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Linac Design for Intense Hadron Beams

Zusammenfassung

(Deutsche Version von ,,Summary*)

Energie und Umwelt sind zwei Hauptthemen im 21. Jahrhundert. Zurzeit wird der fiir das
tiagliche Leben benétigte Energiebedarf hauptsédchlich aus fossilen Quellen abgedeckt, doch die
dadurch verursachte Luftverschmutzung und der Treibhauseffekt bedrohen ernsthaft die Weiter-
entwicklung der Menschheit. Eine weitere Energiequelle, welche einen GroBteil der Elektrizitét
fiir den Weltverbrauch liefert, ist die Kernspaltung. Jedoch stellen die stindig anwachsenden
Mengen von radioaktivem Miill mit Halbwertszeiten von iiber eine Million Jahre ein wachsen-
des Problem dar.

Die Beschleunigerphysik und —technologie erdffnet eine Losungsmoglichkeit dieses Prob-
lems, weil beschleunigergestiitzte intensive Neutronenquellen eine wichtige Rolle flir eine sau-
bere nukleare Energieerzeugung iibernehmen konnen:

e Beschleunigergetriebene unterkritische Reaktorsysteme (englisch: ,,Accelerator Driven
Systems*, ADS) ermdglichen eine leichte Kontrolle des Reaktorbetriebes, so dass die
Kernbrennstoffe vollstdndiger und sicherer verbraucht werden.

e Das von der Européischen Union geforderte Forschungsprogramm fiir die Transmutation
von hoch radioaktiven Abfillen EUROTRANS wendet die ADS-Technologie an mit
dem Ziel, die Radiotoxizitit und Menge des radioaktiven Abfalls stark zu mindern.

e Die , International Fusion Material Irradiation Facility* (IFMIF) wird geeignete Materia-
lien fiir Fusionsreaktoren wie ITER durch Beschuss mit Neutronen untersuchen und so
einen langfristigen Beitrag fiir eine sauberere und effizientere Erzeugung von Kernener-
gie durch Fusionsreaktionen leisten.

Deshalb ist die Forschung und Entwicklung von Hochleistungs-Treiber-Linearbeschleuniger
(Linacs) von weltweiter Bedeutung. Wie das Sprichwort (auch in China) sagt: ,,Aller Anfang ist
schwer®, so ist der Nieder- und Mittelenergiebereich gewohnlich der anspruchsvollste Teil eines
Beschleunigers. In der vorliegenden Dissertation wurden Strahldynamikuntersuchungen bei
starkem Einfluss der Raumladungseffekte durchgefiihrt, wobei intensive Hadronenstrahlen im
niedrigen und mittleren Energiebereich durch Hochfrequenz-Quadrupol- (englisch: ,,RFQ*) und
H-Mode Diriftrohrenstrukturen (DTL) beschleunigt werden. Neben dem 5 bzw. 30mA, 17MeV
Protoneninjektor (RFQ und DTL) fiir EUROTRANS und dem 125mA, 40MeV Deuteronen —
DTL fiir IFMIF, wurde auch die strahldynamische Auslegung eines 200mA, 700keV Protonen-
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Zusammenfassung

RFQs fiir die intensive Neutronenquelle FRANZ an der Goethe-Universitdt Frankfurt unter-
sucht.

Die markantesten Eigenschaften des FRANZ-RFQs sowie des IFMIF-DTLs sind die Strahl-
intensitdten von 200mA respektive 125mA, welche jeweils Rekordwerte fiir Protonen- und Deu-
teronen-Linacs darstellen. Obgleich die geplanten Intensititen der beiden Entwicklungsstufen
XT-ADS (5mA) und EFIT (30mA) des EUROTRANS-Projektes sich im Rahmen der technolo-
gischen Moglichkeiten moderner Beschleuniger befinden, stellte in diesem Fall die Option einer
leichten Ausbaumdglichkeit des XT-ADS Entwurfes fiir EFIT wegen der unterschiedlichen
Teilchenstrome eine besondere Herausforderung dar.

Die am Los Alamos National Laboratory (LANL) unter Vernachldssigung der Raumla-
dungskrifte entwickelte Vier-Sektionen-Prozedur fiir den RFQ-Entwurf war im Falle des
200mA FRANZ-RFQs sowie des EUROTRANS-RFQs nicht geeignet. Unter Aufgabe des von
LANL entwickelten konstantes B-Kriteriums (konstante transversale Fokussierstirke), welches
in den vorliegenden Fillen zu ineffizienten Parametersitzen gefiihrt hitte, wurde ein neues De-
signkonzept fiir intensive Teilchenstrahlen mit der Bezeichnung ,,Balanced and Accelerated
Beam Bunching at Low Energy“ (BABBLE, siche Seiten 55-58) ausgearbeitet.

Dieses ist im Einklang mit dem Prozess der Strahlformierung unter Beriicksichtigung der
Raumladungseffekte und hat folgende Hauptmerkmale: 1) Die Synchronphase wird am Eingang
konstant bei p=-90° gehalten, wihrend die Modulation der Elektroden langsam erh6ht wird.
Dadurch erféhrt der Strahl eine symmetrische und geméBigte Fokussierung innerhalb der gesam-
ten 360° Phasenakzeptanz. 2) In der nachfolgenden Hauptfokussierungs-Sektion wird B erhoht
um die immer groer werdende transversale Defokussierung zu kompensieren, wodurch auch
die Geschwindigkeit und Stabilitdt des Fokussierungsprozesses erhoht wird. 3) Zu Beginn der
Hauptbeschleunigung kommt es durch die schnell anwachsende Teilchengeschwindigkeit zu
einer natiirlichen Reduktion der transversalen Defokussierung, so dass auch B entsprechend re-
duziert wird, um das longitudinale Emittanzwachstum zu vermeiden und um gréB3ere Aperturen
zu ermdglichen.

Unter Ausnutzung der Vorteile der méBigen anfanglichen Fokussierung sowie der daran an-
schlieBenden schnellen Fokussierung im Kréftegleichgewicht gemil3 der ,,BABBLE“-Strategie,
konnten ein 2m langer RFQ fir FRANZ mit 98% Transmission und geringem Emit-
tanzwachstum sowie ein 4.3m langer RFQ fiir EUROTRANS mit sehr geringen Teilchenverlus-
ten und flachem Emittanzverlauf sowohl fiir SmA wie auch fiir 30mA entworfen werden. Diese

Ergebnisse bestitigen die ,,BABBLE“-Strategie als allgemeinen Design-Ansatz, welcher effi-
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ziente RFQs mit guter Strahlqualitit in einem weiten Bereich der Strahlintensititen (OmA bis
200mA und hoher) ermdglicht.

Beim Entwurf des IFMIF DTLs sowie des Injektor DTLs fiir EUROTRANS, welche als ers-
te Anwendungen der neuartigen, supraleitenden CH-Driftréhrenstruktur dienen kdnnten, wurden
mit groBBer Sorgfalt versucht, die Designkriterien bei neuen Randbedingungen wie langere Drift-
strecken, supraleitende transversale Fokussierelemente und hohe Beschleunigungsgradienten
moglichst gut zu erfiillen. Im Falle des IFMIF-DTL wurde das urspriingliche IAP-Design we-
sentlich verbessert, sowohl im Hinblick auf den Autbau des Beschleunigers wie auch strahldy-
namisch. Es wurden ausreichend Driftstrecken fiir die Kryoelemente, Diagnosekomponenten,
Tuner und Steeringmagnete vorgesehen, ferner wurden supraleitende Solenoidlinsen eingesetzt
und die Beschleunigungsgradienten angepasst (siche Seiten 78—80). Daraus resultierte ein realis-
tischerer, zuverldssiger und effizienter Entwurf. Dariiber hinaus wurden die Spezifikationen und
Lagen der transversal fokussierenden Elemente (siche Seiten 81-82), sowie die Phasen- und E-
nergieablagen zwischen Schwerpunkt der Teilchenverteilung und Sollteilchen am Eingang der
¢s=0° Sektionen neu bestimmt (siehe Seiten 83—84), wodurch verbesserte Ergebnisse in allen
Raumebenen erzielt wurden. Im Falle des EUROTRANS Injektor-DTLs, wurden zusétzlich zu
den obengenannten MafBnahmen Konzepte zur Anpassung der Strahldynamik fiir zwei verschie-
dene Strahlintensititen entwickelt, wie zum Beispiel der Einsatz kurzer, abstimmbarer Rebun-
ching-Kavitdten mit ¢ =-90° (siehe Seite 116).

In den Simulationsrechnungen fiir beide DTL-Entwiirfe wurden keine Strahlverluste bei
mifBigen Emittanzwachstumsraten festgestellt. Somit waren beide Designstudien sehr niitzlich
fiir die Realisierung zuverldssiger und ausbaufdhiger supraleitender H-Mode Driftrohrenbe-
schleuniger fiir Teilchenstrahlen bis 125mA.

Um das wohlbekannte Problem beim Ubergang zwischen zwei verschiedenen Typen von
Beschleunigerstrukturen zu 16sen, wurden Anpassungsmethoden zwischen dem RFQ und dem
auf der KONUS-Strahldynamik basierenden H-Mode DTL entwickelt. Dabei ist die Grundidee,
die Anpassung innerhalb des RFQ und nicht in der RFQ-DTL-Ubergangssektion zu bewerkstel-
ligen, weil im RFQ bei niedrigen Teilchengeschwindigkeiten eine sehr effiziente, geschwindig-
keitsunabhéngige Fokussierung bereitgestellt wird.

Beim FRANZ-Projekt wurde die longitudinale Ausgangsverteilung nach dem sogenannten
longitudinalen Rotationsverfahren (siehe Seiten 62—63) manipuliert, um die Phasenbreite des
Strahls zu minimieren und den Strahl in die Akzeptanz der KONUS-Struktur anzupassen. Beim
EUROTRANS-Injektor wurde die Strahlanpassung transversal gemacht (siche Seiten 107—110):

Durch zwei zusitzliche Ubergangszellen am Ausgang des RFQ wurden die transversalen Aus-
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gangsellipsen in achsensymmetrische Lage (mit &hnlichen Halbachsen) gedreht, was von Vorteil
fiir den weiteren Strahltransport durch den Driftréhrenbeschleuniger ist. Die Designerfahrung
mit beiden Beschleunigerentwiirfen zeigt, dass sich die verwendeten Methoden fiir die longitu-
dinale und transversale RFQ-DTL-Anpassung sehr effizient auf das Gesamtergebnis ausgewirkt
haben.

Ein weiteres wichtiges Thema der vorliegenden Dissertation sind Maschinenfehler-Studien.
Ublicherweise geht man bei Strahldynamiksimulationen von idealen Betriebsbedingungen und
fehlerfreien Beschleunigerkomponenten aus. Jedoch sind verschiedene mechanische, Strahl- und
Feldfehler bei der Herstellung und im Betrieb nicht zu vermeiden. Deshalb waren strahldynami-
sche Untersuchungen der Auswirkungen dieser Fehler im Falle der drei untersuchten Hoch-
strombeschleuniger essenziell notwendig, um das Risiko der Aktivierung von Komponenten zu
minimieren und eine hohe Zuverlissigkeit zu garantieren.

Entsprechend der Moglichkeiten der verwendeten Simulationsprogramme, wurden sieben
verschiedene RFQ und vier verschiedene DTL-Fehlerarten beim FRANZ-RFQ sowie beim
IFMIF-DTL eingesetzt. Im Falle des EUROTRANS-Injektors wurden kombinierte RFQ und
DTL-Fehler untersucht. Fiir eine bessere Uberpriifung der Fehlerauswirkungen wurden neue
Analysefunktionen ausgearbeitet, welche nicht von den bisher verwendeten Simulationspro-
grammen angeboten wurden, so zum Beispiel gemeinsame 99% Strahlenveloppen (siehe Seiten
128—-129) aus mehreren Simulationsldufen (anstelle von nur gemeinsamen 100% Enveloppen),
zusitzliches Emittanzwachstum fiir 99% der Strahlteilchen (siehe Seite 131) usw. Dadurch
konnten die wenigen Teilchen mit ,,schlechten* Koordinaten am Rande der Verteilungen elimi-
niert werden, so dass die Analyse der verbliebenen Teilchen klarere Ergebnisse in Bezug auf die
Auswirkungen der Maschinenfehler liefert. Selbst bei Berticksichtigung von Fehlern zeigten alle
Designentwiirfe hohe Toleranzgrenzen.

Aufgrund der guten Ergebnisse in den Simulationen, sowohl mit als auch ohne Maschinen-
fehler, wird der Entwurf fiir den FRANZ-RFQ als Grundlage fiir die endgiiltige Auslegung ver-
wendet. Der Entwurf fiir [IFMIF stellte sich als der konkurrenzféhigste unter den drei bisherigen
Vorschlidgen heraus, und der Entwurf des EUROTRANS-Injektors wurde als offizielles Refe-

renzdesign flir das Projekt angenommen.

Vi
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1. Introduction

Recently, high-power (typically ~MW) driver linacs (HPDL) have been widely proposed in

Asia, Europe and North America with the motivation to generate various secondary particles by

bombarding a target with energetic light ions (e.g. H', H,, D", but the proton is in the majority).

Such installations have numerous important applications in many fields, for example:

e Neutron sources for structure and dynamics studies of condensed matter, control of fis-

sion-based energy production, transmutation of radioactive waste, materials test for fusion

reactors and tritium production.

¢ RIB (Radioactive Ion Beam) facilities for nuclear physics research.

e Muon and neutrino factories for particle physics research.

Table 1-1: Worldwide HPDL projects (>=0.8MW average beam power).

Parameter
Ppeam W | Ipeak ¢ L | Primary | Secondary Stat
atus
[MW] | [GeV] | [ mA] | [%] | [m] | particle particle
Project
LAMPF i
08 | 08 | 17 | ~10 |~800| H" |pion, neutron | 2PCratng
(LANSCE) since 1972
+ operating
SNS 1.6 1 26 6 335 H neutron since 2006
FNAL 8GeV PD 2 8 25 1 678 H neutrino proposed
1.5-24| 0.6 |2.5-4
EUROTRANS 100 | >200 H neutron proposed
16 0.8 20
CERN HP-SPL >4 5 40 2-6 534 H neutrino, RIB | proposed
H, H
EURISOL 5 1 5 100 240 D" §He’z+ RIB proposed
IFMIF 5 0.04 | 125 100 | <43 D" neutron proposed
ESS 5.0-731 1.3 114 [3.3-4.8| 648 | H,H neutron proposed




Chapter I: Introduction

Two operating and six proposed MW driver linacs are listed in Table 1-1. The average beam

power is defined by B, =W -1

eam peak

-¢ , where W is the beam energy, /,cac the peak current and

¢ the duty factor. The LAMPF linac is a full room-temperature (RT) machine, and all the oth-

ers mainly depend on the RF superconducting (SC) technology. The rapid development of this
technology in the past decades has enabled a new generation of HPDLs with new-type accelerat-
ing cavities, which are compact and very effective, having high accelerating fields, allowing
large duty factors up to CW operation, and can be built and operated at reasonable costs. This
opens the possibility for the realization of several accelerator-based facilities with very high
beam power.
Generally speaking, an HPDL needs to meet the following three common requirements,
which are determined by the high-power operation and the dedicated applications:
e Beam losses must be low, because lost particles can induce the negative effects such as:
1) Activation of accelerators. 2) Damage to accelerator components. 3) Increase of vac-
uum pressure. 4) Quenching of SC cavities. If hands-on maintenance is required, the acti-
vation concern will put the lowest limit to beam losses, typically a few W/m at high en-
ergy. For example, 1W/m for 1GeV protons is corresponding to a residual dose of below
ImSv/hr after 30 days irradiation and 4 hours cool-down [CHO99].
e High reliability. It is important for long-term applications, because beam trips can for ex-
ample damage the sub-critical core by sharp temperature variations.

e Minimum capital and operating costs, a natural demand for such powerful facilities.

Table 1-2: Advantages and disadvantages of SC cavities.

Advantage Disadvantage

e Negligible RF power dissipation e Usually no internal magnetic lens is al-
lowed, as the maximum tolerable RF mag-
netic field for the superconductor Niobium
(even CW operation is easy) is ~0.2T

e No cooling problems

e High accelerating gradients e Relatively complicated and expensive con-

e Large bore apertures (low beam losses) struction

e High transverse focusing fields from SC * The cryo-system is necessary

magnets

To meet the stringent requirements for modern high-power driver linacs, solutions and op-

timizations should be found from the following three aspects:
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e Operating modes: due to the unique features listed in Table 1-2, the main part of a modern
HPDL shall be operated at SC; and together with SC, the high-duty-factor (even continu-
ous wave, CW) operation is favourable for realizing an intense HPDL with high reliabil-
ity.

e Accelerating structures: to obtain the maximum efficiency for the whole machine, differ-
ent accelerators suitable for different beam-velocity ranges should be used. A typical con-
figuration of the accelerating structures for a modern HPDL is shown in Fig. 1-1. The
RFQ (Radio-Frequency Quadrupole) accelerator characterized by velocity-independent
electric focusing is the standard injector to capture, bunch and pre-accelerate low-energy,
high-intensity beams (in a high-current RFQ, unfortunately particle losses are usually not
fully avoidable, therefore it can be used only in the RT mode; otherwise the losses will
increase the heat load to the helium by an inacceptable factor). For the medium-/# section,
the RT cavities (H-type, Alvarez-type and coupled-cavity drift-tube linacs), the SC cavi-
ties (Cross-bar H-type, 4/4, A/2 and spoke structures), and mostly a mixture of all these
RT and SC structures can be used. For f>0.5, SC elliptical (reentrant) resonators are the

dominant candidates (recently, multi-spoke cavities are also possible).

0.01 0.1 05 1
| Lows | Medium-5 | High-B |

CH-DTL
A/ 4 Resonator
@ A/l 2 Resonator

Elliptical Rescnator

Reentrant Resonator

Spoke Resonator

RT RT-SC Transition SC

Fig. 1-1: The typical layout for modern HPDL machines.

e Beam dynamics: the space-charge fields of intense hadron beams can be as strong as the
external fields. This weakens the focusing strength and can dramatically lead to emittance
growths, halo formation and beam losses, etc. Therefore, unconventional design proce-
dures have to be developed and applied to reach good beam qualities while keeping a
compact layout.

As well known, the low-energy end is the most difficult part for designing a large hadron li-

nac, because the space-charge effects are particularly serious for slow beams and furthermore
the initial performance has a direct influence to the whole facility. To address the problems of

low- and medium-f beam acceleration for high-power driver linacs especially at high beam in-
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tensities, this dissertation is focusing on the physics design studies of the RFQ accelerator and
the RT and SC H-type DTL structures. Totally, three HPDL projects have been involved:

e EUROTRANS: a European research programme, which is joined by 31 partners (research
agencies and nuclear industries) with the contributions from 16 universities. It is aiming
to demonstrate the transmutation of high-level nuclear waste in an ADS way.

e IFMIF: an international cooperation to simulate the intense neutron flux in a nuclear fu-
sion environment for testing and qualifying the fusion-reactor materials which can allow
the realization of commercial fusion power production.

e FRANZ: the first “Lighthouse Project” at the new Riedberg Campus of Frankfurt Univer-
sity with the motivation to develop a small-scale, multi-purpose neutron experiment plat-
form for both in-house education and scientific research.

For EUROTRANS, IFMIF and FRANZ, the common goal is to develop a powerful neutron
source based on an intense driver linac with a peak intensity of 2—4mA (20mA), 125mA and
200mA, respectively. Comparing with the other two facilities, FRANZ is a mini one, but its ul-
tra-high intensity, which is close to the space-charge limit of the today’s linac technology,
makes it as a suitable test bed for EUROTRANS, IFMIF and other high-power linac projects.

The whole dissertation will be organized in the following way: 1) First, a brief introduction
to the EUROTRANS, IFMIF and FRANZ projects for illustrating the backgrounds and chal-
lenges to the design studies of their high-power driver linacs. 2) Second, the basic principles of
operation and main RF geometries of the adopted RFQ and H-type DTL structures for the low-
and medium-f parts of these three facilities are briefly presented in order to provide a basis for
the further discussions. 3) Finally, the detailed linac design studies for EUROTRANS, IFMIF
and FRANZ will be presented in three independent chapters (the order of the three projects has
been arranged to avoid repetitive contents for a same kind of accelerating structure):

e RFQ design for FRANZ (120keV — 700keV).

e DTL design for IFMIF (5MeV — 40MeV).

e Front-end (RFQ + DTL) design for EUROTRANS (50keV — 17MeV).

