUUS beam dynamics concept to the limit.
Although, in full accordance with the discourse above, such a high
energy gain, reached for the ions with A/z = 3, leads to a significant
degradation of the beam quality, especially in the longitudinal phase
plane. Therefore, this is not suitable for all applications.
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Figure 4.39: Simulated transverse and longitudinal phase space portraits for
A/z = 3 with a ramped up output energy Wout = 3.3 MeV /u.
Injection on the left, Accelerator output on the right.
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Figure 4.40: Simulated evolution of the relative mean bunch energy AW /W
and the reference phase ¢s along cavities CHO, B1, CH1 and
CH2; A/z = 3, ramped up output energy Wout = 3.3MeV/u;
the labels with the cavity names indicate the first gap of each
cavity.

The evolution of the relative mean bunch energy and reference
phase along the cavities of the Advanced Demonstrator, simulated for
ions with A/z = 3, is shown in Figure 4.40. The considered settings
(RF voltage and RF phase) for all four cavities lead to an evolution of
the reference phase along the CH2 cavity from +90° at the first gap to
—90° at the last one.

Due to the 20 % higher particle velocity at the CH2 entrance, as
well as due to the resulting phase shift from gap to gap, the entire
acceleration range from ¢s = +90° to —90° is exhausted resulting
in a final beam energy of 3.3MeV /u. Further increase of the input
particle velocity at CH2 entrance would even lead to deceleration in
some outer gaps, while acceleration in the central gaps, with reference
phase close to 0°, reaches already its maximum. Therefore, these
machine settings represent the upper threshold for effective and stable
beam acceleration. These extreme beam dynamic settings are therefore
not unreservedly recommended in this drastic form for regular use,
but nevertheless demonstrate the enormous potential of EQUUS beam
dynamics and can certainly be used for special beam requirements.
The total energy gain of the beam in the Advanced Demonstrator for
ions with a mass-to-charge ratio A/z = 3 can be increased in this way
up to 50 % compared to the cavity reference value. The accelerating
gaps in the cavities CHO, CH1 and B1 are mainly operated in a negative
range of the reference phase, ensuring longitudinal beam focusing.
The operation of the first CH2 gaps with a strongly positive reference
phase lead to a degradation of the beam quality, in particular in the
longitudinal phase plane. Nevertheless, the rms emittance growths
are sufficiently low, especially given these extreme settings: 32 % for
the transverse xx’ and yy’ phase planes and 47 % for the longitudinal
zz' one. The particle transmission remains entirely at 100 %. Therefore,
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it can be summarized that the beam dynamics layout of the Advanced
Demonstrator provides efficient acceleration in a wide range of beam
energies and keeps the beam quality consistently within acceptable
limits.

453 3.5t07.3MeV/u

Classical energy-variable accelerators are synchrotrons, cyclotrons and
independent-cavity ion linacs consisting of an array of short cavities,
each with a broad velocity acceptance profile and with independent
settings for the phases and amplitudes. As for the latter, according to
Wangler (2008) “such a linac is capable of flexible operation, including energy
variability, which is not available in long multicell ion linacs, whose
transit-time-factor velocity profiles are very narrow, requiring operation only
for a unique velocity profile.” [29, chap. 6.9, emphasis added]

HELIAC and its beam dynamics concept EQUUS were therefore
specifically designed to provide the required energy variability and
to combine it with the advantages of efficient multigap structures. By
reducing the RF power until it is completely switched off starting at
the last CH cavity and then incrementally also for the CH cavities
upstream, the output energy of the linac can be reduced smoothly.
By varying the RF phase at the same time, the beam quality can be
largely maintained. In the case of a switched-off cavity, the resonance
frequency should be detuned by using the available mechanical tuners
[33, 156, 157] to avoid unwanted excitation of the cavity by the beam.
This could otherwise in turn interfere with the beam.
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Figure 4.41: First heavy ion beam tests with CHO. Phase scan of Ar®*-beam energy for 3.5 and

5.5MV/m (left). Amplitude scan at an RF phase of 210° (right). [8]

Figure 4.41 shows two plots of the first heavy ion beam tests with
CHO with an Ar®" beam (A/z = 6.7). The figure depicts a fully
measured 360° phase scan for two different acceleration gradients E,.
It can be seen, that around an RF phase of 210° the output energy
Wiin reaches its maximum. By changing the RF phase, the output
energy can be varied well. It also emerges that within a wide range

Note: Here, the value
of the RF phase refers
to that of the power
supply, not the
synchronous phase
within the cavity.
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of acceleration gradients the beam energy can be varied smoothly.
By adjusting the focusing strengths of the magnets used, no beam
transmission degradation has been observed for the full range of RF
amplitudes. [8]

For the entire HELIAC layout, the following can be seen from the
simulations: Figure 4.42 and Figure 4.43 show the influence on the
beam downstream HELIAC’s final buncher FB when only the total
voltage or the RF phase of CH11 is varied. This confirms that smooth
energy variation is generally possible just by varying RF phase or
amplitude of a cavity, which has also been demonstrated during
creation of this thesis by the aforementioned beam tests with CHO.
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Figure 4.42: Effect of different reduced effective cavity voltages of CH11 on
the final beam energy, energy spread, transverse and longitudi-
nal emittance growth as well as beam transmission.
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Figure 4.43: Effect of varying initial cavity phases of CH11 on the final beam
energy, energy spread, transverse and longitudinal emittance
growth as well as beam transmission.

Nevertheless, it is obvious that for the entire HELIAC accelera-
tor, adjusting phase and voltage of one cavity as well as readjusting
the buncher cavity/solenoid nearby is useful to ensure a high beam
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quality with low emittance growth over the entire energy range. By
following this approach, Figure 4.44 depicts the longitudinal phase
space distribution for various energies in the required energy range
from 3.5 to 7.3 MeV /u. For a full set of cavity and magnet settings (as
function of all required beam output energies, mass-to-charge ratios
and beam currents) simulations with a supervised automatic optimiza-
tion approach are recommended to support the accelerator operators.
Modern approaches via methods such as particle swarm optimization
or genetic/evolutionary algorithms are recommended here due to
their high efficiency. For other mass-to-charge ratios A/z < 6 the basic
procedure is to scale the magnetic flux density and cavity voltages
to a ratio of 4/z - 1/6. Depending on the beam current and therefore
transverse beam trajectory the solenoid fields may then need to be
slightly readjusted. The accelerator operators should then have an
appropriate set of parameters for all modes of accelerator operation.
In this context, automatic optimization routines are a useful tool, as
mentioned before.
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Figure 4.44: Particle density in the longitudinal phase space given for various energies in
the required energy range from 3.5 to 7.3 MeV /u.
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This dissertation describes the development of the beam dynamics
design of a novel superconducting linear accelerator. It features a
main operating frequency of 216.816 MHz for the acceleration of ions
with a mass-to-charge ratio of up to 6 at high duty cycles up to CW
operation at the GSI Helmholtz Centre for Heavy Ion Research in
Darmstadt, Germany. The focus of this work was the beam dynamics
design of the accelerator section downstream the high charge injec-
tor (HLI) from an energy of 1.39 MeV /u up to the maximum output
energy of 7.3MeV/u, which corresponds to about 12.4 % speed of
light. A key feature of this linac, which is designed for a maximum
beam current of 1mA is the use of the EQUUS (Equidistant Multi-
gap Structure) beam dynamics concept. This leads to an adjustable
output energy between 3.5 and 7.3 MeV /u with a required narrow
energy width of at most +3 keV /u over the entire output energy range.

Fundamental to the remarkable advances in the study of superheavy
elements in the last decades have been continuous advancements and
technical innovations. On the one hand, in the field of experimental
sensitivity and detection of nuclear reaction products and, on the other
hand, in the field of accelerator technology.

For the acceleration of the projectile beam, the UNILAC (Universal
Linear Accelerator), which was put into operation in 1975, has been
used at GSI until 1990. From 1991, the new 1.4 MeV /u-injector al-
lowed a significant improvement in beam quality and intensity for
SHE-production. As part of the reconstruction and expansion of the
research infrastructure at GSI for the future FAIR facility, a dedicated
new particle accelerator, HELIAC (Helmbholtz Linear Accelerator), is
now under development to address the special beam parameter re-
quirements for the synthesis of new superheavy elements. Typically,
production rates of superheavy elements with effective cross sections
in the picobarn range are very low. Therefore, a high duty cycle up to
CW operation is a key feature of HELIAC. Thus, the required beam
time for the desired nuclear reactions can be significantly reduced.