Generally speaking, the study procedure used for each job is as follows: 1) To show the con-
straints and problems which are challenging to the conventional design methods. 2) To develop
and apply the optimization strategies for meeting the design goals. 3) To carefully investigate
the behaviour of the obtained design in case of mechanical and field errors. The last one is a
very important topic of this dissertation, because as mentioned the operation of HPDL machines

should be reliable and safe.
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2. An Overview of the Involved Projects

Particle accelerators were originally invented and are still being mainly developed as the
exploring tools of the subatomic world. Along with the progress in accelerator physics and tech-
nology, however, various non-research applications have been also widely found and quickly
expanded. Among them, the utilization of accelerators for the energy development is now of an
increasing common interest.

Due to the rapid economic growth and expanding population, the energy crisis is more and
more serious for the whole world. Though the fossil energy resources are currently contributing
~80% of the required energy for our life, they are limited by the weaknesses of shrinking depos-
its and environmental disruptions. Recently, new prospects have been opened by using clean and
renewable energy generated from natural resources such as sun, wind, water and geothermal
heat. Subjected to the weather or geographical conditions and the conversion efficiency, how-
ever, they are not sufficient to be taken as the major sources of energy in the near future. Despite
some existing problems and difficulties, nuclear energy is one promising potential substitute for
the traditional fossil energy.

Having been put into industrial operation for several decades, the conventional nuclear elec-
tricity generation is based on the fission reactions. But, for this method, the safety of operation
and the treatment of radioactive waste are two major worries from the public. Proposed by C.
Rubbia in 1993 [CAR93], applying a particle accelerator as a spallation neutron source to oper-
ate a sub-critical fission reactor seems to be a solution: on one hand, the accelerator can serve as
a “one-button switch” to the reactor; on the other hand, this technology is able to not only burn
the fuel more completely (compared with a normal reactor), but also open the possibility to re-
duce the radiotoxicity and volume of the existing waste greatly. Started by EU, EUROTRANS
is a pioneering research programme aiming to investigate and demonstrate such kind of accel-
erator-based transmuters.

Actually, another way of nuclear power production using fusion reactions has more advan-
tages:

e The resulted energy density from fusion reactions can be many times greater than that

from fission reactions.

¢ Fusion fuels are cheap and abundant.

e Almost zero risk of an accident and no direct radioactive waste (only some short-lived

ones from the reactor walls struck by energetic neutrons).
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To realize a commercial fusion power plant, however, suitable construction materials are
still under development for the fusion reactor, in which the neutron flux will be ~100 times that
in a fission one. Based also on a particle accelerator, an international project called IFMIF has
been proposed to simulate the intense neutron flux in a fusion environment for testing and quali-
fying the radiation properties of candidate materials.

Obviously, a common characteristic for EUROTRANS and IFMIF is to produce intense
neutrons as the secondary particles of the high-power light ions from a linac. As a test bed of
such large facilities, an ultra-intense keV-range neutron source called FRANZ has been planned
to be driven by a 200mA, ~2MeV proton linac, which beam specs are particularly suitable to
investigate some challenging R&D problems for modern driver linacs e.g. the limits by the

space-charge effects.

2.1 EUROTRANS: EUROpean Research Programme for the TRANSmuta-

tion of High Level Nuclear Waste in an Accelerator Driven System

The Accelerator-Driven System has been firstly proposed as an energy amplifier to breed a
sub-critical fission reactor for cleaner and inexhaustible nuclear power production [CAR93].
Recently, its another application for transmuting high-level nuclear waste is of great interests.

A statistics in 2001 showed that the 145 European nuclear power plants were producing
850TWh of electricity (~35% of all generated energy) as well as ~2500 tons of spent fuels in-
cluding 1% of Pu annually [ADSO1]. As shown in Fig. 2.1-1, the red curve indicates that it will
take >1 million years for the radiotoxicity of the nuclear waste to be naturally decreased to the
level of the raw uranium ore if the spent fuel is directly buried in the deep geological reposito-
ries as the tradition. However, the blue curve implies that a two-step process — firstly a chemical
separation and then an irradiation treatment in a fast and intense neutron flux by an ADS system
— can not only remarkably shorten the decay time for reaching the reference radiotoxicity level
to below 700 years but also greatly reduce the volume and heat load of the radioactive waste.

Launched by European Union in 2005, the EUROTRANS project [BIA0S5] is dedicated to
perform R&D studies towards a European Transmutation Demonstration (ETD) in two phases:

e To construct a 50-100MWy, eXperimental facility demonstrating the technical feasibility

of Transmutation in an Accelerator Driven System (XT-ADS).

e To realize a several hundred MWy, modular European Facility for Industrial Transmuta-

tion (EFIT).
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Fig. 2.1-1: Comparison of the decay time of the radiotoxicity of nuclear waste to the reference

level of the original uranium ore before and after transmutation [ADSO1].
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Fig. 2.1-2: The reference layout of the planned EUROTRANS facility [PODO08a].
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The reference layout of the planned EUROTRANS facility is schematically shown in Fig.
2.1-2, where the CW driver accelerator consists of a linac front end responsible for accelerating
the protons to 17MeV and an independently phased superconducting section for covering the
rest energy gain. As listed in Table 2.1-1, the intensity and energy of the required proton beam
on the spallation target in the XT-ADS phase are specified as 2.5-4mA and 600MeV, which will
be upgraded to 20mA and 800MeV, respectively, in the EFIT phase.

Table 2.1-1: Specifications of the required proton beams for XT-ADS and EFIT [BIAO7].

Phase
XT-ADS EFIT

Parameter
Peak beam intensity [mA] 25-4 20
Output beam energy [MeV] 600 800
Beam trip number (>1s) <5 per 3-month operation cycle <3 per year
Beam stability Energy: + 1 %, Intensity: + 2 %, Size: + 10 %
Beam time structure CW, with 200us zero-current holes

Determined by the ADS application, the leading constraint for the EUROTRANS driver li-
nac is that only very few beam trips will be allowed in order to avoid the fatal damages caused
by sharp temperature variations to the sub-critical core. The prescribed limit of the unwanted
beam trips exceeding one second is <20 per year for XT-ADS or <3 per year for EFIT, which is
two or three orders of magnitude less than the operation performance of existing accelerators
[PICO0]. With such ambitious goals, the EUROTRANS accelerator design is facing unusual
challenges to ensure the extremely high reliabilty.

Meanwhile, for an easy upgrade from XT-ADS to EFIT without additional R&D efforts, a
very special idea is to design a robust and flexible linac layout which can work well with both
beam intensities required by the XT-ADS and EFIT phases. Leaving safety margins, SmA and
30mA have been chosen as the design beam intensities for the two phases, respectively. Though
these intensities are well within the capability of today’s linac techonology, the space-charge
effects are quite different in both cases. Therefore, how to realize a current-adaptable accelerator

design is another stringent task.
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2.2 IFMIF: International Fusion Materials Irradiation Facility

Fusion is one known technology possible to produce a large fraction of electricity for the
world in a cleaner and safer way than the traditional methods, e.g. thermal and fission-driven
energy productions. However, one bottleneck of the realization of an industrial fusion power
plant is to develop suitable reactor materials, which can sustain such as >30dpa/year (displace-
ment per atom per year) of damages from the intense neutron flux with high energies up to

14MeV in a typical D-T fusion environment [IFM04].

High flux Medium flux Low flux
Liquid Li Jet (>20dpa, 0.5L) (20-1dpa,6L) (<1dpa,>8L)

soh — RFQ - Drift Tube Linac

Deuteron Accelerator Region . Test Cell

Fig. 2.2-1: Principle of the accelerator-based neutron source for IFMIF [IFMO04].

As shown in Fig. 2.2-1, the proposed IFMIF facility will be able to produce comparable
neutrons to those in a fusion reactor and provide an irradiation and testing volume of a reason-
able size for candidate materials. With a broad spectrum peaked at 14MeV, the expected total
neutron flux of >10'"n/s will be yielded via the D-Li stripping reaction by striking a liquid Li
target with 250mA, 40MeV deuterons from linacs. In the test cell, there will be three regions of
different-level (from high to low) neutron fluxes to allow irradiating a broad test matrix of sam-
ples and materials at the same time.

A concrete demonstration of the IFMIF plant, which is mainly composed of an accelerator
system, a Li target and a test cell, is given in Fig. 2.2-2. The accelerator system consists of two
identical 175MHz, CW linacs working in parallel, and each of them includes: 1) An ion source,

which generates a 150mA, 100keV deuteron beam. 2) An LEBT (low energy beam transport)
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section to transfer and match the beam to the accelerating structures. 3) An RFQ accelerator to
provide a 125mA, 5MeV bunched beam at output. 4) A DTL accelerator to continue bringing
the beam to 40MeV (in the reference design, this part was relied upon the conventional room-
temperature Alvarez-type linac structure with post couplers [IFMO04]; however, recently two
new proposals mainly based on the state-of-the-art superconducting technology are becoming
more competitive). 5) Finally an HEBT (high energy beam transport) section, which comprises a
chain of non-linear multipole lenses, to tailor the beam for resulting in a flat rectangular beam
footprint on the Li target.

This two-linac scheme has been adopted in order to:

e Reduce the required extremely high peak current of 250mA by a factor of two according

to the capability of modern RF linacs.

e Provide operational redundancy in case of the failure of one linac.

 PIEF

- High Energy Beam

Transport
—t 1 1
0 20 40m

Fig. 2.2-2: An overview of the IFMIF plant [IFMO04].

Figure 2.2-3 shows the number of neutrons generated by each lost deuteron as a function of

the deuteron energy E . for the D-D or D-Cu reactions which could happen in the copper ac-

celerators [IFM96]. Clearly, the neutron yield will increase dramatically with increasing deu-

teron energy from SMeV to 40MeV [IFM96].
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Fig. 2.2-3: Neutrons yield per lost deuteron via the D-D fusion reaction and the direct interac-

tion of the deuterium with copper [IFM96].

For SC accelerating structures, the experiments have shown that neutron yield is lower in

niobium than in copper by a factor of about two at £ . =10-15MeV, and one could use that

assumption up through 40MeV [DEL93].

Nevertheless, for the sake of hands-on maintenance, the primary concern for the design
work of this intense deuteron accelerator is that almost no lost particle should appear in the DTL
part.

On the other hand, in order to fulfill achieving a 20cm x 5cm rectangle, uniform-distributed
beam spot on the neutron-production target, it is also very important to keep the beam quality as

good as possible during acceleration.
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2.3 FRANZ: Frankfurt Neutron Source at the Stern-Gerlach-Zentrum

As a successor of the retired neutron source, which was based on a 3.7MV Van-de-Graaff
accelerator at Forschungszentrum Karlsruhe (FZK), the FRANZ facility planned at the Stern-
Gerlach-Zentrum will be able to increase the neutron intensity by three orders of magnitude, be-
cause a more advanced driver linac is possible by taking advantage of the accumulated experi-
ence in the long-term development of linear RF accelerators for low- and medium-energy beams

at Institute for Applied Physics (IAP), Frankfurt University.

Table 2.3-1: Comparison of FRANZ with existing intense pulsed neutron sources [RATO07a].

Neutron flux at Repetition Flight Pulse Neutron energy
Facility sample positions rate path width range
[em?s] [Hz] [m] [ns] [keV]

FZ o
Karlsruhe 1-10 250000 0.8 0.7 1-200
DANCE 1N ;
Los Alamos 510 20 20 250 th-10
n_TOF nd e
CERN 5-10 0.4 185 6 th-10
GELINA 5.10° 200 20 | 10’
Geel
ORELA 4 ]
Oak Ridge 210 525 40 8 th-10
Elbe 1-10° 500000 3.7 0.4 50-10*
Dresden
FRANZ 07
Frankfurt 110 250000 0.8 ! 1-200 (500)

* The given fluxes in Column 1 are valid only at neutron energies around 100keV.

Table 2.3-1 compares the expected performance of the FRANZ facility with the correspond-
ing parameters of the existing intense pulsed neutron sources in the world. Obviously, FRANZ
is ambitious to become the most powerful keV-range neutron source, which can provide ex-
tremely short (A7=1ns) neutron pulses with a pulse repeat rate up to 250kHz and a flux in the
order of 10"/ (cm®s). The specs of such neutrons have been found very attractive for various ex-
periments in nuclear astrophysics, transmutation physics, biophysics, materials research, detec-
tor development, and so on [RAT07a], so the FRANZ facility can not only provide in-house
education in different experimental physics fields but also open a wide future of scientific re-

search programs in cooperation with other institutes e.g. FZK and GSI.




Linac Design for Intense Hadron Beams

Fig. 2.3-1: An overview of the FRANZ experiment hall [MEUO08].

To be installed and operated at a campus, FRANZ should be first safe and compact. The

maximum energy of the produced neutrons has been limited to below 500keV, according to the

capability of the designed shielding system for the FRANZ experiment hall (see Fig. 2.3-1).
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Fig. 2.3-2: Neutron yield and maximum neutron energy in forward direction (0°) [FLU59].
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The neutron production will use the following reaction:
p+ Li— 'Be+n-1.646 MeV (2.3-1)
Determined by the relationship between the neutron yield and the proton energy (see Fig.
2.3-2), the energy of the proton beam output from the 175MHz FRANZ driver linac has been
chosen variable within 1.87-2.1MeV to tune the neutron energy in the range of 0-500keV. The
required peak current ~10'" protons/ns for the production of the demanded neutron flux will be
achieved by following the Mobley’s concept [MOB51] to compress 9—-10 intense micro beam-

bunches from the linac into one common 1ns time slot on the Li target (see Fig. 2.3-3).

Dipolmagnete

magnetischer Target

Chopper

Fig. 2.3-3: Principle of the Mobley-type bunch compressor [RATO07a].

The definition of the peak beam current is given as below [PAROS]:
Ibeam = qubunch (23_2)
where g 1s the charge per particle, N is the number of particles per bunch, and f, ., 1s the bunch

frequency. At 175MHz, if nine 150-200mA of micro-bunches from the linac are compressed,
the total peak proton current on target will be 8~10A, which corresponds to ~ 4-6x10" pro-
tons/ns. For the FRANZ RFQ), the design intensity has been chosen as 200mA.

200maA is a record intensity for the reported RF hadron linacs. Obviously, the greatest chal-
lenge to the FRANZ RFQ is to overcome the significantly strong space-charge effects which are
close to the limit during beam bunching and acceleration. Meanwhile, how to achieve an effi-
cient linac design with a compact structure and minimum costs is also necessary for FRANZ

such a university-based facility.

.14 -
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3. Efficient Low- and Medium-£ Linac Structures

For an RF linac, the choice of the synchronous phase ¢_, which is the phase between the RF
wave and the synchronous particle, is critical. In an accelerating gap, if ¢, <0°, the RF field is

increasing with time, so a particle will see a smaller field or a larger field if it comes earlier or
later than the synchronous phase, respectively, which means that all particles in the beam bunch
can get a restoring force longitudinally; at the same time, however, caused by the radial compo-
nents of the RF field, the defocusing effects in the second half gap will be larger than the focus-
ing effects in the first half gap, so on the whole the beam will be defocused transversely. On the
contrary, if ¢ >0°, unstable longitudinal but stable transverse particle motions will take place.
Obviously, if only the RF field is applied on the beam, there is always a contradiction between
the longitudinal and radial directions in a single accelerating gap, no matter ¢, is positive or

negative.
But, there are many ways to realize overall stabilities simultaneously in both longitudinal

and radial planes for an accelerating channel. According to the difference in choosing ¢, all

low- and medium-f linacs can be generally reduced to four categories as follows:

e Conventional DTL (Drift-Tube Linac, ¢ <0°)

In this kind of accelerating structure, a sequence of magnetic quadrupole lenses are
housed in the drift tubes for overcome the transverse instability problem. According to

the Lorentz force equation F = q(E + v X B), the magnetic force is proportional to the

particle velocity, so there will be a technical difficulty to produce tiny but powerful

magnets for a slow beam at injection, especially when the beam intensity is high.

e RFQ (Radio-Frequency Quadrupole, ¢ <0°)

Characterized by the velocity-independent electric focusing, which are provided by the
RF field and realized by four electrodes (with modulations for producing the accelerat-

ing fields, see Fig. 3.1-1), the RFQ accelerator is an ideal pre-DTL injector structure.

e APF (Alternating-Phase Focusing, ¢ >0° and ¢  <0°)

Another idea also only using the RF field is called APF, which provides longitudinal

and radial focusing forces in turn along the accelerating channel by means of a special
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configuration of ¢, (e.g. the synchronous phases are of opposite signs and appropriate

magnitudes in adjacent accelerating gaps) to achieve net stabilities in all planes. How-
ever, because of the shortcomings such as low acceleration rate, low current limit, de-
sign difficulty and construction complexity, APF has been only adopted by a few linacs

for low pulsed currents in practice.

e KONUS (Combined 0° Structure, mainly o =0°) [RAT98]

It applies the 0° synchronous phase to most accelerating cells, which can reach maxi-
mum acceleration efficiency and significantly reduce the transverse RF defocusing ef-
fects. Consequently, it is feasible to adopt lens-free slim drift tubes, which are favor-
able not only to achieve high shunt-impedance but also to realize multi-cell supercon-
ducting low- and medium-§ accelerating structures. The accumulated defocusing ef-
fects and phase instabilities can be compensated by introducing independent magnetic

lenses and short negative-synchronous-phase rebunching sections, respectively.

As one of the most efficient solutions to accelerate the low- and medium-f intense beams,
the combination of the RFQ and the KONUS-based H-type DTL has many attractive features
e.g. compact structures, high-intensity capacity and good beam qualities. Therefore, it has be-
come an ideal injector candidate for large accelerators including high-power driver linacs. The
first practical example of such a combination is the GSI high-charge-state injector (Hochla-
dungsinjektor, HLI) [RAT91], which was built in 1991 and is still in routine operation now. The
FRANZ, IFMIF and EUROTRANS projects will be three new important applications of this

combination.

3.1 Radio-Frequency Quadrupole Accelerator

The history of the RFQ accelerator was started with an idea so-called “spatially homogene-
ous quadrupole focusing” proposed by Kapchinskiy and Teplyakov (K-T) in 1968 and formally
published in 1970 [KAP70, VLA70]. Shown in Fig. 3.1-1, the basic idea of the RFQ accelerator
is: the accelerating-field components are produced by introducing a periodic perturbation to the
fundament RF quadrupole structure longitudinally while retaining the electric quadrupole focus-
ing fields. However, the significance of this invention was not recognized until LANL (Los
Alamos National Laboratory) performed a series of intensive studies to check if it could be ap-

plicable in several future accelerator programs interested in high-current, low-emittance ion
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beams. In 1980, a 425MHz four-vane RFQ was built for a proof-of-principle experiment and it
successfully accelerated a 26mA proton beam from 100keV to 640keV with a transmission effi-
ciency of 87% [HAMSO]. Since then, the RFQ has been quickly developed as a standard accel-

erating structure for low-energy (up to several MeV/u) beams.

ma
=
2 ma Sf—
- ma
X
— > -
a

Fig. 3.1-1: RFQ electrode modulations for accelerating-field components, where a: minimum

electrode aperture, m: modulation parameter, ma: maximum electrode aperture [LOMOS5].

In the last three decades, various RF geometries were developed to drive the four electrodes
resonantly, but finally only a few of them have survived. Demonstrated schematically in Fig.
3.1-2, the most representative RFQ accelerating structures [KLE83] are: 1) The double-H reso-
nator [TEP68], which has been adopted by the first experimentally tested 148.5MHz RFQ ma-
chine to accelerate an 189mA proton beam from 100 to 620keV with a transmission efficiency
of 53% [GOLY75]. 2) The four-vane resonator [STO79], the LANL version of the four-chamber
resonator as well as the first RFQ structure developed outside of the USSR. 3) The split-coaxial
resonator (SCR) [MULS81] and the four-rod resonator [SCH83], which were invented in Ger-
many originally for heavy-ion acceleration. Generally speaking, all RFQ resonators fall into two
categories: the resonant-cavity type (e.g. double-H, 4-vane and split-coaxial) and the resonant-
transmission-line (or simply as resonant-line) type (e.g. 4-rod). An overview of the main charac-

teristics of these four kinds of RFQ structures is given in Table 3.1-1.
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(a) Four-vane [STO79]

(c) Double-H

Table 3.1-1: A glance at representative RFQ structures.