First considerations for a dedicated linac for research on SHE at GSI
were discussed internationally in workshops in the early 2000s. 2009
Minaev et al. published a first preliminary draft for the beam dynamics
design of a corresponding linac. This should be superconducting to
enable high acceleration gradients combined with a high duty cycle.
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Nevertheless, the main focus of that research work was on the analysis
and theoretical description of the EQUUS beam dynamics concept, as
well as the rudimentary investigation of whether this concept could
in principle be considered for such an accelerator. The resulting con-
clusion was very optimistic about the basic applicability of this novel
concept, so it was also chosen for the work done within this thesis.
However, as the research focus was set on the theoretical investigation
of EQUUS, many of the assumptions made for the preliminary proof-
of-principle beam dynamics design were actually very simplified. As
a result, while retaining the basic EQUUS concept, the beam dynamics
design had to be created from scratch in this thesis. Subsequently, in
the past decade, the research and development of superconducting ac-
celerator cavities has provided many insights. Thus, several prototypes
for superconducting CH-DTLs have been successfully developed and
tested at IAP. In this context, worldwide top values for acceleration
efficiency in the low- and medium-energy range were established
several times. Further developments were made in particular with
respect to the resonator geometry with emphasis on a compact design,
effective frequency tuning, cavity preparation and in the design of
power couplers for beam operation. Thus, ultimately, the preliminary
work of Minaev et al. and the newly created knowledge of design,
fabrication, and operation of superconducting drift-tube cavities laid
the foundation for this work and thus the development of the HELIAC
linear accelerator.

The GSI superconducting injector HLI serves as the injector for HE-
LIAC. This is currently being upgraded to meet future requirements
and will receive a new ECR ion source, CW-capable RFQ, and IH-DTL
with an RF operating frequency of 108.408 MHz. HELIAC consists
of a superconducting and a normal conducting part. Acceleration
takes place in the superconducting part after a frequency jump to
216.816 MHz in four cryomodules, each about 5m long. These contain
three CH cavities, one single-spoke type buncher cavity, two solenoid
magnets for transverse beam focusing, and two beam position moni-
tors each.

The next section is an approximately 10 m long normal conducting
part which is primarily used for beam transport and terminates with
a final buncher cavity. This is operated at a halved frequency of
108.408 MHz to benefit from the quasi-linear part of the RF edge
extended by the frequency halving. This creates greater flexibility in
transforming the beam in longitudinal phase space for the required
narrow energy width.

In 2016, F. Dziuba et al. successfully performed cold tests on a 15-
gap CH structure developed at IAP, followed 2018 by the world’s first
beam operation of a multi-gap superconducting drift tube cavity using
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the same cavity by W. Barth et al. at GSI, making this CH structure the
first of 12 CH cavities to be used for HELIAC.

A key feature of this accelerator design is the variability of the exit
energy from 3.5 to 7.3 MeV /u with a low energy spread of at most
+3keV/u over the entire energy range. This is a direct implication of
the experimental boundary conditions for superheavy element fusion
to be able to slide precisely over the Coulomb threshold with the pro-
jectile beam. Typically, the energy variation along the acceleration path
is realized by using many short cavities with as few acceleration gaps
as possible. Thus, the energy acceptance of each cavity is relatively
large, many RF amplitudes and phases can be individually controlled,
and the beam dynamics design is straightforward. Acceleration ef-
ficiency, on the other hand, is low for this method because a large
number of cavities is also accompanied by many drift sections where
the beam is not accelerated.

For the beam dynamics design of HELIAC, the advantages of con-
ventional linac concepts were combined with the high acceleration
gradient of superconducting CH-DTLs. The design and simulation of
the beam dynamics was performed with the simulation code LORASR,
which is under continuous development at IAP. The frequency jump
to 216.816 MHz in the superconducting section and the use of CH
cavities with 5 (CH10 and CH11) to 15 (CHO) gaps at a maximum
acceleration gradient of 7.1 MV /m enable an acceleration efficiency
with superconducting drift tube structures that is unique in the world
so far. At the same time, with compact CH cavity lengths of 59-81 cm,
a good handling for both fabrication and operation is enabled. With
the sliding motion of the synchronous phase within each CH cavity,
the used EQUUS beam dynamics concept leads to longitudinal beam
stability in all energy ranges of the accelerator. The rms emittance
growth is moderate in all three planes at +10 % (xx’), +11 % (yy’) and
+14 % (zZ'). The modular design of the HELIAC with 4 cryomodules
basically allows the accelerator to be put into operation starting with
the first cryomodule, the so-called Advanced Demonstrator. In this
thesis, the associated beam dynamics have been investigated. In the
next stage, with only the first two cryomodules of HELIAC, the lower
limit of the energy range to be provided by HELIAC (3.5MeV /u) can
already be exceeded, so that the use in regular beam operation at GSI
is already conceivable from here on.

By means of error studies, the stability of the HELIAC beam dynam-
ics design against possible alignment errors of the magnetic focusing
elements and RF cavities as well as errors of the electric field ampli-
tudes and phases have been investigated and critical parameters were
determined. An additional steering concept via dipole correction coils
at the solenoid magnets allows a transverse beam control as well as
diagnosis by means of two BPMs per cryomodule. Thus, in the end,
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sufficient stability against expected deviations was shown when con-
sidering single as well as combined defect types. By means of a second
simulation code (TraceWin), the entire HELIAC beam dynamics was
also reproduced and basically confirmed in all essential points.

In parallel to the research on the beam dynamics design of HELIAC,
the Java-based computer program LINAC-Multitool was developed
as a tool to automate and simplify R&D routine tasks in accelerator
physics. For example, bead-pull measurements as an important step in
the factory acceptance of manufactured cavities, can now be efficiently
evaluated via a graphical user interface. The design process with the
beam dynamics code LORASR is also now much more convenient
thanks to a comprehensive expansion of the plot functionalities via
the LINAC-Multitool.

Possible remaining research topics following the extensive design
work in this thesis can be summarized as follows:

¢ The new 1.4MeV /u injector (HLI upgrade) at GSI is currently
under development. Its high beam quality is essential for reliable
operation of the HELIAC. Therefore, in the course of future R&D
work, the beam dynamics acceptance of the HELIAC, also de-
pending on the requirements of the subsequent beam transport
sections, should be determined and reflected in the design of the
injector.

¢ Setting the desired RF phase for each cavity is challenging due to
the limited beam diagnostic elements available. Detailed strate-
gies should therefore be elaborated for this purpose.

* A complete set of cavity and magnet settings (as function of
all required beam output energies, mass-to-charge ratios and
beam currents) will be needed for all modes of beam operation.
Modern methods such as particle swarm optimization or genet-
ic/evolutionary algorithms are recommended here for creating
this parameter set due to their high efficiency.

* The various possibilities for beam transport from the HELIAC to
the experiments also offer an interesting field of research. Here,
in particular, with regard to the preservation of the beam quality
or also the potential use of components for emittance reduction
such as beam scrapers or dipole magnet chicanes.

With the completion of this thesis in summer 2021, the CH1 and CH2
cavities have already been built and are in the final preparation and
cold test phase. In parallel, the development of the cavities CH3-11
was also started. The success of this beam dynamics design ultimately
depends in particular on the performance of the cavities. Reliably
achieving the high acceleration gradients in the CH cavities is the
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most important key to this ambitious project. Given the great progress
in this research area in the last decade, this is certainly a challenging
but achievable accelerator project. In this respect, the development of
an efficient superconducting linear accelerator with variable output
energy and high duty cycle described in this thesis is also of interest
for the design of future comparable ion beam accelerator facilities.
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LINAC-MULTITOOL

A.1 INTRODUCTION

Within the research for this thesis a Java-based computer program was
developed [158] together with D. Bade [159] and J. Corbet [160]. Fur-
ther temporary development support was provided from September to
December 2019 by I. Skudnova from Saint Petersburg State University,
Faculty of Applied Mathematics and Control Processes. The main
objective of the LINAC-Multitool was on one hand the production of
a tool to automate routine tasks within the framework of our R&D
work on particle accelerators and thus make them simpler and more
efficient. On the other hand, the goal was to create additional extensive
plotting functionalities for frequently used programs (here especially
LORASR). Currently, the software is in the beta stage, i.e. most of the
features planned so far have been implemented including the GUI,
most of them already functional. Several bugs are already known
and can be fixed in a timely manner. A preliminary version of the
user manual exists. Nevertheless, the program is already functional
with limitations and can be used productively. It has also been used
frequently in the context of this doctoral thesis and further ongoing
accelerator projects at IAP.