(d) Split-coaxial

Fig. 3.1-2: Different RFQ resonators (Courtesy of A. Schempp).

Feature . o e .
. . Typical frequency | Cavity dimension
Type Field mode Ion species £ [MHz] dependence of f
4-Vane TE»i0-like mainly light ions 100 — 400 “?amly on radial
dimensions
almost independent
4-Rod 7-0-A/2 hydrogen to uranium 5-200 to the cavity dimen-
sions
Double-H . . C 100 — 400 mainly on radial
(IH) TE0-like mainly light ions (<100) Jimensions
on both longitudinal
SCR TEM-like mainly heavy ions several to ~100 |and radial dimen-

sions
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In the following text, the fundamental working principle of the RFQ accelerator will be
briefly introduced in one subsection, while the other two subsections will present the 4-rod and
4-vane RFQ geometries, which have been chosen as the initial accelerating structures by the

FRANZ, IFMIF and EUROTRANS facilities, respectively.

3.1.1 Principle of Operation

The essential parts of an RFQ accelerator are the four electrodes, which are symmetrically
surrounding the beam axis and in alternating polarities. Fig. 3.1.1-1 shows a profile plot of a pair
of adjacent RFQ electrodes and their surface electric-field components. In the picture, it is clear

that: 1) The cell length L, of an RFQ accelerator is f,.A/2. 2) At the two ends of a cell, one

cel
opposed pair of electrodes has the minimum distance a from the axis, while another pair of elec-
trodes has the maximum distance ma from the axis. 3) At the middle of a cell where the RFQ
accelerator has quadrupole symmetry, all electrodes are equidistant to the axis and the distance

ro 1s called the mid-cell aperture or the effective aperture.

a

y-E.eitFOde

Fig. 3.1.1-1: RFQ electrodes and the electric-field components [SCH96].

Using the cylindrical coordinates, the electric-field potential with the time variation in-
cluded can be written as:
U(r,0,z,t) =V (r,0,z)sin(wt + @) (3.1.1-1)
where o is the angular frequency of the RF field and ¢ is the initial phase. Because in an RFQ
accelerator the electric fields are concentrated between the four electrode tips, which form a vol-

ume with much smaller dimensions than the RF wavelength, the quasi-static approximation
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[WANOS] can be used to describe the electric-field potential. Therefore, V' (7,0, z) satisfies the

following Laplace’s equation:

o’V 1ov 10 oV
+——+— + =

or* ror r*of* oz’

Demonstrated in Fig. 3.1.1-1, it is clear that Eq. (3.1.1-2) should satisfy the following con-

V¥V (r,0,z)=

0 (3.1.1-2)

ditions determined by the geometry characteristics of the RFQ (e.g. quadrupole symmetry and

longitudinal modulations):

V(r,0,z)=V(r,0,-z)
V(r,0,z)=V(r,0,z+ )

V(r,0,2)=V(r,-0,z) (3.1.1-3)
V(r,0,z)=V(r,m+0,z)
V(r,0,z) = —V(r,Hi%,ﬂ—;—z)

Based on the above five conditions and the method of separation of variables, one can ob-
tain a general solution for Eq. (3.1.1-2) as below:

V(r,0,z)= %{Z Ao ey @M cos[2(2s + )01+ DD A, 1, (nkr) cos(2s0) cos(nkz)} (3.1.1-4)
s=0

n=l s=0

where s+n=2p+1 (p=0, 1, 2, ...), Vo/2 is the electrode potential, /55 is the modified Bessel func-
tion of order 2s, and £ = 2—ﬁwi‘th B, being the ratio of the velocity of the synchronous particle
to the speed of light in vacuum and A being the RF wavelength.

Owning an infinite number of terms, however, this solution is impractical for use. There-
fore, K-T proposed to choose a proper geometry of the electrode to make the lowest-order terms

most important to the beam so that the other terms can be ignored. When s=0 and »n=1, Eq.

(3.1.1-4) has the form of:
V(r,0,z)= %[Amr2 cos(20) + A,y I, (kr)cos(kz)] (3.1.1-5)

where Ay, and 4, are two constants determined by the electrode geometry. In Eq. (3.1.1-5), the
first term describes the potential of an electric quadrupole for focusing, and the second one pro-
vides a longitudinal field for acceleration. It is, therefore, called as the two-term potential func-
tion, an important basis of the RFQ beam dynamics.

Because V(r,0,z)is constant along an electrode, one gets the following relationships from

Fig. 3.1.1-1:
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A )
V(a,0,0)=V rO,O,'H; =V| ma,0, P, =2 (3.1.1-6)
4 2 2
Consequently, 4y; and 4, can be solved from Eq. (3.1.1-5) as:
B m* —1
10 m’I,(ka) + I ,(kma)

(3.1.1-7)
_ 1, (ka)+ I ,(kma) _ 1

s m*1,(ka) + I,(kma) N ro2

01

For the sake of convenience, another two dimensionless coefficients are defined as:

A= 4,
5 (3.1.1-8)
X =A,a” =1-Al(ka)

where 4 and X are known as the acceleration efficiency factor and the focusing efficiency fac-
tor, respectively. In case of no electrode modulation (i.e. m=1), one gets A=0 and X =1, so the
RFQ of the moment is only a pure electric quadrupole focusing channel. When m increases, A
also increases, which implies that the longitudinal electric field is produced; but at the same time
X decreases, which imposes an upper limit on m because a sufficient focusing efficiency should
be ensured to confine the beam. The typical beam-energy range covered by the RFQ accelerator

is from several keV/u to several MeV/u.

Substituting A4, = X /a’and 4,, = 4 into Eq. (3.1.1-5), one gets:

V 2
V(r,0,z)= 7°|:X(£j cos(20) + Al (kr) cos(kz)} (3.1.1-9)
a
In Cartesian coordinates (x=rcosé, y=rsinf), the above equation can be rewritten as:
VO X 2 2
V(x,y,z)z; — (x" —y")+ Al (kr)cos(kz) (3.1.1-10)
a

As the gradients of the above potential function, the electric-field components for the three

dimensions — each should be multiplied by sin(wt + ¢) — can be obtained as below:

E == K 1 ) costhe)
a 2 r
XV, k4
E, =220y Yo 1 (k)2 cos(kz) (3.1.1-11)
a 2 r
A
B =MV (oysin(ie)

Considering the paraxial particle motion in one of the transverse planes (e.g. the xoz plane),

one gets:
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=LE (3.1.1-12)

where ¢ is the charge and M is the mass.

Linearizing for small arguments, /,(kr) = kr/2, one obtains:

d’x | qXV, qk’AV,
+ +
dt* | Ma’ AM

cos(kz)}c sin(wt + @) =0 (3.1.1-13)

In the square brackets of the above equation, the left term is the quadrupole focusing term,

and the right one is the RF defocusing term due to the electrode modulation. Be-

causekz = 2—7/212 = wt, Eq. (3.1.1-13) can be transformed to:

d*x
dt*

2

2
A oo+ 9+ A [Gnar+ gy +singllx =0 (3.11-14)
Ma SM

As sin(2at + @) equals to 0 for one unit cell, the term containing this factor can be ignored

if x is assumed constant throughout the cell. By this, Eq. (3.1.1-14) can be simplified to:

d*x | qXV, . gk’ AV, .
+ sin(wt + ¢) + ————sing |x =0 3.1.1-15
dt’ [Ma2 (@ +9) 8M ¢ ( )
. ) ) ot + ¢ . . . )
Replacing the independent variable ¢ by 7 = et one obtains the following equations in
V4

the form of the well-known Mathieu equation as:

2
d Z+[A,, + BsinQ2zr)]x =0
. :
d*y
~+[A,, —Bsin(2z7)]y =0 (3.1.1-16)
. :
d’z
= +(-2A,)z=0
with:
A = rqAV, sin g
of = 2 p2
21\{0 P (3.1.1-17)
B qXV,A
Mc’a®

where A, is the RF defocusing factor, and B is the transverse focusing strength (a more fre-
quently used physical quantity than the focusing efficiency factor X in the beam dynamics de-
sign studies).

Using the smooth approximation, the external-field phase advance of the transverse oscilla-

tions per focusing period can be evaluated from Egs. (3.1.1-16) as:
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2 _ B’
87’

o0, +A, (3.1.1-18)

Similarly, the longitudinal zero-current phase advance per focusing period can be expressed

in the form of:
of (3.1.1-19)
Including the space-charge effects, Egs. (3.1.1-16) should be modified by adding the corre-

sponding defocusing factors A, andA , as:

d*x )

s +[A,, +A,, +Bsin(2z7)]x =0

d* y

“ A, +A, ~BsinQan)ly =0 (3.1.1-20)
. :
2

er +(2A, +A,, )z =0

with:
__3ZyqIAl - f(p)]
87M\c*RIR By

sc,t
3Z,qlf (p)
4zM ,c*R'R, B2y’

(3.1.1-21)

sc,l

where A, andA , are obtained using a three-dimensional ellipsoid model for a beam bunch

with the following related parameters [GLU70, WANS8O0]:

R,: the mean transverse radius of the bunch
R: the longitudinal radius of the bunch
I the average beam current

Ap): the ellipsoid form factor

1 pcos' p
- (p<1)
1_p2 (l_p)3/2
B pcosh™ p 1
=R k)= EZR o (o) (3.1.1-22)
1
3 (p=1
1

For 0.8<p<5, f(p)=—
3p

Zy: the free-space impedance (Z, = 1 =376.73Q)).
£,C



Chapter III: Efficient Low- and Medium-£ Linac Structures

Accordingly, the phase advances with space charge per focusing period can be given as:

2
2
o, = +A+A
‘o8pr T (3.1.1-23)

2
o, = —2Arf +A,,

R: electrode radius

ideal quadrupole r,: effective aperture

/ R/r,=1.125

real electrode

Fig. 3.1.1-2: Ideal and real RFQ electrode tips.

The electrode-tip surfaces specified by the two-term potential should have the forms of hy-
perbolae as shown in Fig. 3.1.1-2. In practice, however, they are not feasible because of two rea-
sons: 1) The inconvenience for machining. 2) A high sparking risk induced by the too narrow
minimum gap distance between the adjacent electrodes. Demonstrated also in the picture, the
electrodes used in reality usually have circular cross-sections, so the two-term potential descrip-
tion should be improved to represent the quadrupole symmetry and longitudinal periodicity
modulation of the real electrodes more exactly. In early 1991, the first eight terms of Eq. (3.1.1-
4) were introduced into the PARMTEQ (Phase And Radial Motion in Transverse Electric Quad-
rupoles) simulation code and the code was consequently renamed as PARMTEQM, whereas

“M” means “Multipoles” [PAROS]. The eight terms are the non-periodic quadrupolar and do-

.24 .
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decapolar terms (41, 4o3), the first periodic monopolar, octopolar, dodecapolar and quadrupolar
terms (410, 412, 423, A21), and the second periodic monopolar and octopolar terms (A3, A23). The

potential function used by the PARMTEQM code is:

4

v, 0 ’

V(r,0,z)= 7‘) + A,y I, (kr) cos(kz) + A, I, (kr) cos(40) cos(kz) (3.1.1-24)
+ Ay 1 (2kr)cos(60) cos(2kz) + A,,1,(2kr)cos(20) cos(2kz)
+ Ay 1, (3kr) cos(3kz) + A,,1,(3kr) cos(40) cos(3kz)

AOl[LJ cos(2¢9)+Ao3(LJ cos(60)
7

where the non-periodic coefficients are normalized by r.

3.1.2 Four-Rod Structure

Essentially, the 4-rod RFQ structure is a multi-cell Quarter-Wave Resonator (QWR or 1/4
resonator). In a A/4 resonator cell as illustrated in Fig. 3.1.2-1, the supporting parts i.e. the stems
are shortcut at one end to use the nodes of the voltage, and they are conducted by the capacitive

electrodes at the another end to achieve a certain voltage.

(9]
:
g e
=4
ﬁ -
Stem
1
U
I

A4

Fig. 3.1.2-1: Principle of a 4/4 resonant-line structure.
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Schematically, Fig. 3.1.2-2 gives a part of the side view of a 4-rod RFQ. Clearly, the 4-rod
RFQ is a chain of 4/4 resonator cells coupled together by the magnetic field lines surrounding
the stems. The voltages on any two neighboring electrodes are of equal amplitudes but reverse
signs. The opposite electrodes which have a same voltage sign form a pair, and an array of
stems, whose bottoms are grounded on a common ground-plate, are alternately carrying the dif-
ferent pairs of electrodes. Traditionally, the electrodes have the rod shape; however, a kind of
mini-vane like electrodes with very similar RF properties are more popular due to the conven-
ient water-cooling and the better mechanical stability at high beam currents and high duty fac-

tors.

i\ V]

2=

[ 9

-
_—

J
~

C
& ©®

Fig. 3.1.2-2: Side view of a part of the 4-rod RFQ.

The 4-rod RFQ belongs to the family of resonant-line structures, so its resonant frequency f
is mainly decided by the height of the stems, the distance between neighboring stems and the
ratio of the electrode radius to the electrode aperture. In this case, therefore, the cavity wall has
very little influence on the inner structure and is mainly used for RF radiation shielding and
vacuum keeping. Consequently, it gives the advantages as follows:

e Because the transverse dimensions of the cavity have no direct relationship with f; the 4-

rod RFQ can be always compact even at low frequencies (typically, a 4-rod RFQ has only

about a half of the radial dimension of a resonant-cavity one at a low frequency).
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e The auxiliaries such as tuner and RF couplers can be easily added on the cavity wall
without worries to compensate the influences.

e It is also permitted opening a long groove on the cavity wall to make the installation,
alignment and tuning processes more simply.

Compared with the 4-vane RFQ, the 4-rod RFQ usually has a relatively lower quality factor

0, because the concentrated RF field on the inner structure causes an about 2—4 times higher RF

power density. Generally speaking, it is a challenge for a 4-rod RFQ to work at very high fre-

quencies, say over 350MHz, especially in case of CW operation. Nevertheless, the specific

shunt impedance:

Ui121 er-vane X L ank
, = X (3.1.2-1)

R
and the required RF power are usually still comparable for both structures.

Another highlighted advantage of the 4-rod RFQ is the excellent flexibility. The inner struc-
ture of a 4-rod RFQ can be easily adjusted to meet different practical demands: 1) First, keeping
the cavity compact, the 4-rod RFQ can either use straight stems for light-ion acceleration at a
high resonant frequency e.g. 200MHz or use spiral stems for heavy-ion acceleration at a low
frequency even several MHz. 2) Second, if the stem spacing permits, cylindrical stems can be
applied to reduce the high power density on the sharp edges of the straight stems. 3) Last but not
least, by means of a moveable tuning plate, the 4-rod RFQ provides the possibility to vary the
resonant frequency or the output energy without changing the structure itself [ENG96].

Because of the mentioned features, the 4-rod structure will be adopted for the 175MHz

FRANZ RFQ.
3.1.3 Four-Vane Structure

At high frequencies, the skin effect becomes significant, so the cooling of a room-
temperature resonant-line structure is usually difficult. In this case, the 4-vane RFQ, a kind reso-
nant-cavity structure which is of a relatively even RF power density, is more favorable. As
shown in Fig. 3.1.3-1, the 4-vane RFQ consists of a conducting cavity loaded with four vane-
like electrodes, which equally divide the cavity into four quadrants. Because of the vane geome-
try, it can be easily cooled and operated at CW. Working in a TE;;o-like mode, the 4-vane RFQ
cavity excites the electric field near the vane tips transversely and the magnetic field parallel to
the beam axis in the quadrants longitudinally. Obviously, the RF properties of a 4-vane RFQ are

determined by not only the electrodes but also the cavity wall.
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Fig. 3.1.3-1: An equivalent circuit model for the 4-vane RFQ.

Meanwhile, the coupling between the four quadrants is weak, as the magnetic field lines
have to travel long paths. Therefore, the 4-vane RFQ structure is relatively sensitive to mechani-
cal machining errors. A quadrupole asymmetry will result in unequal RF excitation in each
quadrant, and consequently unwanted dipole modes, which can influence the beam acceleration
harmfully and can cause emittance growth even particle losses, will appear. On the other hand,
mechanical errors and the cavity auxiliaries e.g. coupler loops, tuner and vacuum ports also in-
terfere with the field tilts of the 4-vane RFQ structure. The longitudinal field tilt sensitivity is
/2)*, where L

proportional to (L . 1s the structure length and A is the wave length, so a sug-

tank tan

gested length threshold of a 4-vane cavity is L, <24 [JAM84]. To some extent, it also de-
cides that this kind of RFQ is more suitable to work at high frequencies.

For the 350MHz, CW LEDA (Low-Energy-Demonstration Accelerator) RFQ [YOU94]
such an 8-meter-long 4-vane machine (see Fig. 3.1.3-2), LANL has successfully developed a
new construction method to separate the whole RFQ into several individually driven structures

and then to couple them together. Now, this coupled-cavity technique has become a standard
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method followed by all subsequent large 4-vane RFQ accelerators, also including the newly-

planned IFMIF-RFQ and EUROTRANS-RFQ. Certainly, more manufacture difficulties and

costs have to be faced.

.

-----

Fig. 3.1.3-2: The 8m-long LEDA-RFQ accelerator [YOU94].

3.2 H-Type Drift-Tube Linac

Owning a dominant longitudinal electric-field component, the TM (Transverse Magnetic)
modes are the natural choices for the conventional linacs, e.g. the Alvarez-type accelerator.
Since J.P. Blewett pointed out that the Interdigital H-type (IH) drift-tube linac structure could be
an attractive solution for proton beam acceleration up to 30MeV at the 1956 CERN symposium
[BLES56], the H-type structure has been intensively studied. Because of the excellent behavior in
many aspects, such as the RF efficiency, the beam quality and the operation reliability, the H-
type DTL has been developed as an important branch of the linear hadron accelerators during

the last several decades.

Table 3.2-1: A comparison between the Alvarez-type DTL and the H-type DTL.

Structure
Alvarez-type H-type

Feature

. IH: TEU(O)
Field mode TM()10 CH: TEZ](O)
Structure mode 21 o8
Period length B.A PAI2
f range 0.04-0.5 0.016 - 0.5
Frequency range [MHz] 100 — 400 30 - 800
Max. achievable accelerating gradient [MV/m] 2 gII{m;
Operation mode RT RT & SC
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Compared with the Alvarez-type linac, the H-type structure mainly has the following ad-
vantages (see Table 3.2-1):

e Low RF losses on the cavity wall because of the cross-sectional current flow paths.

e Low capacity load per length due to the slim drift-tube geometry.

e Wider applicable energy and frequency ranges.

e Significantly higher achievable accelerating gradients.

e Possible superconducting operation.

Though applicable also for conventional beam dynamics strategies, the H-type DTL accel-
erators together with the special KONUS concept are particularly efficient for accelerating low-
and medium-f beams. In Fig. 3.2-1, the realized room-temperature and superconducting

KONUS-based H-type DTL structures at Frankfurt University are presented.

Fig. 3.2-1: H-type DTL family [PODO07]

(left: the 216.816MHz RT IH-DTL for HICAT; middle: the 340MHz RT CH-DTL Prototype
for FAIR; right: the 360MHz SC CH-DTL Prototype).

3.2.1 Combined 0° Structure

The structure of a multi-cell RF linear accelerator is usually designed for a fixed f-profile of
the synchronous particle. Using the paraxial approximation i.e. the displacement of a particle
from the axis 7 is assumed constant through a cell, the energy gain of this particle is [WANOS]:

AW =qV,T(r,k)cose, (3.2.1-1)
with:
V, = fL//ZZ E(0,2)dz

. (3.2.1-2)
T(r,k)~ j_mE(r, z)cos(kz)dz 1V,
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where ¢ is the charge, ¢, is the synchronous phase, Vj is the axial RF voltage, L is the cell
length, and T is the so-called transit time factor which is always <1 as a reduction factor of the
energy gain due to the time-varying RF field.

Around the “ideal” synchronous particle, the “real” particles of the accelerated beam bunch,
which have more or less different positions, divergence angles, phases and energies, will per-
form the so-called synchrotron oscillations. Such oscillations can be described by the energy

difference (AW, =W, —W,) and the phase difference (A, = ¢, — @, ) between a test particle
in the bunch and the synchronous particle. The variations of Ag, and AW, with position sat-

isfy the following “synchronous equations” [LAPOO]:

dA¢i,s _ a)(% _ dts ) _ Q(L _L) ~ (4] Aﬂi,s _ wAVV[,s
e U BB Be B OMERT 5,04
dAWY,,
< = gE,T(cos g, —cos,)
dz
where E, =V, /L is the average electric field.
Accordingly, a second-order differential equation can be given as below:
dA o, E,T
4 By P | 4 C—(cosg, —cosp,) =0 (3.2.1-4)
dz dz 0 ‘

Compared with the particle velocity itself, the particle-velocity change in a gap is usually so
small that £ and y_ can be assumed constant in a cell. By this, one simplifies Eq. (3.2.1-4) to:

dzA(Di,s + a)qEOT
dz* Moc3ﬂ 373

N N

[cos(g, +Ap, ) —cosp, ]=0 (3.2.1-5)

i,s

dA
Multiplying the above equation by

, one gets:
2
d 1 dA¢is
Bl el S+ U(Ae. )| = 3.2.1-6
e 2[ = J (Ag, ) ( )
=H

with the following definition:

dU(Ag, E,T
(A9.,) _ g O [cos(p, + A, ) —cos@,] (3.2.1-7)
dAp,, M By: ’

The expression H inside the square brackets of Eq. (3.2.1-6) represents a constant total en-
ergy of oscillation: the first part is the kinetic energy term, and the second part is the potential

energy term.
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dU(Ag,,)

In Eq. (3.2.1-7), one gets =0 when Agp, =0 or —2¢,, which are correspond-

ing to the minimum and the maximum of the potential trough U(Ag, ), respectively. Using the

condition U(0) =0 and integrating Eq. (3.2.1-7), one obtains U(Ag, ) as:

E T
Ulag,) =~ = 5 sing, +A¢,) = Ag,, cosp, ~sing,] (3.2.1-8)

0 s /s
Substituting the above equation and the first equation of Eq. (3.2.1-3) into Eq. (3.2.1-6), one
gets:

T . i
3 3 [Sln((ﬂs + A¢,"S ) - Awi,s cos ¢S —Ssim (DS ] (32 1'9)

2
l a)AVVi,s + a)qEO
Moc3ﬂs ys

2 M00318s3?/3
= Const.

Considering the cases of the minimum and the maximum for U(Ag, ), the following equa-

tion can be given:
(s, ) . .
— 55t gETTsin(@, + Ap, ) — (2, + Ap, )cosp, +sing |=0 (3.2.1-10)
2M003ﬂs ys
Based on Eq. (3.2.1-10), the trajectory of any particle in the longitudinal phase space can be
plotted. WhenAg, , = -2¢,, one gets the separatrix, the boundary of the stable region (called
bucket) for the particle trajectories. With a “fish”-like separatrix, the top picture of Fig. 3.2.1-1

demonstrates the classic case (—90° <@, <0°) for hadron linacs. As shown in the middle pic-
ture, a maximum phase acceptance of 360° can be realized if ¢, = -90°, but the energy gain of

the synchronous particle is zero. On the contrary, at ¢, = 0°, the separatrix and the bucket don’t
exist any more, as the full field has been used for acceleration (see the bottom picture).

In a conventional DTL accelerator, the synchronous phase of an accelerating gap is typically
chosen as —30° to achieve the phase-stability longitudinally, and meanwhile additional mag-
netic focusing elements have to be housed in the drift tubes to focus the beam transversely.

Different than the traditional negative-synchronous-phase structure, the “Combined 0°
Structure” (KONUS: Kombinierte Null Grad Struktur) [RAT98] applies the 0° synchronous
phase to most accelerating cells. The fundamental motivation of this special KONUS beam dy-
namics concept is to minimize the transverse RF defocusing effects by maximizing the accelera-

tion efficiency.
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Fig. 3.2.1-1: Particle trajectories in the longitudinal phase space for

@, =—-30°(top), ¢, =-90° (middle) and ¢, = 0" (bottom) (Courtesy of R. Tiede).
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In Fig. 3.2.1-2, the situations of the longitudinal particle motions at both a negative syn-
chronous phase and the 0° synchronous phase are compared. Obviously, if ¢, is changed from
the conventional negative value to 0°, the separatrix which provides the stable area for longitu-

dinal particle trajectories will shrink to zero.

b R-Z

Sy

—1*4“'/

|
| ﬁ _ o I / F
@ U
T
Fig. 3.2.1-2: Longitudinal particle motions (left: ps<0°, right: ¢=0°)
@: The accelerating field as a cosine function of the phase; ®: The longitudinal potential well;

©: Particle trajectories in longitudinal phase spaces [RAT9S].

In the longitudinal phase space, therefore, only the area marked with dark arrows is used by
KONUS (see Fig. 3.2.1-3) to control the instability of the longitudinal particle motion. Obvi-
ously, for a 0°-synchronous-phase section, the beam injection should be unconventionally asyn-
chronous with the energy of the synchronous particle lower (typically 3%) than the energy of the
beam-bunch-center particle. On the other hand, the 0° section has to be ended before AW, de-
creases to 0 and a new synchronous particle should be redefined as above again. In fact, the

phases seen by the particles in the beam bunch are not fixed at 0° but slip from ~0° to the nega-

.34 .
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tive direction of the A® axis, so the radial RF defocusing effect as well as the longitudinal fo-
cusing effect are almost nothing at the beginning of a 0°-synchronous-phase section and then
both of them will be gradually increased. If the 0° section can be properly stopped, the beam can
get relatively stable motions in both transverse and longitudinal directions without external

transverse focusing, so using slim drift tubes is feasible.

AW"ZMO‘Z A

P

/S v s - 4 / /

30 '-20 -10 10 2=o'1 I30 =
\ R N \ \A@/deg
\ U S e s S N\ \

al

Fig. 3.2.1-3: The particle trajectories in the longitudinal phase space at ¢s=0°
and the usable area (marked with black arrows) for KONUS [RAT9S].

For long and intense linacs, however, such a preliminary lattice which consists only 0°-
synchronous-phase sections is not adequate any more. To compensate the accumulated longitu-
dinal instability and transverse defocusing effects, it is necessary to use a so-called “Combined
0° Structure” which introduces additional longitudinal and transverse focusing elements at the
two ends of each 0°-synchronous-phase section.

The first realized “Combined 0° Structure”, the IH cavity of the GSI HLI injector, is a typi-
cal example to study the KONUS dynamics. The longitudinal and transverse beam envelope
evolutions along this cavity are demonstrated in the top and bottom pictures of Fig. 3.2.1-4, re-
spectively. Clearly, one can see that a KONUS period consists of the following three elements:
1) A multi-cell 0°-synchronous-phase section for main acceleration. 2) An independent trans-
verse focusing element e.g. a quadrupole lens (usually a triplet) in case of an RT operation or a
solenoid in case of an SC operation. 3) A short rebunching section using conventional negative

synchronous phases for longitudinal focusing and matching.
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Fig. 3.2.1-4: Beam envelope evolutions (top: longitudinal; bottom: transverse) along an example

KONUS structure — the HLI IH cavity (Courtesy of R. Tiede).
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As seen above, KONUS does not use the traditional FODO lattice, but a special DFD O
FDF lattice. Accordingly, instead of a constant multiple of the unit cell (e.g. 254 for an Alvarez-
type structure and B4 for an RFQ structure), the part between the exits of two consecutive fo-
cusing elements is used as a period to define the phase advances for a KONUS structure, with
the advantage of using the same geometrical positions for the transverse and longitudinal phase
advance calculations [TIEOS].

Obviously, the phase advances are resulted by the overall effects of all elements in a
KONUS period with different impacts on the particle motion, so they are not easy to be calcu-
lated analytically. But fortunately, nowadays powerful multi-particle numerical simulation tools
are available, so it is not a problem to get the phase advance values for the KONUS structures.

The phase advances of a KONUS design are still comparable to those applied in conven-
tional linac designs [TIEOS]: 1) For low-current applications, a; > 90° (typically around 120°) is
sometimes necessary, especially at low energies, because of the relatively small focusing-
element density; and with increasing beam energy, o; will be gradually decreased to below 90°.

2) For high-current designs, a; < 90° is usually kept throughout.

3.2.2 Room-Temperature IH and CH Structures

Operating in the TE modes, the H-type cavities are characterized by the directions of the RF
magnetic field lines, which are parallel and anti-parallel with respect to the beam axis and turn-
ing around at the cavity ends to form closed loops [RATO00]. For hadron acceleration, the two
low TE modes, TE;;; and TE,;;, whose field distributions in the corresponding pillbox cavities
are shown in Fig. 3.2.2-1, are often used.

The resonant frequency for an H-type pillbox cavity can be calculated by the following for-

mula [PODO08a]:
o 2 2
fu, =c \/ [ﬁj + (%j (3.2.2-1)
where: c¢: the speed of the light in vacuum
x! .+ the zeros of the derivatives of the Bessel functions J,

(for IH: x{, =1.841, and for CH: x}, =3.054 [WANOS])

R: the cavity radius
L: the cavity length
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Fig. 3.2.2-1: Field patterns for the TE;;; and TE;;; modes (Courtesy of M. Busch).

In a TE-mode pillbox cavity, however, only the transverse electric-field components exist.
As shown in Fig. 3.2.2-2, the longitudinal electric-field component required for beam accelera-
tion will be produced by introducing a sequence of drift tubes, which are connected to the cavity
wall by interdigital or cross-bar stems, along the beam axis. Correspondingly, an H-type drift-
tube linear accelerator can be categorized as either an IH structure or a CH (Cross-bar H-type)

structure.
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Fig. 3.2.2-2: Schematic diagrams for a comparison of the electromagnetic fields

in the IH (top) and CH (bottom) cavities (Courtesy of R. Tiede).

Ar CERN Pb-LINAC, IH2, Gap No. 9, MAFIA Field Calculation

- g \‘: Vo = 830 kV; Mesh sizes in z-direction: 3mm; in x,y-direction: 0.6mm.

— Position/ Surface Field: D/ 33MV/m C/ 75MV/Im B/ 54MV/m Al 44MV/m
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Edge radii: p

Real geometry: P = 1.5mm.

Calculation: P = 0.

Fig. 3.2.2-3: Field patterns between the Alvarez-type thick-walled tubes [RAT98] (left) and be-
tween the KONUS-based slim tubes [BRO9S] (right).

Taking advantage of the KONUS beam dynamics concept, the H-type DTL can adopt slim
drift tubes (ratio of the tube outer radius to inner radius r,/r; = 1.4 typically) without any inte-

grated focusing elements. Compared with the conventional thick-walled tubes carrying lenses
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(see the left picture of Fig. 3.2.2-3), this kind of slim-tube geometry results in many attractive
features as follows: 1) Significantly high accelerating gradients. 2) A very high sparking limit.
3) Low capacitance contributions to the cavity. 4) Easy and cheap construction.

A good example is the IH2 cavity of the CERN lead linac. As shown in the right picture of
Fig. 3.2.2-3, electric fields of about 54MV/m, ~3.5 times as great as the Kilpatrick sparking
limit, have been reached on the faces of the new-type slim drift tubes [BRO98]. Correspond-
ingly, the overall voltage gain for the IH2 cavity is ~10.7MV/m (in pulsed operation), which is
about 3—4 times higher than the typical value for a conventional Alvarez-type cavity. All these
advantages lead the IH-DTL to become a kind of efficient accelerating structure in the energy
range from 100keV/u to 30MeV/u.

Comparing with the calculated frequency of the corresponding pillbox cavity by Eq. (3.2.2-
1), the measured resonant frequency of a built H-type DTL cavity is significantly lower for both
H-modes because of the loaded accelerating electrodes. For example: 1) The loaded resonance
frequency for the HICAT IH cavity (R =0.151m and L =3.76m) fj,,s=216.816MHz, which is
~37% of the corresponding H;;-mode pillbox cavity f,=583.085MHz. 2) In case of the SC CH-
DTL prototype (R=0.136m and L=1.048m), fi,.a=360MHz, f,7=1080.94MHz, and fioad/fo =~ 33%.

If the required resonant frequency is higher than 300MHz, the transverse dimensions of an
IH structure will be too small to make a realistic mechanical design. Fortunately, at a high fre-
quency up to 800MHz, the CH structure still owns reasonable transverse dimensions, so it can
extend the applicable energy range of the H-type structures up to 150MeV/u. Furthermore, be-
cause high mechanical rigidity and easy cooling are available from the crossed-stem geometry,
the CH structure opens the options for high-duty-factor even CW applications.

A comparison of the RF power efficiencies between different RT multi-cell accelerating

structures is given in Fig. 3.2.2-4, where Z ;, is the so-called effective shunt impedance and it is

defined by [RATO00]:

Z -cos’ = # (3.2.2-2)

loss tank

where:

the cavity voltage gain including the transit time factor 7 and the synchronous

gain :
phase ¢,

RF power losses

loss *

the cavity length

tank *
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Fig. 3.2.2-4: Effective shunt impedance including the synchronous phase ¢, of different RT

multi-cell accelerating structures as a function of the particle velocity . The blue bars repre-

sent some existing [H-DTLs and the red one for the designed GSI proton CH-DTL [PODO08a].

Obviously, behind the RFQ accelerator, the KONUS-based H-type DTL is the most effi-

cient RT low- and medium-f linear accelerating structure up to 5=0.3.
3.2.3 Superconducting CH Structure

At present, the R&D of efficient RF superconducting cavities is a hotspot for the accelerator
physics community. Among the salient characteristics e.g. high accelerating gradients and large
bore apertures, the most attractive one of an SC accelerating structure is that the RF power dis-
sipation can be dramatically minimized, which is significantly important for modern high power
machines especially when they are operated at high duty factors.

In case of room temperature, the skin depth, i.e. the distance an RF electromagnetic wave
can penetrate beneath the surface of the conductive cavity wall, can be calculated by the follow-

ing equation:
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P (3.2.3-1)
OUC

where w1is the angular frequency of the wave, i is the permeability of the material, and o is the

electrical conductivity of the material.

Accordingly, the RF surface resistance of the cavity wall (typically in the order of mQ) is:

R = o4 (3.2.3-2)
o0 20

For an SC cavity, R can be expressed as [PADOS]:

Y R P (0] ]
R, _A(Tj ! exp( o j+R0 (3.2.3-3)

= Rpcs
where 4 is a constant depending on the material properties of the superconductor, 7' is the tem-

A(T)

perature, exp(— k—Tj is the Boltzmann factor with 2A as the energy gap of the superconduc-

tor, R, s calculated by the BCS (Bardeen-Cooper-Schrieffer) theory [PADOS] is the main con-
tribution to R, and R, is referred to the residual resistance which is determined by several fac-

tors, e.g. the frozen magnetic fields, the defect and impurity of the materials. Therefore, in the

superconducting state, R can be significantly decreased to the order of nQ2, and consequently

the RF power consumption can be ignored.

Because of the relatively robust geometry, the CH structure is also a promising candidate for
the state-of-the-art superconducting accelerators. As a result of the KONUS dynamics approach,
a long lens-free CH cavity is feasible, and the independent magnetic focusing elements can be
easily shielded to get rid of frozen current contributions. Therefore, the development of SC CH-
DTL has overcome the lack of efficient superconducting low- and intermediate-energy cavities,
whereas “efficient” means a large energy gain per cavity.

As shown in Fig. 3.2.3-1, a 360MHz superconducting CH-prototype cavity has been built
and many cryogenic tests have been performed at Frankfurt University since 2005. After a new
surface preparation including an additional Buffered Chemical Polishing (BCP) and High Pres-
sure Rinsing (HPR) at ACCEL in 2007, the present record of the measured effective accelerat-
ing gradient (shown in Fig. 3.2.3-2) is 7MV/m, which corresponds to an effective voltage of
5.6MV and to a peak electric field of 36MV/m, and the RF surface resistance R, =88nQ

[PODO7].
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Fig. 3.2.3-1: Superconducting CH-prototype cavity (Courtesy of H. Podlech).
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Fig. 3.2.3-2: Measured (Qy-values as functions of the accelerating gradient £,. In former tests
the cavity was limited to the gradients of about 4.7MV. After a surface preparation at ACCEL,
the performance has been improved significantly [PODO7].
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Fig. 3.2.3-3: Optimizations of the superconducting CH structure for high-power applications

(Courtesy of H. Podlech).

To work with high-power beams interesting to modern HPDL projects e.g. IFMIF and EU-
ROTRANS, the geometry of the SC prototype cavity has to be further optimized. Therefore, re-
cently a new superconducting CH cavity is under intensive studies. As schematically shown in
Fig. 3.2.3-3, the following improvements have been done:

o Firstly, the stems, whose elliptical bases have the long axes originally parallel to the beam
axis, have been rotated by 90° in order to provide more space to contain larger RF power
couplers.

e The original major tuner system, which tunes the cavity by pushing on the end cells, has
been replaced by two membrane tuners (for fast and slow tuning, respectively) located be-
tween the stems. The advantage is that the drift spaces for the end-cells can be considera-
bly reduced, which is of particular importance to improve the beam dynamics design.

e Shorter girders and inclined end-stems have been adopted. They can not only further
shorten ~20% of drift space for the end-cells but also make the electric-field distribution
along the cavity flatter (see Fig. 3.2.3-4).
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Fig. 3.2.3-4: Electric field profiles with straight and inclined end-stems (Courtesy of M. Busch).
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Fig. 3.2.3-5: The new 325MHz SC CH cavity [PODO08Db].
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Based on the above efforts, finally a new SC CH cavity, which geometry is demonstrated in

Fig. 3.2.3-5 and parameters are given in Table 3.2.3-1, has been developed.

Table 3.2.3-1: Main parameters of the new 325MHz SC CH cavity [PODOS8b].

B 0.1585
fIMHz] 325.224
L, [mm] 505
Accelerating cells 7
Aperture diameter [mm] 30
E, [MV/m] 5
E,/ E, 6
B,/ E, [mT/(MV/m)] 13

G [Q] 64
R,/ Qo [Q] 1265
R.R, [Q] 80000

As the first SC CH-structure to be applied on a beam, the new cavity has been designed to
work at 325.224MHz, because it will be put in the =0.1585 part of the high-charge-state injec-
tor at GSI for a proof-of-principle experiment.

The beam test will accumulate important experience for the EUROTRANS project and the
IFMIF project, because they have been foreseen as the first real applications of this kind of

novel superconducting accelerating structure.
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4. RFQ Design for FRANZ

The FRANZ facility, a unique pulsed neutron source planned at Frankfurt Uni-

versity, will use a 175MHz, up to 200mA proton radio-frequency quadrupole accel-

erator as the first accelerating structure. The design of such an ultra-intense RFQ is

subjected to not only the challenging space-charge effects but also the stringent con-

straints for a university-based facility, e.g. compact dimensions

and minimum costs.

To meet the design goals, two unconventional optimization strategies — the so-called

6

ABBLE” design procedure and Longitudinal-Rotation Technique — have been de-

veloped and applied. For the acquired optimum design scheme, various off-design

conditions have been used to check its robustness and potential capability.

Proposed as a multi-purpose experimental physics platform as well as a test bed for the

R&D of modern high-power driver linacs, the FRANZ facility has b

een conceived as a small-

scale but ultra-intense neutron source, which can provide a ~10’/ (cm’s) neutron flux in the

range 0 — 500keV.

150 kV
Terminal W,=120keV ~ W,=07MeV  W,=187-2.1 MeV Beam Dump
P,=24x10'W P, =7x10W P,.=21x10'W Detector Development
’ \ - high n - flux (dc)
| Rebuncher M LiTarget
RFQ I y H
Volume Type " 'S 4 y
Ton Source \ — Steerer / A

- J Chopper Chopper |
At = 50-100ns f=250kHz  Dipole -
f= 250kHz Magnet

'Li Target — >

Fig. 4-1: FRANZ schematic layout (Courtesy of O. Meusel)

As shown in Fig. 4-1, this unique neutron source will mainly con

sist of the following com-

ponents: 1) A volume plasma ion source based on a 150kV platform to provide a 120keV, up to

200mA proton beam. 2) A 250kHz chopper to shape the beam time structure as required. 3) A

175MHz linac complex to accelerate the proton beam to 2.0MeV. 4) A short rebuncher cavity to

allow the adjustment of the final energy in the range of 2.0+0.2MeV. 5) A Mobley-type com-

L47 .



Chapter IV: RFQ Design for FRANZ

pressor to push up to 10 micro beam bunches from the linac into a 1ns time slot. 6) Finally a
solid or liquid "Li target to recieve up to ~10A protons for the neutron generation via the ' Li (p,
n) Be’ reaction.