Software Architecture

Three main requirements were decisive during the development of
the LINAC-Multitool and in choosing an appropriate platform (i.e.
programming language)

* Ease of use,
* good maintainability and
* available expandability.

In conclusion the LINAC-Multitool was developed as a Java-based
program with graphical user interface (GUI) based on the toolkit
JavaFX". Due to the Java-inherent platform independence, it can be
run on all common operating systems (Windows, MacOS and Linux).
JFreeChart? is used as plotting framework respectively chart library.
The features of the LINAC-Multitool can be divided into four parts:

1 https://openjfx.io/
2 http://jfree.org/jfreechart/
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Figure A.1: LINAC-Multitool’s visualization of LORASR input and output
particle distributions.

An introductory overview of LORASR is given in chapter 2.5.1.
As its first code version was already developed in the late 80s, the
possibilities for graphical user interactions were and are still not very
wide-ranging. Nevertheless, the code has been significantly improved
in the past decades with a better gap field representation, a PIC
space charge routine, error study tools and more [161] so it is still an
important and powerful design tool (see p. 20). For optimization of
the workflow in daily routines, the LINAC-Multitool offers users not
only many of the plotting functionalities as already given by LORASR,
but extends it by features like export of vector graphics, color-coded
density plots of phase space distributions (Figure A.1), a schematic
of the designed linac layout geometry, stacked plots and additional
plots like energy, synchronous phase and gap voltage as function of
the z-position or gap index (Figure A.2 and Figure A.3). All this in a
modern and user-friendly graphical user interface, which in contrast to
LORASR, for example, also allows interactive operation like zooming
in and out of plots.
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A.3 BEAD PULL MEASUREMENT

A bead-pull measurement is often performed after cavity manufac-
turing to check geometric and RF characteristics by placing a small
dielectric or metallic bead inside the cavity. By pulling it with an
electrically non-conducting wire (e. g. made of polyamide resp. nylon)
through the cavity, one can measure the electromagnetic fields distri-
bution along this path on resonance inside. To speed up the analysis
of bead-pull measurements, data processing steps can be performed
manually and automatically with the LINAC-Multitool (Figure A.4).
These involve among others:

¢ Trimming/flipping/shifting/rescaling of the dataset,

¢ smoothing the measurement by a simple and weighted moving
average with adjustable window size,

¢ classification of noise at the start and end of a measurement as
well as baseline correction with multiple support points that can
be set automatically and manually,

¢ plotting the absolute value of the relative E-field distribution
|E(z)| (obtained by the measured phase shift Ags,,),

* identification of individual gaps and calculation of the relative
voltage distribution inside the cavity,

* comparison between multiple measurements and/or imported
simulation data,

* extensive data and graphic visualization and export functionali-
ties to pixel- (jpg, png) and vector-graphics (pdf, svg).

A.4 FIELDMAPS

This subprogram is to improve the simulation accuracy in TraceWin by
a reasonably realistic assumption of the electromagnetic fields inside
a cavity. These data, gained by simulations of CST EM STUDIO or
CST MICROWAVE STUDIO [162], can be used in TraceWin as 3D
field maps E(x,y,z) (see pp. 22 ff.) after data format conversion with
the LINAC-Multitool. Furthermore, the conversion of the LORASR-
generated E(z) file for the use in TraceWin could be a possible feature
in the future.

A.5 PARTICLE DISTRIBUTIONS

For the conversion of particle distribution files for different simulation
codes (LORASR, TraceWin, PARMTEQ(M)) this subprogram can be
used (Figure A.5).
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Figure A.4: Screenshot of an exemplary bead pull measurement evaluation
of a 5-gap DTL-cavity with the LINAC-Multitool.
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