One highlight of the FRANZ driver linac is 200mA such an ultra-high design beam inten-
sity. Because the induced strong space-charge effects will be most significant at the low-energy
end, a relatively high input energy of 120keV has been chosen for the proton beam. The particle
acceleration will be completed in two steps:

e A four-rod RFQ accelerator to capture, shape, bunch and pre-accelerate the input beam

until 0.7MeV.

e An IH-DTL accelerator to continue boosting the protons to 2.0MeV.

The transition energy between the RFQ and the IH-DTL has been decided as 0.7MeV to
make use of the relatively higher acceleration efficiency of the H-type DTL so that the overall
length of the driver linac can be as short as possible.

Table 4-1 gives a worldwide survey of the RFQ machines which peak currents are 100mA
or higher, and for comparison the corresponding performances demanded by the planned

FRANZ RFQ are also listed together.

Table 4-1: >2100mA RFQ projects in the world [ZHAOS].

Parameter trans.,norm., rms
Ipeak f Win | Wout U &in L
ion Status
) [mA] [MHz] [MeV] [kV] [* mm mrad] [m]
Project
. 0.13 (x)
ATS RFQIII* | 100 | H 425 10.100/2.070 111 2.9 Tested
0.22 (y)
IPHI" 100 [H" | 352.2 10.095/5.000| 87-123 0.25 g0 | Under
construction
JAERI BTA* | 100 | H [201.25]0.100/2.000 113 0.65 34 Tested
LEDA" 105 |H"| 350 [0.075/6.700| 67-117 0.20 8.0 Tested
IFMIF? 140 |D'| 175 |0.100/5.000|111-151 0.20 12.3 | Under design
CERN RFQ2* | 200 H' [202.56|0.090/0.750 178 0.40 1.8 Operating
FRANZ 200 |H'| 175 ]0.120/0.700 85 0.40 ~2.0 | Under design

*: pulsed operation; #: CW operation.
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The arguments of this configuration for the FRANZ RFQ are:
e The size of the FRANZ experiment hall is ~9.5x9.5m”, so the length of the RFQ accel-

erator has been limited to within ~2m to make sure enough space for other components.

e The input normalized rms transverse emittance, 0.4 1 mm mrad, has been adopted refer-
ring to the corresponding value of another 200mA RFQ i.e. the CERN RFQ2 [BIS&4,
HIL9S, JAM97].

¢ An inter-electrode voltage of 85kV has been chosen for reliable CW operation.

Obviously, it is challenging for the FRANZ RFQ to reach the performances similar to those

of the CERN RFQ2 machine, but using only about a half of the inter-electrode voltage.

4.1 Classic Design Approach

For the FRANZ RFQ, which covers the energy range only from 120keV to 700keV, it is
more important to bunch the proton beam well than to accelerate it. However, the chosen input
energy of 120keV is relatively too high to fulfill the bunching task easily, because:

e To bunch a fast beam is more difficult than to bunch a slow one. According to Eq. (3.2.1-

3), the variation of A¢ with position z is inversely proportional to /3;3 y) for asame AW .

e The length of a bunching cell is longer at a higher injection energy, which goes directly

against the goal to realize a compact RFQ structure.

Furthermore, the phase and energy spreads of the output beam from the FRANZ RFQ have
to fit into the longitudinal acceptance of the following IH-DTL which will be designed by the
special KONUS dynamics concept.

In short, there are two major jobs for the FRANZ RFQ design: 1) To complete a fast but sta-
ble beam bunching within a ~2m-long structure and in the presence of significantly strong

space-charge effects. 2) To achieve a good matching between the RFQ and the IH-DTL.

4.1.1 LANL Four-Section Procedure

For the RFQ beam dynamics design, the LANL (Los Alamos National Laboratory) Four-
Section Procedure (FSP) [CRA79] is a classic technique, which divides an RFQ into four se-
quential sections: firstly, an Radial-Matcher (RM) section serves to adapt the input beam to a
time-dependent focusing system; then a Shaper (SH) section and a Gentle-Buncher (GB) section

help to longitudinally change the input beam (typically continuous) to proper, small bunches one
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after another; and finally a fast energy gain will be achieved by a so-called Accelerator (ACC)

section.

Holding the longitudinal small oscillation frequency @, and the geometric length Z,, of the

separatrix constant, the GB section originally proposed by K-T [KAP70] is the essence of the

LANL design method. The @, and Z,, are determined by the formulae as follows:

2= 7r2qA V,sin(—¢,)

1 212
MpB~2 4.1.1-1)
z, = ypA
2
. : siny —y
where y is the angular width only related to the synchronous phase ¢, by tang, = T cosw
—cosy

Theoretically, the conditions in Eq. (4.1.1-1) can lead to an adiabatic beam bunching: the
beam bunch length and the longitudinal charge density distribution can be maintained constant
throughout the whole beam compressing process. Though this approach was developed in the
zero-current case, numerical simulation studies have shown that in the presence of space-charge
effects within certain premises, it is still effective to reach a nearly constant bunch density and
keep the emittance growths well under control [ WANOS8]. However, there is also a remarkable
disadvantage that the resulted acceleration efficiency 4 is very low at the entrance to the RFQ
where ¢, must be close to -90° to accept a DC input beam.

A good solution to reach high capture efficiency as well as to achieve a reasonable RFQ
length simultaneously is to introduce a short pre-buncher called “shaper” before the GB section.
At the expense of some emittance growths from a fast compression, the shaper pushes ¢, and the
electrode modulation m from their initial values -90° and 1 up to certain values, which can
shorten the bunching to an acceptable level, respectively. At the end of this two-stage buncher,
the beam phase width and the electrode aperture a are smallest, so this position, which can be a
bottleneck for the whole RFQ design, is one of the most critical places for space-charge effects.

Besides the longitudinal bunching problem, how to properly match the input beam into the
RFQ is also crucial. The characteristics of the input beam are independent of time, but the ac-
ceptance ellipse at the beginning of an RFQ is changing due to the time-varying field. To over-
come this difficulty, a radial-matching section, bell-mouth like and normally several focusing
periods long, is used as the initial part of the RFQ. Here, the electrodes have quadrupole symme-
try with a quickly shrinking aperture so that the transverse focusing strength B can be increased

from almost O to its full value.
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Finally, at the end of the GB section, an accelerator section, where a, m and ¢, are all kept
constant, is usually added to bring the beam to the required final energy quickly.

In addition, a distinctive characteristic of the Four-Section Procedure is that the transverse
focusing strength B is kept invariant after the RM section in order to result in a constant mid-cell
aperture ry, 1.e. a position-independent capacitance, along the main RFQ channel for easy RF

tuning.

4.1.2 Test Design Studies

Variations of the LANL design procedure have been made at IAP to get shorter RFQs,
which will reduce the required RF power and the system costs, and they have been successfully
applied in various RFQ projects. Based on this design concept for compact RFQs [SCH96], fur-
ther optimizations with respect e.g. to energy spread and emittance growth have been made.

The design work of the FRANZ RFQ has been started with some test studies based on the
LANL method. To use the Four-Section Procedure, firstly some basic parameters have to be de-
cided.

The one of the first priority is the synchronous energy at the end of the GB section, Wgg,
which has been properly set as 550keV, a value slightly smaller than the output energy
Wou=700keV. This is because the FRANZ RFQ, for which the total increase in energy is quite
small, has a more important task to fulfill an efficient bunching process for a 200mA beam.

The next step is to choose the maximum values of the synchronous phase ¢ max and the
electrode modulation m max. Typically, @ max=-30° and m ma,=1.8-2. However, to well bunch
such a 200mA beam over a limited distance, @ max=~-40° and m max=~1.6 have been conserva-
tively adopted to avoid steep jumps in parameter variations.

Another key parameter, which has direct influences not only on the total length of the ma-
chine but also on the overall beam performance, is the synchronous energy at the end of the
Shaper, Wsy. Normally, a higher Wsy, which permits a slow bunching, can lead to a good beam
quality, but a long structure as well. In case of the FRANZ RFQ, which has been restricted to be
~2m long, the highest Wsy to be used is 125keV.

On the basis of the above-made choices, a sweep of the FSP-style designs for the FRANZ
RFQ has been carried out with respect to the mid-cell aperture ry from 0.48-0.66cm in twelve
steps. Based on the simulations using the well-known PARMTEQM computer code [PARO5]
and 10° input macro-particles in a 4D-Waterbag distribution (Note: if no special statement, this

simulation configuration will be used for all RFQ designs mentioned in this dissertation), the
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main structure and RF parameters of the obtained LANL-type design schemes are compared in
Table 4.1.2-1, where Ex is the Kilpatrick factor representing the ratio of the maximum surface
electric field to the Kilpatrick limit, ami is the minimum electrode aperture of the RFQ and L is
the total length of the RFQ. Clearly, with an increasing ry, Ex is decreasing from 1.66 to 1.20
and meanwhile @y, is increasing from 0.36¢cm to 0.49cm, respectively. The maximum electrode
modulation and the RFQ length, within 1.63—1.65 and 207-216cm, respectively, are both a little

larger than the expected values.

Table 4.1.2-1: FSP-style designs for the FRANZ RFQ.

ro [cm] Ex ?s, max [°] Amin [cm] M ax L [cm]
0.481 1.66 -40 0.358 1.628 206.91
0.497 1.60 -40 0.370 1.629 209.60
0.513 1.55 -40 0.382 1.631 209.01
0.530 1.50 -40 0.394 1.632 208.46
0.546 1.45 -40 0.407 1.633 211.14
0.562 1.40 -40 0.419 1.634 210.47
0.579 1.36 -40 0.431 1.636 213.10
0.595 1.32 -40 0.443 1.639 212.47
0.611 1.29 -40 0.455 1.639 215.11
0.627 1.26 -40 0.467 1.641 214.27
0.643 1.23 -40 0.479 1.643 216.90
0.659 1.20 -40 0.491 1.645 216.07

Corresponding to the FSP-style designs, the beam transmission efficiencies for transported
and accelerated particles as well as the transverse focusing strengths B are plotted as the func-
tions of ry in Fig. 4.1.2-1. Obviously, along with an increasing ry, there are marginal improve-
ments in both Ty and Tyecelerated at the beginning, but gradual declines happen after 7,=0.627.

However, as the transverse focusing strength B is going down linearly, both of the output
rms normalized transverse emittances grow dramatically especially when r,>0.546 (see Fig.
4.1.2-2). From these two figures, it is easy to see that: 1) A mid-cell aperture smaller than 0.546
can not provide a large enough transport area for the particles. 2) But when r,>0.546, the avail-
able transverse focusing forces are not sufficient any more. Based on an overall consideration of
the behaviors in both transmission efficiency and emittance growths, the design with 7,=0.546
has been regarded as the best one among all these designs. Here, this scheme is named as “De-

sign-0” to provide the basis for further analyses.
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Fig. 4.1.2-1: Beam transmission efficiencies and transverse focusing strengths vs. 7j.
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Table 4.1.2-2: Four-section partitioning of the Design-0 scheme.

Section Cell Range Length [cm] B
RM 1-4 5.5 0.010 - 8.920
SH 5-20 22.8 8.920
GB 21-104 158.5 8.920
105-112
ACC 243 8.920
(Cell113 is the exit fringe field cell)

The four sections of the Design-0 scheme are distinguished as shown in Table 4.1.2-2, while

the evolutions of the main dynamics parameters, a, m, ¢s, the synchronous energy W; and the

inter-electrode voltage V, along the accelerating channel are demonstrated in Fig. 4.1.2-3.
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Fig. 4.1.2-3: Main RFQ parameters versus cell number for Design-0.

4.2 Optimization Strategies

From the test design studies, in which the highest total transmission efficiency for all these

FSP-style designs is <85%, one can conclude that the traditional LANL strategy is not sufficient
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to realize a satisfying design for the 200mA FRANZ RFQ such an ultra-intense machine. There-

fore, some unconventional optimization concepts have to be developed.

4.2.1 New Design Procedure for Intense Beams: “BABBLE”

To improve the LANL Four-Section Procedure, one must firstly get at the root of the prob-
lem. In the main RFQ, the forces seen by the accelerated beam will experience the following
changes: when the beam is gradually bunched longitudinally with slight acceleration, the space-
charge force is increasing with the decreasing bunch size and behaves most significantly at the
end of the bunching stage; and when the real acceleration begins, the transverse defocusing
force will be weakened as the beam velocity rises rapidly. Apparently, the Four-Section Proce-
dure is inconsistent with the natural beam developing process in the RFQ, because it arbitrarily
holds the transverse focusing strength B constant after the RM section, which can let the travel-
ling particles feel unbalanced forces between the transverse and longitudinal planes and turn un-
stable. The more intense the accelerated beam is, the more serious the problems will be.

To realize an efficient bunching for the FRANZ RFQ, a new design strategy so-called
“BABBLE” (Balanced and Accelerated Beam Bunching at Low Energy) has been developed
based on the following basic idea: to vary the transverse focusing strength B along the RFQ ac-
cording to the corresponding space-charge conditions at different positions — namely during the
bunching B should be increasing with the space-charge force until the transverse defocusing
force is weakened, and afterwards it should go down accordingly — to keep the whole beam de-
velopment under a transverse-longitudinal force balance.

If the above-mentioned important condition is satisfied, the evolution speeds of the syn-
chronous phase and the modulation parameter can be retuned to improve the bunching process:

e Firstly in the original SH section, the relatively steep “jumps” of ¢, and m can be replaced
by a gentle increase, respectively. Especially at the beginning, a certain distance where ¢;
is kept at -90° is very important to provide the beam a maximum-separatrix-bunching pe-
riod, while m is slowly climbing up to produce the longitudinal field gradually.

e “Protected” by the ascending B, both of the rising speeds of ¢, and m are allowed to com-
plete a turning from slow to fast, where in the last half part of this turning period, ¢, and
m can rise much more rapidly than in the original GB section so that the length growth
caused by the foregoing slowed bunching can be compensated.

e When B starts to fall down, ¢, and m can continue increasing linearly at the achieved high

increment speeds or at slightly lower speeds than the current ones (it depends on the in-
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tensity of the accelerated beam and the requirements on the transverse emittance growths,
etc.); this is a stage with a mixture of bunching and accelerating.

e After the beam is well bunched, B, ¢, and m can be held constant — same as in the original

ACC section — for a stable acceleration until the required output energy is reached.
In accordance with the new “BABBLE” strategy, the evolutions of B, ¢; and m along the
RFQ in the Design-0 scheme have been improved in the ways shown in Fig. 4.2.1-1 and Fig. 4.
2.1-2, respectively. From the pictures, the following differences can be seen:
¢ As in the original RM section, the new B is firstly taped from almost 0 to 5.4 over 4 cells
but with a 40% lower magnitude; then it is steadily increased to the maximum between
Cell5 — Cell60; finally, it is smoothly decreasing in the rest part.

e Until Cell20, the new ¢ still equals to -90°; the turning periods for the new ¢, and m end
at Cell65 (but actually also at Cell60, the additional 5 cells are for a smooth transition to
the next stage); then they are almost linearly increased to the RFQ exit at somewhat de-

pressed speeds due to 200mA such an ultra-high intensity.
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Fig. 4.2.1-1: B vs. cell number before (FSP) and after (“BABBLE”) optimization.
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In Fig. 4.2.1-3, the synchronous energies as the functions of cell number before and after

optimization are compared. Clearly, in the “BABBLE” case, there is nearly no acceleration until
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Cell60, but afterwards the beam gets a much faster energy gain so that it approaches already the
final energy using 6 less cells than the FSP case.

As a result of the “BABBLE” optimization, a new design scheme called “Design-1", with
the improved variations of the main parameters shown in Fig. 4.2.1-4, has been obtained for the
FRANZ RFQ. Actually, the “BABBLE” method also divides an RFQ into four sections, but us-
ing different partitioning rules and making relatively smooth transitions between sections (so
each section might extend to its neighboring section for one to several cells). For the Design-1
scheme, the sections are distinguished as below:

e Maximum-Separatrix (MS) Section: characterized by ¢, = -90°; besides the functions

of the original RM, it performs a symmetrical (See Chap. VI) and soft bunching with a
maximum phase acceptance (full 360°); being 27.4cm long, it covers Cell1-Cell20.
e Main Bunching (MB) Section: it starts from the end of the MS section and stops at
Cell60 (extends to Cell65), where B reaches the maximum over a length of 56.8cm.

e Mixed Bunching-Accelerating (MBA) Section: 110.7cm long (Cell61/66—Cell106)
with a decreasing B.

e Main Accelerating (MA) Section: same to the original ACC section; because the total
energy increase of the FRANZ RFQ is low, this section is not used (nevertheless, the De-
sign-1 RFQ has only totally 107 cells and is ~15cm shorter than the Design-0 one).
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Fig. 4.2.1-4: Main RFQ parameters versus cell number for Design-1.



Linac Design for Intense Hadron Beams

The beam transport simulation results of the Design-1 scheme have confirmed the efficiency
of the “BABBLE” optimization applied to the Design-0 one.

First of all, the total beam transmission efficiency has risen from 78.3% to 98.3%, while the
transmission efficiency for the accelerated particles has a significant growth from 68.5% to
96.0% as well. Fig. 4.2.1-5 gives a comparison of the lost particle distributions between the two
designs, where the three dimensions are representing the cell number, the particle energy and the

ratio of the lost particles, respectively.
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Fig. 4.2.1-5: Lost particle distributions for Design-0 (top) and Design-1 (bottom).

It’s clear that the “peak” of beam losses, corresponding to ~20% of the input macro-
particles, has been almost removed after the “BABBLE” optimization. One can further notice
that in case of Design-0, though most lost particles appear at the positions already close to the

RFQ exit, their energies are less than 200keV. This means during the bunching process, more
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and more particles slipped out the shrinking separatrix, the boundary of the stable region (called
bucket) for particle trajectories, and when the fast acceleration started, they were lost quickly. In
short, the FSP method has not successfully focused the 200mA proton beam longitudinally.
Second, in order to have a better observation on the bunching process, the variations in
transverse and longitudinal emittances along the beam axis for both cases are plotted in Fig.
4.2.1-6, where the dashed lines are responsible to Design-0 and the solid lines for Design-1. In
case of Design-0, because the space-charge forces were increasing with a reduced bunch size but
without an effective control, the transverse emittances were keeping moving up until Cell84,
where both of them had a growth rate by about a factor of two (if the large beam losses did not
start to happen there, one can expect that the transverse emittances would reach the top at
Cell104, the end of the gentle buncher); on the other hand, the remarkable increase in the longi-
tudinal emittance shows again that the beam bunch was getting looser and looser about the syn-
chronous particle. Different than the Design-0 case, the developments of the emittances in all
planes, especially the transverse ones, were well under control along the Design-1 RFQ (though
the longitudinal emittance curve for 100% of transported particles had an obvious increase at the
downstream of the RFQ, it is easy to see from the “99%” curve that the “noise” came from less
than 1% of “bad” particles). The fairly flat emittance evolutions after the “BABBLE” optimiza-
tion show that the new strategy has held the beam under a balance of forces between the trans-

verse and longitudinal planes almost throughout the FRANZ RFQ.
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Fig. 4.2.1-6: Emittance growths along the RFQ for Design-0 (top) and Design-1 (bottom).
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Fig. 4.2.1-7: Output particle distributions for Design-0 (top) and Design-1 (bottom).

Finally, the output particle cluster plots of the transverse and longitudinal phase spaces for

the two designs are demonstrated in Fig. 4.2.1-7, where: 1) The scaling of the divergence for the
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Design-0 scheme is two times that for the Design-1 one. 2) For both cases, the red and green
ellipses, which shapes and orientations are referenced to the corresponding rms ellipse, are con-
taining 99% and 90% of transported particles, respectively. 3) The particle densities are distin-
guished by 10 colors, and the blue color used for the outermost regions corresponds to the densi-
ties between 0 and 10% of the peak one.

Clearly, among the limited transported particles from the Design-0 RFQ, there are still lots
of halo particles in the transverse planes, and meanwhile there should be a long beam “tail” in
the longitudinal direction, as the ellipses are too large to be shown in the plot range. Therefore,
the total quantity of the particles really usable for the following IH-DTL will be not too much.
However, the plots for Design-1 RFQ indicate that the beam is concentrated in all spaces.

The detailed simulation results of both Design-0 and Design-1 will be presented in the next

section together with the optimum design.

4.2.2 Longitudinal-Rotation Technique

Because of the strict length restriction and the modest inter-electrode voltage, the Design-1
RFQ has been able to maximally bunch the main beam into the range of ~ +40°. However, it is
still not sufficient to provide a satisfying matching to the successive IH-DTL machine. As men-
tioned, to achieve the best efficiency, the most suitable design approach for the H-type DTL ac-
celerating structure is the KONUS beam dynamics concept, which is characterized by special
configurations of the synchronous phases and energies for the accelerating gaps. Therefore,
KONUS has relatively strict requirements to the longitudinal acceptance especially the phase
spread Ag of the input beam. The typical input phase spread for an H-type DTL is between +20°
and £30°. According to the actual situation of the FRANZ RFQ, this range is too difficult to be
reached if a good beam bunching is required. Therefore, the goal of the phase spread of the RFQ
output beam has been slightly relaxed to +35°, which is reasonable because the following IH-
DTL is a short machine with only very limited 0° gaps.

Based on the Design-1 scheme, another optimization strategy so-called the Longitudinal-
Rotation Technique, which can rotate the output beam to a more vertical position in longitudinal
phase space, has been proposed. As shown in Fig. 4.2.2-1, the rotation was realized by giving
the evolution of the synchronous phase an unconventional “kick” — ¢, had gone back to more
negative, ~60°, for a short time — at the end of the RFQ in order to provide the beam a harder
compression longitudinally again. Of course, it could be at some expenses such as a longer

structure and a larger energy spread. For facilitating the discussions, after the longitudinal-
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rotation the modified Design-1 scheme is renamed as Design-2, which is almost identical to the

former one except the short part behind Cell97.
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Fig. 4.2.2-2: Output longitudinal phase-space projections (left: Design-1, right: Design-2).

In Fig. 4.2.2-2, the output longitudinal phase spaces without and with the longitudinal rota-

tion are compared, where the left picture demonstrates the situation for Design-1, and the right

- 63 -
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one is for Design-2. As the last time, the two ellipses are including 99% and 90% of transported
particles, respectively. It’s clear that the output particle distribution has been rotated as expected
in the longitudinal phase space with an obviously narrowed phase spread but a slightly larger
energy spread. Meanwhile, the ellipses show that the particles are more concentrated after the
rotation.

For the Design-2 scheme, the effective beam transmission efficiency has been checked as a
function of the phase-spread limit. In Fig. 4.2.2-3, the two curves represent the cases of energy
spread limits AW= +£30keV and +40keV, respectively. For the required phase spread of £35°,
both effective beam transmission efficiencies are over 90%. Therefore, the main output beam

from the RFQ could be safely matched into the downstream IH-DTL.
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Fig. 4.2.2-3: Effective beam transmission efficiency as a function of phase-spread limit.

The detailed design parameters and simulation results for Design-0, -1 and -2 listed in Table
4.2.2-1 show that the Longitudinal-Rotation Technique is very efficient: all parameter values of
Design-2 e.g. the beam transmission efficiency and the output transverse emittances are almost
same as those of Design-1, except that the total length is only ~3cm longer (which means just

one more cell is needed), but the output longitudinal emittance has been improved by ~20%.

.64 -
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Table 4.2.2-1: Three beam dynamics designs for the FRANZ RFQ.

Design
Parameter Design-0 Design-1 Design-2
Design approach LANL-FSP “BABBLE” “BABBLE”
Longitudinal-Rotation No No Yes
Frequency [MHz] 175
Input / output energy [MeV] 0.120/0.700
Beam current [mA] 200
Inter-electrode voltage [KV] 85
G TS HOTL TS mrad] 0.40
Kilpatrick factor 1.45 1.59 1.59
Minimum aperture [cm] 0.41 0.42 0.42
Maximum modulation 1.63 1.51 1.51
Eoud” """ ™ [w mm mrad] 0.79 0.52 0.53
Eoud” """ ™ [w mm mrad] 0.76 0.53 0.52
Eou” " [ MeV deg] 6.53 0.64 0.51
Cavity length [cm] 211.14 196.05 199.01
Total number of cells 113 107 108
Beam transmission [%o] 78.3 98.3 98.3

In conclusion, the performance of the Design-2 scheme has well met the project require-

ments:

¢ The high transmission efficiency is not only favorable to reach an as high as possible pro-

ton intensity on the n-production target, but also comfortable for the future routine main-

tenance.

e The whole RFQ is 1.99m in length, so it is as compact as demanded.

e The Kilpatrick factor is 1.59, which is slightly higher than the Design-0 one but still safe

enough for the planned CW operation.

4.3 Design-Stability Investigations

Using simulated off-design conditions to test the safety margins and the potential capabili-

ties of a designed RFQ accelerator is of practical importance for the future construction and op-

eration.
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According to the capability of the PARMTEQM simulation code, seven kinds of non-ideal
cases have been investigated without changing the designed RFQ structure:

¢ Input beam current (Ziy).

¢ Input transverse emittance (&p).

e Twiss parameter ¢, of the input emittance ellipse.

e Twiss parameter [, of the input emittance ellipse.

¢ Vibration of the inter-electrode voltage (V).

e Energy spread of the input beam (/).

e Transverse beam displacement from the beam axis at injection (ox).

Table 4.3-1: Stability-investigation settings for the FRANZ RFQ.

Setting
Design value Variation steps Step length
Parameter
Smaller /;,: 6
in 2 2
fin [mA] 00 Larger [;,;: 4 >
11 in- 3
gintrans.,unnorm.,real [TIT mm mrad] 15006 Sma Cr & 20
Larger gn: 7
11 in-
in 1.75 Smaller i 3 0.1
Larger ain: 5
S 11 in. 5
Bin [em/rad] 14.74 maller /4 1.0
Larger fin: 5
Smaller Vie: 5
ac 1.0 0.01
Vi Larger Veye: S
Smaller 6W: 0
0 0 +1
oW 1%l Larger oW: 10
Smaller ox: 0
.1
ox [mm] 0 Larger ox: 10 0

Including the design values, the variation step numbers and the step lengths, the settings
shown in Table 4.3-1 were defined for the tolerance-investigation studies on the Design-2
scheme of the FRANZ RFQ. For each case, 10 steps of variations with a same interval were
generated with respect to the design value (Note: the variations are not necessary to be symmet-
ric about the design value). In addition, /;, and &, were mainly used to check the operation flexi-
bility or the upgradability, so relatively larger step lengths of variations have been particularly
chosen for them. The intervals for other quantities were referenced to the operation and meas-

urement experiences.
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For the convenience of comparison, the studies have been started with the premise of vary-
ing only one parameter per time. Therefore, in most cases only the nominal design has a
matched input beam. The following results of the other designs for the tolerance investigations
could be somewhat better if the input beam parameters are adjusted to be matched.

Firstly, with a changing input beam current from 50mA to 300mA, the evolutions of the
beam transmission efficiency and the output beam current are shown in Fig. 4.3-1. Clearly, be-
tween 5S0mA and 200mA, the transmission curve is quite flat, and afterwards it slowly goes
down; however, even at 300mA which is 1.5 times as high as the design intensity, the beam
transmission efficiency is still over 92%. Another curve shows that the relationship between the
output beam current and the input one is quasi-linear, which means the current limit is still far

away to be reached.
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Fig. 4.3-1: T and Ioy vs. i

Secondly, the unnormalized total transverse input emittance has been investigated as the in-
dependent variable. For 200mA such an ultra-high intensity, it makes sense to check more “lar-
ger input emittances” than smaller values. Corresponding to the given g, ™™™ yalyes,
different-sizes of transverse input emittance ellipses are plotted in Fig. 4.3-2, where the one with

an area of 0.015006 © cm rad (<»0.40 T mm mrad as a normalized rms value) is representing the

nominal case.
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Obviously, the output emittances and especially the beam transmission 7" are insensitive to
the changes, even when the transverse input emittance is 0.029 © cm rad, almost 2 times of the

design value (see Fig.4.3-3). It leaves a large operational margin for the ion source.
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Then the mismatching cases were explored with the Twiss parameters, a and f, of the input
emittance ellipse. The relationship between the Twiss parameters and the emittance is shown in

Fig. 4.3-4 and described by the formula Eq. (4.3-1).
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Fig. 4.3-4: The emittance ellipse.
&= +200x + fx’’ (4.3-1)
with:
2
_ “ﬂ“ 4.3-2)

where 7e is the area of the ellipse containing the particles.

With a varying a or S, the shape and orientation of the transverse input emittance ellipse are
changing as shown in Fig. 4.3-5, where the light-blue ones, i.e. the middle ones, are representing
the Design-2 case. Obviously, a is influencing on not only the shape but also the orientation of
the ellipse, while g is simply rotating the ellipse, so the effects from the f variation could be

faster and more harmful.
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To keep the chapter compact, the results of another study on the inter-electrode voltage fac-
tor (the ratio of the imposed inter-electrode voltage to the design one) have been plotted together
with the results for o and f in Fig. 4.3-6. Because for all these three cases the design value is in
the same order in the test list, the abscissa can use the test step (the tests have been started from

small values to large ones) as the independent variable. Because of the same reason, the results
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for both the input energy spread oW and the displacement of beam injection ox are presented to-

gether in Fig. 4.3-7.
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For all above-performed parameter-scanning checks, the minimum beam transmission is
still >93%, which indicates that Design-2 scheme is robust enough to allow future upgrade and

flexible operation.

4.4 Conclusions

The test design studies show that the classic RFQ design approach, the LANL Four-Section
Procedure, which was developed at the end of 1970s by neglecting the space-charge forces, is
not sufficient to provide a satisfying design for the 200mA FRANZ RFQ. The shortcomings of
the LANL method are as below:

e The strongly “pushed” bunching in the SH section is the source of unstable particles (as
well known, the upstream of an RFQ has a crucial influence to the performance of the
whole machine; if the beginning is bad, the situation can not be easily improved by the
rest part).

e The parameter variations in the GB section are too slow to make the RFQ short.

e The constant-B law makes the design work not flexible.

To realize a balanced and accelerated beam bunching at low energy for modern high-
intensity RFQ accelerators, a new design procedure called “BABBLE” has been proposed. By
adapting the transverse focusing strength B to the changing space-charge effects and properly
retuning the variation speeds of the synchronous phase and the electrode modulation along the
RFQ, the beam can be longitudinally focused under balance of forces in a reasonable, smooth
and efficient way.

The optimization design practice of the FRANZ RFQ has shown that at a moderate inter-
electrode voltage, the “BABBLE” strategy is feasible to achieve a design for a high-intensity up
to 200mA RFQ with the following features simultaneously:

e Low particle losses.

e High beam quality.

e A compact structure.

¢ Robustness to various errors in wide ranges.

In addition, the Longitudinal-Rotation technique has also opened an option to solve the lon-
gitudinal matching problem between an RFQ accelerator and a KONUS-based H-type DTL ac-

celerator.
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5. DTL Design for IFMIF

Based on an accelerator-driven neutron source using the D-Li stripping reaction,
the International Fusion Materials Irradiation Facility (IFMIF) is aiming to build
an appropriate test environment for the development of fusion reactor materials.
The required 250mA, 40MeV deuterons on the Li target will be provided by two
125mA CW driver linacs working in parallel. Though the RFQ accelerator has been
decided as the initial accelerating structure up to several MeV at the very begin-
ning, until now IFMIF is still looking for an efficient drifi-tube linac to continue the
acceleration to 40MeV with high beam qualities and to permit hands-on mainte-
nance. The original as well as reference DTL candidate is the conventional normal-
conducting (NC) Alvarez-type structure, but a later proposal based on the H-type
structure and the superconducting technology has become an attractive alternative.
The focal point of this chapter is the optimization on the preliminary H-type DTL
design for IFMIF with respect to the linac system and the beam dynamics. Besides a
more realistic linac-layout configuration and considerably smaller transverse beam
sizes and emittance growths, the greatly improved robustness against various non-
ideal construction and operation conditions, which has been confirmed by more
thorough error studies, is another advantage of the new design. Finally, a brief
comparison between the reference Alvarez-DTL design, the new version of the H-
type DTL design and another competitive SC DTL option using the HWR (Half-

Wave Resonator) structure is presented.

To simulate the high-flux neutrons in a fusion enviorment, the accelerator system of the
IFMIF facility has to deliver 250mA, 40MeV deuterons on a liquid Li target with a rectangular
(20cmx 5cm) and uniform beam footprint in a CW mode [IFM04]. For 250mA which is beyond
the intensity record of the present RF hadron linac technology, a two-linac scheme is more
favorable because it can not only divid the peak current in half but also provide operational
redundancy. In each driver linac, the beam acceleration will be done in two steps:

e An RFQ accelerator: 95keV — 5SMeV.

e An DTL accelerator: 5SMeV — 40MeV.

The reference linac layout was discribed in the IFMIF Comprehensive Design Report

(CDR) published in 2004
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e For the RFQ accelerator, a design based on the Equipartitioning Procedure (EP) (see

[JAMO7] for details) has been adopted (therefore, the output beam of the reference EP-
RFQ will be used as the basis of our DTL design studies).

e Concerning the DTL part, an NC Alvarez-type structure based on the CEA (Commissariat

a I'Energie Atomique — French Atomic Energy Commission) design has been nominated.

Table 5-1: Top-level performance requirements and characteristics

for the IFMIF DTL [IFM04].

Requirement Specification Detail / Comment
Particle type D" H** for testing (avoids activation)
DTL type Alvarez With post couplers
Number of DTL tanks 10

Total length 303 m Based upon the CEA design
RF operating frequency 175 MHz

Beam input energy 5 MeV

Beam output energy 40.2 MeV Based upon the CEA design
Beam input current 125 mA

Beam output current 125 mA Current loss < 0.3 pA/m (3 nA/m goal)
Total RE power 6.45 MW 10 RF tubes, 20 RF couplers
(beam + cavity)

Beam power 4.40 MW

Beam efficiency 68 % Based upon the CEA design
Beam aperture 2.5cm Diameter
Synchronous phase -45 to —30 deg Based upon the CEA design

Norm. rms transverse
emittance

< 0.4 Tt mm mrad

Based upon the CEA design

Norm. rms longitudinal
emittance

< 0.8 Tt mm mrad

Based upon the CEA design

Duty factor

Ccw

Pulsed tune-up and start-up

Maintainability

Hands-on

Design not to preclude remote maintenance

.74 .
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According to the CEA design, the top-level specifications for the IFMIF DTL are summa-
rized and given in Table 5-1, while a schematic layout of the whole IFMIF driver linac is shown
in Fig. 5-1, where the DTL part consisting of a short MEBT (Medium Energy Beam Transport)

section and ten Alvarez-type tanks is ~30m long.

MEBT 10 tank Alvarez-DTL
-I........" Beam
0.1MeV 5MeV 40MeV
< >

Total length 43m
Fig. 5-1: Layout of the reference RFQ + Alvarez-DTL linac for IFMIF [SAUOQ7].

In the required total RF power for the normal-conducting reference Alvarez-DTL, ~2MW
will be dissipated on the RF structures. It will not only result in remarkable operation costs but
also bring unusual challenges to the cooling issues for such a CW machine. Up to now, these

problems are still remaining unsolved for the NC accelerator technology.

5.1 H-Type DTL Designs

Enabled by the advance in RF superconductivity, a promising solution mainly based on SC
H-type structures has been proposed by IAP [SAU07]. As demonstrated in Fig. 5.1-1, this alter-
native IFMIF driver linac replaced the 10-tank Alvarez-DTL by a 11.5m-long, 8-tank (1 NC and
7 SC) CH-DTL (for the convenience of discussion, this design is named as “CH-Design-1").
Taking advantage of the high RF efficiency of the SC CH modules, the project budget could be
greatly cut down due to a significant length reduction of ~20m and an SC operation for the main

part of the DTL.

MEBT 8 tank CH-DTL

0.1MeV 5MeV 40MeV

< >
Total length 26m

Fig. 5.1-1: Alternative layout of the IFMIF driver linac with 8 CH-tanks [SAUO7].
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Using the output particle distribution of the reference EP-RFQ (generated by the
PARMTEQM code with 10° of input macro-particles) as the input distribution, the beam trans-
port simulation of the 8-tank CH-DTL with drift-tube apertures ranging from 30mm to 100mm
showed the beam transmission efficiency was 100%. However, as shown in Fig. 5.1-2, the trans-
verse emittance growths of CH-Design-1 are 226% and 145%, respectively, which are much lar-

ger than the corresponding values of the reference design: 54% and 117%.
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Fig. 5.1-2: Comparison of transverse and longitudinal emittance growths between the reference

Alvarez-DTL design (top) and the 8-tank CH-DTL design (bottom) [SAUOQ7].
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Other two drawbacks of the exploratory CH-Design-1 [RAT07b] are:
¢ Involving iron yokes, the quadrupole focusing method has been used for both NC and SC
cavities, which gives a risk in increased RF losses caused by non-zero static magnetic
fields.
e The drift spaces between cavities are somewhat too short for a reasonable technical
design.
To overcome all these shortcomings, further design studies were recommended by the two
expert meetings at the end of 2006 and early in 2007 within the EU IFMIF initiative for
checking the superconducting CH approach for IFMIF.

5.1.1 Linac Layout Improvements

Re-Buncher s¢G solenoids
2.5 MeV/u 4.5 MeV/u \ Gl Rl TS 20 MeV/u

rt IH/CH

N/ sC scC SC
ACIS—E*I}I‘CIS—TQ ’YACIS-TSI CH-4 ’I‘ CIS—|C-5 I CH-6 ’I‘ CH-7 I CH-8

YRYERYNY

2x400 kw RF amplifier: 16x300 kW

Fig. 5.1.1-1: A new pro
(Courtesy of H. Podlech and ACCEL).

Introducing one more SC CH-cavity, a new IFMIF-DTL layout proposed by IAP is demon-
strated in Fig. 5.1.1-1, where the “Re-Buncher” is namely the MEBT and the NC DTL cavitiy of

the CH-Design-1 has been added an IH option — without changing the beam dynmaics issues —

.77 -
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because of the higher shunt impedance of the IH structure. For comparison, the new design will
be hereinafter called as “CH-Design-2".

The new DTL layout is a result of a series of changes and improvements with respect to the
following requirements: 1) To further decrease the project costs. 2) To be more reasonable for
the technical design. 3) To leave larger safety margins. 4) To improve the beam quality.

First of all, the originally planned IMW RF amplifiers have been decided to be replaced by
the more standard 300kW ones, which can reduce the capital costs. However, as the CH-Design-
1 layout is already compact enough, the amount of cavities in the new design should be kept
similar. To meet this requirement, the following decisions were made:

e To use two 300kW RF power couplers to feed every new SC CH-cavity.

e To drop the accelerating gradient, which is defined in Eq. (5.1.1-1), of each SC CH-cavity

from the original 5.5-6MV/m to ~SMV/m (see Fig. 5.1.1-2).

_ summation of effective gap voltages

E, (5.1.1-1)

summation of period lengths
Thus, finally only one more SC CH-cavity is needed.

6.5
6
] /\/\/‘\
| ./\¢/‘\* o —o
4.5 4

3.5

2.5 -

Accelerating Gradient E, [MV/m]

1.5

14 —4&— CH-Design-1

0.5 - —@— CH-Design-2

0 1 2 3 4 5 6 7 8 9
SC CH-Tank Number

Fig. 5.1.1-2: Preliminary and new accelerating-gradient settings of the SC CH-cavities.
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Taking over a part of the beam-acceleration task from the original RT-CH cavity, this
addtional SC CH-cavity can not only keep the whole structure compact but also save more RF
power by shortening the RT-CH cavity.

Consequently, the number and effective voltages of the gaps in every cavity have been
adjusted as shown in Fig. 5.1.1-3. Compared with the old design, the new layout has even one
less gap. Meanwhile, the decreased gap voltages are also favorable to leave more saftey margins

for reliable operation.

1.1

>

o
B
L

g
[=2]
|

o
o
|

Effective Gap Voltage V. [MV]
o
=

——CH-Design-1

0.1 1 —e—CH-Design-2

0 T T T T T T T
0 10 20 30 40 50 60 70 80

Gap Number

Fig. 5.1.1-3: Effective gap voltages of the H-type DTL layout before and after adjustment.

Secondly, the quadrupole lenses in the cold part have been all replaced by SC solenoidal
lenses, which have the following attractive features:

e SC solenoid magnets can reach much stronger field strengths, ~ 4—10 times higher than
the upper limit of the quadrupole ones.

e To provide the same transverse focusing, the SC solenoids are considerably shorter than
the quadrupole lenses (in the IFMIF case, 12—15cm against 25—40cm).

¢ SC solenoids are safer to the superconducting state because no iron yokes are involved.

¢ Different than the quadrupole lens, which always focus the beam in one transverse plane

but meanwhile defocus it in another transverse plane, the solenoids can focus the beam in



Chapter V: DTL Design for IFMIF

both transverse planes simultaneously. The resulted similar beam developments in the ra-
dial directions are very helpful to achieve good beam qualities.

Thirdly, the free drift space — excluding the space occupied by the transverse focusing
element — between each two neighboring cavities has been considerably lengthened to reserve
enough room not only for the cavity end-cell design and mechanical cavity coupling but also for
housing other important non-accelerating components, for example: 1) The cryo-module and
helium vessel for SC operation. 2) Tuner for cavity tuning. 3) Beam diagnostic devices. 4)
Steerer for orbit corrections.

The important adjustments of the separations between the cavities are as follows:

e RFQ to MEBT: 17 =>25cm.

e MEBT to RT-CH: 25 => 38cm.

e RT-CH to SC-CH-1: this distance has been held almost same, but the free drift space has

an increase of ~13cm in length because of the compact solenoid.

e The solenoid-free cold regions (i.e. SC-CH-3 to -4, SC-CH-5 to -6 and SC-CH-7 to -8):

from 7, 9 and 10 => 16, 16 and 21cm, respectively.

The first two changes have been partly realized by shortening the MEBT re-buncher from 4
gaps to 2 gaps, which is also useful to decouple the beam from the cavity and ease the RF
control under operation [RAT07b].

A brief comparison of the linac-system parameters between CH-Design-1 and -2 is made in
Table 5.1.1-1.

Table 5.1.1-1: Preliminary and new H-type DTL layout designs.

Design
CH-Design-1 CH-Design-2
Parameter
Number of RT tanks 2 (1 MEBT and 1 RT-CH) 2 (1 MEBT and 1 RT-CH)
Number of SC tanks 7 8
Total number of gaps 77 76

Number of RT lenses

8 (1 doublet and 7 triplets)

3 (1 doublet and 2 triplets)

Number of SC lenses

0

6

Total DTL length [m]

11.4

12.2
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The preliminary and new H-type DTL layouts are demonstrated in Fig. 5.1.1-4, where the

energy values are corresponding to the energies of the bunch-center particles at the end of all

cavities, and the SC solenoids are marked in green.

5.0MeV

9.8MeV 15.6MeV 19.8MeV 23.5MeV 27.8MeV 32.4MeV 37.4MeV 41.8MeV

} | b b b
RTEECH E SC-1 E SC-2 ||SC-3 @ SC-4 SC-5 }X‘ SC-6 SC-7 E

/\
=
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—

e
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= 0l sc1| Q]| sc2 | M |sc-s||sc4 | M| scs||scs |[]| sc7 || scs |}

e g

12.2 m

Fig. 5.1.1-4: Comparison of the DTL layouts between CH-Design-1 (top) and -2 (bottom).

5.1.2 Beam Dynamics Optimizations

Besides the above-mentioned improvements which were mainly done for the linac system,

there were also some other important optimizations dedicated to the beam dynamics.

First efforts have been made for the radial beam dynamics. In Fig. 5.1.2-1, the transverse

beam envelopes along the DTL are plotted for the CH-Design-1 case. Though the whole beam

has successfully travelled through the accelerating channel, the following potential problems

have to be overcome against various inevitable errors in construction and operation:

e At z=~1.6m where the third lens locates, the envelopes are relatively too close to the bore

aperture in the transverse planes, so this position could be a “bottleneck” of the whole

machine.

e The beam envelopes become diverging at z=~4m, and this situation continues until the

exit of the DTL accelerator for both planes (actually shown in Fig. 5.1-2, the sudden and

steep growths of transverse emittances have started from the same position), so the end of

the SC-CH-1 cavity should be the most critical point for optimization.
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Fig. 5.1.2-1: Transverse beam envelopes along the DTL of CH-Design-1 [SAUO07].

To address the first problem, the lenses in the warm part have been properly lengthened by
2-9cm, respectively, to make larger apertures possible. Finally, the lens aperture has been raised
from 4cm to Scm and the magnetic field strengths have been accordingly decreased by ~30%.
This procedure is favourable to achieve a relatively longer and gentler transverse focusing at the
beginning of the DTL part as well as is important to enlarge the safety margins.

The improvement of the situation in the cold part was realized not only by taking advantage
of the much higher focusing strengths available from the SC solenoids but also by shifting every
lens standing behind the SC-CH-2 cavity forward by one cavity, for example, the lens originally
between the SC-CH-3 and -4 cavities has been moved to the location between the SC-CH-2 and
-3 cavities. Performed in terms of the focal lengthes of the solenoids, the lens shifting helped
keeping the beam divergences under control.

Using the same input distribution, the LORASR [TIE06] simulation of CH-Design-2 gave
satisfying results. As shown in Fig. 5.1.2-2, in the RT part, the outermost particle has an
enlarged minimum distance, ~10mm, to the bore aperture; while in the SC part, the new beam
envelopes experience relatively stable oscillations and have obviously smaller sizes at the out-

put. Consequently, the bore aperture in the cold part could be shrunk from 10cm to 9cm.
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Fig. 5.1.2-2: Transverse beam envelopes along the DTL of CH-Design-2.

On the other hand, the longitudinal beam dynamics should be improved as well. After the

optimizations of the radial beam dynamics, the transverse beam-bunch dimensions are consid-

erably smaller, so the space-charge effects of the beam, especially for such a 125mA intense

beam, become dramatically stronger. As a natural result, the beam should feel a much larger de-

focusing force in the longitudinal direction, so how to balance the increased defocusing effects

is a critical point to avoid a fast longitudinal emittance growth. The optimization has been done

by adjusting the phase- and energy-differences between the bunch-center particle and the syn-

chronous particle at the beginning of every ¢p=0° section as following:

e The phase difference, Ap, in the first gap of each 0° section has been modified from the

original value 0° — -5° to ~-5°.

e Meanwhile, the relative energy difference, AW/W, at the beginning of each 0° section has

been increased by 1% or even more.
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AWIW [%]

Fig. 5.1.2-3: Comparison of bunch-center motions in 0° sections between CH-Design-1 and -2.

Marked with blue diamonds and red triangles, respectively, the old and new bunch-center
motions in the 0° sections are shown in Fig. 5.1.2-3, where the green arrow shows that in every
0° section the beam bunch slips down from up-right to low-left because of the phase- and en-
ergy-differences. However, caused by a more-negative starting Ag and a larger starting AW/W,
the beam bunch can move to the negative direction of the Ag axis faster and experience also
more-negative phases. As discussed before, a more-negative phase leads to a stronger longitudi-
nal bunching to the beam bunch. In this way, therefore, the longitudinal beam dynamics of the
new design has been improved. The evolutions of the longitudinal beam envelopes are com-
pared in Fig. 5.1.2-4. Clearly, in each plot of the new design, the two boundary lines of the beam
are still developing in parallel; and at the DTL exit, the final energy and phase-spreads are com-

parable to those of the original case.
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For a better evaluation of the beam quality, the output particle distributions in all planes for
the two designs are firstly checked in Fig. 5.1.2-5 (Note: the scalings are different), where each
black ellipse is including 95% of all particles, and the value given on the top of each plot is the
corresponding normalized, real emittance. Obviously, the beam quality has been improved in
both transverse planes, while the output longitudinal particle distribution has been kept still

similar to the original one.
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Fig. 5.1.2-5: Longitudinal beam envelopes along the DTL of
CH-Design-1 (top) [SAU07] and CH-Design-2 (bottom).

Second, the transverse beam envelopes for 100%, 99% and 95% of all particles, respec-
tively, are plotted in Fig. 5.1.2-6 simultaneously. The “100%” curves show that the outermost
particles still have safe enough distances to the bore apertures throughout the DTL accelerator,
while from the “99%” and “95%" ones it is easy to see that the main beam has a smooth devel-
opment in beam size and it is confined in the range of £10mm only.

Third, compared to the original emittance growths for the three planes, 226%, 145% and
25%, the new ones are 60%, 66% and 32%, respectively.

To sum up, all analyses have confirmed the success of the employed optimization concepts

again.



Linac Design for Intense Hadron Beams

50
— 1M,95%
40 - 1M,99%
—— 1M,100%
30
€
E 20
&
l, 10 +
x ‘/\/\_AN\/\W
.i';
> 0r
x ‘f\r\v\/—\/\/\/_\/_—\
a
=] -10 \’\f\,\/\/\/\/\/—\/\,
©
>
=
w -20 -
1S
©
[}
m -30
-40
_50 L L L L L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Z [cm]

Fig. 5.1.2-6: Transverse envelopes including 95%, 99% and 100% of the beam.

5.2 Error-Tolerance Studies

For the design stage, only perfect accelerator components and ideal operating conditions
have been taken into account. In reality, however, more or less perturbations to the design case
are inevitable. Therefore, the error studies are particularly important for the IFMIF DTL which
can tolerate almost no beam losses.

The errors influencing the beam dynamics can be roughly divided into three families:

e Beam-related errors, mainly from a non-ideal beam injection.

e Machine errors, which sources are manufacturing deviations, misalignments, inaccurate
tuning, and so on.

e External errors, such as RF vibrations from the power sources and mechanical vibra-
tions from the environment.

As shown in Fig. 5.2-1, so far four kinds of machine and external errors can be simulated by

the recently integrated LORASR error-study subroutines [TIE07a, TIEQ7b], namely:

.87
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Fig. 5.2-1: Schematic plots of the errors can be used in the LORASR code [TIE07a,b].

e Transverse translations of magnetic lenses (QMIS): AXjens, AYiens (€ach singlet separately)

with typical values <0.1mm.
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e Rotations of magnetic lenses (QROT): Ag, y, ,(each singlet separately or the whole mul-
tiplet array together), which typical ranges are referring to the QMIS error (the typical
length displacements caused by the rotations are <0.1mm).

e Gap and tank voltage amplitude errors (VERR): AUg,p (each gap separately) and AUtk
(equal for all gaps belonging to a same tank) with typical values AUgp/Ugep<5% and
AUtank /Utank <1%.

e Tank phase errors (PERR): A®, (applied to the first gap of a tank) with typical values
ADyypi <1°.

Limited by the current version of the LORASR code, only 10° of input macro-particles, 1/10
of those adopted in the design studies, can be properly processed by error studies. Therefore, the
DTL input distribution for the error studies was reproduced by the same RFQ design but with
10° of input macro-particles. To check the influences caused by the reduced particle quantity, a

careful comparison of the simulation results between the two cases has been firstly performed.
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Fig. 5.2-2: Transverse beam envelopes for 10° and 10° of input macro-particles, respectively.

Firstly, the transverse beam envelopes are compared for the nominal case “1M” (1M=10°
particles) and the less-particle case “100K” (100K=10> particles). In Fig. 5.2-2, clearly the
transverse envelopes including the whole beam are already very similar for both cases and the

ones for 99% of all particles are even identical to each other.
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Fig. 5.2-3: Emittance growth evolutions for Case “IM” (top) and Case “100K” (bottom).

Secondly, the emittance growths along the DTL are compared between the “1M” case and
the “100K” case in Fig. 5.2-3. It is easy to see that the differences between the two groups of
development curves for the transverse and longitudinal emittances are also small, especially in
the transverse planes (the “1M” longitudinal emittance growth is slightly larger after z=~3m).

As shown in Fig. 5.2-4, the last validation was made by comparing the input and output par-
ticle distributions of the two cases, where the red and green ellipses are including 98% and 90%

of all particles, respectively. Generally speaking, they are still similar.
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Fig. 5.2-4: Input and output distributions for Case “I1M” (top) and Case “100K” (bottom).

In conclusion, one can use the “100K” input distribution for the error studies in the current

optimization design stage. Of course, when the LORASR error-study subroutines are able to

deal with 1 million particles, the error studies with the original “1M” input distribution had bet-

ter be performed.
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5.2.1 Single-Error Effects

To clearly investigate the effects from a specific error, the error studies have been firstly
performed with one single error involved per time. Among the four kinds of errors, the QMIS
and QROT errors are more important, so in the single-error studies, they were generated in the
ranges two and three times the typical ones, respectively; while for the rest VERR and PERR
errors, only the typical values were used.

As mentioned, the typical angle range of the lens-rotation error is determined by the rule
that the corresponding length displacement caused by the rotation is <0.1mm. Because commer-
cial doublet and triplet products, each of which is manufactured as a whole, will be used, the
QROT error should also be applied to the whole lens. In case of the new design of the IFMIF H-
type DTL, the shortest length from “pole-end” to “pole-end” in a lens is 11.5cm. Taking into
account of the edges of the “lens house”, the typical angle range of the lens rotation error for the
IFMIF DTL is <I.5mrad (because the lenses used by the KONUS-based H-type DTLs are typi-
cally longer than 10cm, this <1.5mrad range can be generalized for all lenses in KONUS struc-
tures). In addition, the rotation about the z axis has no influence to the solenoids, so a relatively
larger range, <2.5mrad, has been chosen for the Ag, errors of the quadrupole lenses.

The following six settings of the limits for each error have been used to check the single-
error effects:

o QMIS-A: AXiens=£0.2mm & AYiens=+0.2mm.

e QMIS-B: AXiens=£0.3mm & AYjens=+0.3mm.

e QROT-A: Apy=+3.0mrad, Ap,=+3.0mrad & Ap,=+5.0mrad.

e QROT-B: Ap=+4.5mrad, Ap,=+4.5mrad & Ap,=+7.5mrad.

e VERR-A: AUygap=£5.0% & AUiank=%1.0%.

e PERR-A: AD=+1.0°.

For each case, 100 non-ideal DTLs have been generated randomly, and the errors are Gaus-
sian-distributed and truncated at the maximum A=+2¢ in the range of the corresponding setting.

Because the most important result for the IFMIF DTL is the beam-loss situation, only the
maximum transverse beam sizes without and with a certain kind of error along the DTL are pre-
sented (see Fig. 5.2.1-1). In every picture, the blue curve plots the so-called common maximum
transverse beam size which is defined as the perpendicular distance between the “common” out-

ermost particle of the 100 non-ideal beams and the beam axis at every position along the DTL;
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and the green curve is doing the same thing, except it firstly throws away 1% of particles from

each non-ideal beam from outside and then to find the new “common” outermost particle.
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Fig. 5.2.1-1: Common maximum transverse beam sizes along the DTL with single-error effects.

From the pictures in Fig. 5.2.1-1, the following phenomena can be observed:
The quadrupole lenses are more sensitive to the QMIS errors but not the QROT errors,
which is because: 1) Each singlet has been treated independently for the QMIS errors, so in a

quadrupole lens the translations of the singlets might happen in two opposite directions. As a
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result of the accumulated error effects, the particle trajectories could be obviously changed. 2)
The QROT errors have been applied to a whole quadrupole lens. In case of a rotated triplet, the
first singlet gives the beam a declination in one direction, the second one has almost no contri-
bution to the error effects because its center is still on axis, but the third one will more or less
push the beam back. As the non-ideal singlets compensate each other, the overall error effects
could be small.

On the contrary, the QMIS errors have relatively more influences to the solenoid lenses, but
the QROT errors do not.

The “100%” common maximum transverse beam sizes with the given VERR and PERR er-
rors are almost same as those without errors, except at the end of the VERR-A curve (but the
“99%” curve shows it’s induced by small “noises”).

The QMIS-B plot indicates the third lens could still be “the weakest link™ for the whole ma-

chine in the presence of large errors.

5.2.2 Combined-Error Effects

In reality, various kinds of errors are mixed together, so it is more important to check the
nominal design with combined errors.

Table 5.2.2-1 presents the two groups of combined-error settings used for the new H-type
DTL design with the following considerations: 1) The Casel setting defines the maximum errors

as the typical values. 2) The QMIS and QROT ranges in Case?2 are twice those of the Casel.

Table 5.2.2-1: Error ranges used for combined-error studies.

Case

1 2
Error Type

AXiens +0.1 +0.2
QMIS [mm] 1y +0.1 102
Ay y +1.5 +3.0
QROT [mrad] |,/ 25 +5.0
AU, +5.0 +5.0

[\) gap
VERR [%] AU +1.0 +1.0
PERR [°] AP +1.0 +1.0

.94 .
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Similar to the single-error studies, the batch simulation of each case includes 100 runs with
randomly generated but mixed errors. The common maximum transverse beam sizes with the
error settings of Casel or Case2 are given in Fig. 5.2.2-1, where the nominal case is also shown
for comparison. No beam losses have been observed even in the worst case. Especially for the

SC cavities, the space between the beam and the accelerator elements are still fairly safe.
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Fig. 5.2.2-1: Common maximum transverse beam sizes for Casel (top) and Case2 (bottom)

with and without errors.
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Another analysis of the error effects on the beam quality is to take statistics of the additional

emittance growths induced by errors. The definition for the additional emittance growth is given

as below:
error nominal
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Fig. 5.2.2-2: Additional emittance growths induced by errors.
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In Fig. 5.2.2-2, it is clear that: in the transverse planes, the maximum additional emittance
growths are <30% and <45% for Casel and Case2, respectively; while in the longitudinal plane,
for both cases: 1) The maximum growths are <150%. 2) Most runs have growths smaller than
40%. 3) Only rare runs have growths >70%.

Therefore, the beam envelopes and the beam quality are still acceptable in case of combined

€Irors.

5.3 A Comparison of Different Proposals

Besides the reference Alvarez-DTL design and the IAP H-type DTL design, there is another
SC version of DTL design for IFMIF. Using the HWR (Half-Wave Resonator) structure, this SC
design has been also proposed by CEA, France. To see the pros and cons of each design, it is

worthwhile to do the following comparative analyses.

a0

Fig. 5.3-1: Schematic plots of Alvarez (left), HWR (middle) and CH (right) structures

with electric fields (Courtesy of M. Busch).

As schematically shown in Fig. 5.3-1, firstly the three candidate DTL structures have been
compared, where the electric-field distributions are also demonstrated. The main characteristics
of these DTL structures are listed in Table 5.3-1. Because the Alvarez-DTL and the HWR struc-
ture use the conventional negative-synchronous-phase dynamics strategy, so a higher lens-
density is required to overcome the transverse RF defocusing effects. In an Alvarez-cavity, the
lenses are usually housed in the drift tubes one after another, so it is only suitable for the room-
temperature operation. As a kind of SC accelerating structure, HWR has to use a compact cavity

— typically 2 accelerating cells per cavity — to keep the separation between two adjacent inde-
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pendent lenses as short as possible for sufficient transverse focusing in the low- and medium-£

regions. Based on significantly weakened RF defocusing effects by the special KONUS dynam-

ics concept, a long lens-free accelerating section is possible for the CH-DTL, so it can be oper-

ated at either RT or SC with a multi-cell structure.

Table 5.3-1: Comparison of the three DTL structures for IFMIF.

Structure

Alvarez HWR H-Type
Feature
Field mode ™ TEM TE
Period length BA BAI2 pLAI2
Synchronous phase Negative Negative Mainly 0°

Lenses Independent Independent lenses

Transverse focusing method integated in lenses outside inside or outside

drift tubes cavities (for SC) cavities
Accelerating cell number per cavity Multi-cell 2 Multi-cell
Operation mode RT SC RT and SC

As shown in Table 5.3-2, the IAP proposal using the H-Type DTL can realize the most com-

pact structure for the lowest costs:

e Both numbers of the required tanks and transverse focusing elements are the least.

¢ The total length is only 12.2m (~1/2 or ~1/3 of that of the HWR or Alvarez DTL).

Table 5.3-2: Different proposals for the IFMIF DTL.

Design

Alvarez HWR H-Type
Parameter [SAU07] [CEAO08]
Number of tanks (RT/SC) 10/0 2/42 2/8
Number of cryo-modules 0 4 1

Number of magnets

~120 quadrupoles

3 quadrupoles
21 solenoids

8 quadrupoles
6 solenoids

Dpore [mm] 25 40-60 30-90
Eoce [MV/m] 0.5-1.7 45 2753
Emax [MV/m] 18 30 25
Buax [T N/A 50 55
Liotar [m] 30.3 22.5 12.2
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The beam dynamics performances for the three designs have been also compared. As shown
in the left pictures of Fig. 5.3-2 (Note: the scalings are different), due to the denser transverse
focusing, the Alvarez-DTL and the HWR-DTL mainly confine the transverse beam sizes to be
<10mm and <14mm, respectively. Though the H-type DTL has a maximum beam size of
~19mm, the “99%” curve indicates the main beam is still within the range of £10mm. From the
emittance pictures and the emittance data in Table 5.3-3, one can learn that both SC designs

have better controls on emittance growths than the pure RT design and the results are similar.
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Table 5.3-3: Comparison of normalized rms input and output emittances.

Design Alvarez HWR
. H-Type
Emittance [SAUO07] [CEAOS]
goutx., norm., rms/ ginx., norm., rms 1.54 1.73 1.60
Eut "™ ™ [r mm mrad] 0.37 0.45 0.40
¢¢:inx., norm., rms [TC mm mrad] 0.24 0.26 0.25
gouty.’ norm., rms / &ny" norm., rms 2. 1 7 1 77 1.66
Eut” "™ ™ [r mm mrad] 0.52 0.45 0.41
giny., norm., rms [TC mm mrad] 0.24 0.25 0.25
goutz.’ norm., rms / ginz., norm., rms 1.45 1.14 1.32
Eout "™ ™ Ir mm mrad] 0.64 0.57 0.58
ginz., norm., rms [ﬂ? mm mrad] 0.44 0.50 0.44
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Fig. 5.3-3: Output phase spaces (top: Alvarez [SAUO07] using the same units as used by the H-
type DTL plots, middle: HWR [CEAO0S], bottom: H-type).
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In Fig. 5.3-3, the output particle distributions of the three DTL accelerators are demon-
strated (Note: the scalings are different). All three cases are similar, but the H-type DTL one has
the smallest divergence angles in the transverse planes and also the narrowest phase spread in

the longitudinal direction, so it is more favourable to result in a uniform beam footprint on the

Li target.
Table 5.3-4: Error ranges used by the three designs.
Design Alvarez HWR H-Tvpe
Error type [SAU07] [CEA08] yp
Lens misalignment [mm] 0.1 1.0 0.2
. 3.0 (Agyy)

Lens rotation [mrad] 2.6 10 5.0 (Ap,)
Lens field amplitude [%] 0.5 1.0 -
Tank misalignment [mm] — 1.0 -
Tank field amplitude[%] 1.0 1.0 (static) 1.0
Tank field phase [°] 1.0 1.0 (static) 1.0
Gap field amplitude[%] - - 5.0
Measurement accuracy of

e . — 0.25 -
beam position monitor [mm]

Finally, based on the error settings shown in Table 5.3-4, the error studies of the three DTLs
should be mentioned. Though the reference case had used the least and smallest errors, beam
losses already happened in ~10% of runs.

Within the given error ranges, no beam losses have been observed in the error studies of the
two SC versions of DTL accelerators. Compared with the H-type DTL case, much larger mis-
alignment and rotation errors were applied to the lenses of the HWR-DTL. However, actually
the error-tolerance capabilities of these two designs can not be directly compared, because in the
error studies of the HWR-DTL, beam-orbit corrections, which rely on beam position monitors
and steering coils located at the solenoid package, have been implemented in the simulations.
Therefore, after each HWR tank, the simulation code tried to “steer” the beam back to the design
orbit according to the “observation” results from the “virtual” beam position monitors [CEA08].
However, so far this orbit-correction concept is not adopted by the LORASR code for the error

studies of the H-type DTL design.
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5.4 Conclusions

Characterized by remarkable reductions in both structure length and project costs, the pre-
liminary TAP design had shown that the H-type DTL structure together with the KONUS dy-
namics strategy and RF superconducting technology could be a promising alternative of the ref-
erence Alvarez-type DTL for IFMIF.

To meet all project goals, further design studies were recommended to improve the linac
system as well as the beam dynamics. Based on a series of optimization procedures, a new H-
type DTL design with a more realistic layout and satisfying beam qualities has been made.

The compactness of the preliminary layout is kept: the new one is only ~80cm longer with
one more SC cavity. However, actually the total project costs are even reduced, because:

e The extra SC cavity will only cost negligible RF power.

e The RT part was shortened.

e The IMW units of RF amplifiers have been replaced by cheaper 300kW ones.

Though more and larger errors were checked, the beam losses which had appeared in the er-
ror studies of the preliminary design have been totally avoided in the error studies of the new
design. Therefore, the robustness of the H-type DTL design has been enhanced.

Among the three competitive proposals for the IFMIF DTL, the latest H-type DTL design
can achieve similar or better beam performances with the most compact layout which is only 1/2
and 1/3 as long as the other two layouts, respectively.

In conclusion, the design results, error studies and comparative analyses have all confirmed
the feasibility and efficiency of the new H-type DTL design.

For the final version of the IFMIF DTL design, the following tasks can be added to the to-do
list: 1) To further improve the RT part, especially the location of the third lens. 2) To perform the
error studies with the original input distribution of ~1 million macro-particles which have been
used for the design. 3) To take into account more error types and the orbit-correction method for
the error studies. Of course, the last two jobs will need to be supported by the further develop-
ment of the LORASR simulation code.
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6. Front-End Design for EUROTRANS

EUROTRANS, an EUROpean Research Programme for the TRANSmutation of
High Level Nuclear Waste in an Accelerator Driven System (ADS), has been started
by European Union with the short-term and long-term objectives to develop a proto-
type-scale demonstration plant and an industrial-scale one, respectively. For the
prototype phase, a 2.5—4mA, 600MeV proton beam is required to be delivered to the
spallation target by a CW driver linac. For the industrial one, the beam specifica-
tions will be increased to 20mA and 800MeV. Leaving safety margins, SmA and
30mA have been decided as the design intensities for the two corresponding cases.
Dominated by the requirements of extremely high reliability and easy upgradeabil-
ity, the design of the 17MeV linac front end is one of the most demanding parts in
the whole accelerator design, because the low-energy region is particularly impor-
tant for both space-charge effects and beam trips. This chapter is mainly composed
of two parts: the first part will focus on the design of an efficient layout for the linac
front end which could show satisfying performances at both design intensities; and
the second one will present the performed error studies to evaluate the robustness of

the design scheme and to confirm the satisfaction of the project requirements.

At present, ~35% of electric power in Europe is provided by 145 nuclear fission reactors
[ADSO1]. However, a problem always companying the development of fission-based electricity
generation is how to minimize the influence of the high-radioactive and long-lived spent fuel on
the environment to an acceptable level for the public. One attractive solution to reduce the half-
life and radio-toxicity of the nuclear waste efficiently is the transmutation technology based on
an Accelerator-Driven System, which consists of a sub-critical nuclear reactor (k<1) and an in-
tense spallation neutron source driven by a CW high-power proton accelerator to feed the fission
reactions.

Determining the transmutation efficiency, the properties of the neutrons produced by the
ADS method are strongly depending on the intensity and energy of the proton beam hitting on
the n-production target. The typical specifications of the required proton beam are several hun-
dred MeV to 1GeV in energy and a few mA to several ten mA in intensity. For EUROTRANS,
a 2.5-4mA, 600MeV proton beam has been chosen for the prototype-scale phase (XT-ADS),
and i1t will be upgraded to 20mA and 800MeV later in the industrial-scale phase (EFIT).
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For an ADS application, the design of the driver linac is dominated by a stringent require-
ment to ensure an extremely high reliability. Because beam trips (i.e. beam interruptions on the
target) with duration periods >1 second will cause serious thermal stress and fatal damages to
the n-production target and the sub-critical core system, the number of long beam trips exceed-
ing 1s has been restricted to <20 per year for XT-ADS and <3 per year for EFIT, respectively. In
terms of the operation experience of existing accelerators, a particularly conservative and careful
design should be made for the driver linac so that the risk of failures of accelerator components
could be reduced to an utmost degree.

To reach the goal of high reliability, the most difficult step is to realize a reliable injector,
because beam dynamics e.g. the space-charge effects is most complicated at the low-energy end
of an accelerator. To follow the project guidelines i.e. over-design, redundancy and fault-
tolerance, a linac front end including two identical injectors — one will be held on hot standby
while another one is responsible for delivering the proton beam — has been foreseen. Neverthe-
less, the injector itself should be well designed firstly. For the 17MeV EUROTRANS injector,
the prime design concern is not the activation problem (as the IFMIF case) but the quenching of
SC cavities. The RF losses in an SC cavity are typically several ten W/m, so a few W/m of beam
losses should be tolerable for the EUROTRANS injector.

Another exceptive constraint for the EUROTRANS injector design is that the designed ac-
celerating structure should be suitable for the design intensities of both XT-ADS (5mA) and
EFIT (30mA). This unusual “two-intensity injector” design concept will not only allow an easy

upgrade from XT-ADS to EFIT but also bring uncommon challenges to the design studies.

RB-1 RB-2
cryo-module 17 MeV

3 MeV 5 MeV |l

] 11
ECR |LEBT | 4-Vane-RFQ
— \ L & L
triplets / .
coupled rt CH sc solenoids

Fig. 6-1: The proposed layout for the EUROTRANS injector [POD09].

Following an ECR ion source, the proposed 352MHz injector of the EUROTRANS driver
linac (see Fig. 6-1) is mainly composed of a four-vane RFQ accelerator (0.05-3MeV), a room-
temperature coupled CH-DTL cavity (3—5MeV) and four superconducting CH-DTL cavities (5—

17MeV). The three major considerations for this injector configuration are:
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e Characterized by the unique velocity-independent electric focusing, the RFQ is the stan-
dard structure for capturing, shaping, bunching and pre-accelerating the low-energy, high-
intensity beam at injection.

e Due to the excellent features e.g. high accelerating gradients, negligible RF power dissi-
pation and large bore apertures, superconducting structures are the ideal candidates for the
main acceleration.

e An RT CH-DTL is well suited as a transition between the above-mentioned two parts, be-
cause it can not only provide higher acceleration efficiency than the RFQ but also “filter
out” the potential unstable particles from the RFQ to avoid dangerous losses in the SC

cavities.

6.1 RFQ Beam Dynamics: 0.05 — 3.0MeV

Standing at the beginning of the driver linac, the RFQ accelerator has a decisive influence
on the performance of the whole machine, so its initial parameters have been carefully chosen as
following:

e The 0.05MeV input energy is a trade-off of the RFQ length, ion source technology and
space-charge effects for both beam currents, while the 3MeV output energy is a suitable
transition value according to the acceleration efficiencies of the RFQ and DTL accelera-
tors.

e The input normalized rms transverse emittance is 0.2z mm mrad, which is a typical value
for 30mA and ~2 times the one for SmA.

e To achieve high reliability and provide a reasonable accelerating gradient as well as suffi-
cient transverse focusing forces for an up to 30mA beam, an inter-electrode voltage of
65kV and a maximum electrode modulation of 1.8 have been adopted so that the highest
surface electric field can be kept under 1.7 times the Kilpatrick limit £y without the risk of
sparking.

Obviously, these choices are all conservative and compromising for both currents rather
than optimum for one particular case. Based on the given conditions, an RFQ design has been
achieved with a compact size and high beam qualities simultaneously also by the application of
the unconventional dynamics strategy “BABBLE” which was successfully adopted by the de-
sign of a 200mA proton RFQ for FRANZ (see Chap. IV). Again, the evolutions of the transverse
focusing strength B, the synchronous phase ¢s and the electrode modulation m along the RFQ

are the trade-off results between the two intensities.
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Fig. 6.1-1: Beam transport simulation plots for SmA (top) and 30mA (bottom).
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The beam transport simulations of the designed 343-cell, 4.23m-long RFQ accelerator are
demonstrated in Fig. 6.1-1. For both SmA and 30mA, an identical RFQ geometry and an equal-
area input particle distribution have been used. The only difference is that the shapes and the
orientations of the input emittance ellipses were slightly modified for each case due to the
matching issue. At 5mA, almost all 10° of input particles passed through the accelerating chan-
nel successfully except only one particle was lost at Cell259 longitudinally; while at the high
intensity, though the space-charge effects were much stronger, only ~0.1% of particles were lost
and most of them had the energies lower than 1.5MeV (see Fig. 6.1-2). In both cases, therefore,

these ignorable beam losses have totally no threat to the accelerator reliability.
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Fig. 6.1-2: The lost-particle distribution at 30mA.

Another strategy applied in the RFQ design is to perform the RFQ-DTL matching inside the
RFQ, but not in the MEBT region, because the continuous, velocity-independent electric focus-
ing is more efficient for a slow beam. At the RFQ exit, normally the major axes of the two trans-
verse phase-space ellipses are not parallel to but crossed to each other. The difference between
the orientations, which will cause uneven evolutions of the beam envelopes in the DTL part, can
be eliminated by introducing two additional transition cells [PARO5] before the RFQ exit fringe-
field cell. The first transition cell, also known as the Crandall cell [CRA94], makes a smooth
transition from a full modulation (m>1) to no modulation (m=1) over a distance slightly shorter
than a standard cell in order to end the RFQ vane tips with quadrupole symmetry for getting a
relatively round output beam. The second transition cell, which has a modulation m=1, can be
used as a “super-lens” to rotate the output transverse phase-space ellipses. The length of the ond
transition cell can be calculated with L= (@ou-@am)(BsA/27), where pam and @oy are the synchro-

nous phases of the 1*' and 2™ transition cells, respectively.
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Fig. 6.1-3: Input/output distributions at SmA without (top) or with (bottom) transition cells.
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Fig. 6.1-4: Input/output distributions at 30mA without (top) or with (bottom) transition cells.
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For the EUROTRANS RFQ, pam=-54° and ¢,,=250° when the transverse particle distribu-
tions are axial-symmetric and similar at the RFQ exit for either SmA or 30mA (see Fig. 6.1-3
and Fig. 6.1-4, respectively). With the two additional transition cells, the total RFQ length is
only ~8cm longer.

As a result of the above-mentioned optimization strategies, the final design of the 3MeV
RFQ is illustrated in Fig. 6.1-5, where a is the electrode aperture, m the electrode modulation, V
the inter-electrode voltage, W the synchronous energy and ¢, the synchronous phase. Clearly, all

these dynamics parameters are varying conservatively and smoothly throughout the RFQ.
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Fig. 6.1-5: Main dynamics parameters along the RFQ.

The simulation results of the final design are concluded in Table 6.1-1, where the Kilpatrick
factor is 1.69, well below the safe value 1.8 proved by the successful CW operation of the
worldwide most powerful LEDA-RFQ [YOU97]. In the design, therefore, the sparking risk has

been avoided to ensure the high reliability.
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Table 6.1-1: Main design parameters and simulation results of the RFQ.

Beam current [mA]

SmA 30mA

Parameter

Frequency [MHz] 352

Input / output energy [MeV] 0.050/ 3.000

Inter-electrode voltage [kV] 65

Kilpatrick factor 1.69

gintrans., norm., rms [TC mm mrad] 0.20

Maximum synchronous phase [°] -28.76

Minimum aperture [cm] 0.23

Maximum electrode modulation 1.79

o™ "™ ™ [ mm mrad] 0.2056 (100%) 0.2078 (100%)
0.1702 ( 90%) 0.1702 ( 90%)

Eoud” "™ ™ [ mm mrad] 0.2019 (100%) 0.2032 (100%)
0.1680 ( 90%) 0.1664 ( 90%)

Eout” ™ [1 MeV deg] 0.1086 (100%) 0.0889 (100%)
0.0753 ( 90%) 0.0609 ( 90%)

Cavity length [cm] 431.77

Total number of cells 345

Beam transmission efficiency [%]

~100

99.9

0.08
X, BmA
0.07 ~ y, 5mA .
z, BmA P
= = x,30mA '
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Fig. 6.1-6: Emittance growths along the RFQ for SmA and 30mA.
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A comparison of the emittance evolutions for all transported particles between the SmA and
30mA cases is made in Fig. 6.1-6, from which the following points can be concluded: 1) Except
the 30mA longitudinal emittance, all emittances have been held almost constant along the RFQ,
especially in the transverse planes. 2) The 30mA longitudinal emittance curve has two growth
“peaks” in the downstream part of the RFQ, but a trace of the particle trajectories showed that
the “peaks” had been just contributed by a few not-well-accelerated particles, which total
amount is less than 0.1%. After these “bad” particles had been lost, the 30mA longitudinal emit-
tance fell down back to the level of the beginning of the first “peak™ (20% smaller than the SmA
one). Actually, if the “noise” is not taken into account, this curve should be also similar to the
other curves. 3) The flat and parallel evolutions of transverse and longitudinal emittances show
that the particle motions at the two beam intensities have been both well balanced.

To learn why a larger output longitudinal emittance ¢, ,,, happened even at the low inten-

sity, the emittance development has been checked. For the beam transport simulation of an RFQ,
usually a 4D-Waterbag input distribution, which has a uniform phase spread over the full 360°
and no energy spread, is used, so did the EUROTRANS RFQ. Therefore, the longitudinal emit-

tance is zero at the beginning and will grow quickly to a relatively stable value (which can be

called as the “real” input longitudinal emittance &, ;, ) when the bunch begins to take shape. In

Fig. 6.1-6, the following phenomena are of interest:

® ¢, comes into being at Cell45 and Cell78 for the SmA case and the 30mA case, respec-

tively.

SmA SmA

~ 30mA 30mA
o gl,in ~gl,out and &

l,in ~ gl,out .

SmA 30mA

SmA 30mA
o g >eg, and &

1, out >‘C“l,out .

These hints indicate that the larger &, should be caused by the formation of the “real” in-

put longitudinal emittance. To look inside this formation period, therefore, the longitudinal
phase spaces at Celll5, Cell30 and Cell45 (from top to bottom) are compared for both cases in
Fig. 6.1-7, where the three pictures on the left or right side are related to the SmA beam or the
30mA beam.

Obviously, under same external forces, the bunching is developing more quickly and the
amplitudes of the particle-energy changes are larger at SmA. The reason is that the space-charge
effects in a 30mA beam are much stronger so that they can make a larger cancellation of the ex-
ternal bunching forces, which leads to a slower and gentler bunching process and consequently a

smaller energy spread also very likely a smaller longitudinal emittance.
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Fig. 6.1-7: Formation of the longitudinal emittance

(left: SmA, right: 30mA, from top to bottom: Celll5, 30, 45).

All in all, it is a natural result for an identical RFQ structure to work with two different
beam intensities. In principle, it is impossible to be overcome by the RFQ itself, so this situation
will be improved in the DTL part. Another piece of important information from Fig. 6.1-7 is that

the bunching is symmetrical at ¢ =-90°, so it proves the importance of the maximum-
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separatrix section used by the “BABBLE” design strategy for the beginning of an RFQ (see
Chap. IV).

Finally, to check the beam qualities as well as the matching issues at the exit of the RFQ for
both beam intensities, the output particle cluster plots (in which the particle densities are distin-
guished by 10 colours) are zoomed in and shown in Fig. 6.1-8, where the red and green ellipses
are containing 99% and 95% of transported particles, respectively. As analyzed above, the SmA
beam has a larger size in energy spread, but both beams are concentrated and similar to each

other, especially in the transverse planes.
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Fig. 6.1-8: RFQ output distributions with the red and green ellipses for 99% and 95% of trans-
ported particles, respectively (top: SmA, bottom: 30mA).

Because of the applied RFQ-DTL matching, the first triplet (before RB-1) in the originally
proposed layout (see Fig. 6-1) is not necessary any more.

So far, all performed studies have shown that the designed RFQ can reach good beam quali-
ties at an intensity up to 30mA. To some degree, it also indicates that the design will be non-
sensitive to the beam-related errors. Therefore, the RFQ design has provided a good starting

point for the design of the following DTL part.
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6.2 DTL Beam Dynamics: 3.0 — 17.0MeV

Covering the energy range from 3 to 17MeV, the CH-DTL structure based on the KONUS
beam dynamics strategy and the superconducting technology has been adopted for the rest part
of the injector to optimize the beam quality, the geometry length and the project costs.

In case of a fixed total gap number for one accelerating cavity, the smaller the ratio of the
number of the conventional rebunching gaps with negative synchronous phases to the number of
the 0° gaps which mainly used by the KONUS dynamics, N gap, neg. / N gap, 0°, 1S, the higher the
acceleration efficiency will be. Typically, this ratio is between 0.25 and 0.5 for a KONUS struc-
ture. For the EUROTRANS DTL cavities, a modest value of around 0.4 has been adopted. Con-
cerning the transverse focusing elements, conventional room-temperature quadrupole lenses (up
to 1.3T) and powerful superconducting solenoid lenses (4—12T) can be used [TIE08]. Also con-
servatively, the field strengths of the RT and SC transverse focusing elements for EUROTRANS

have been chosen as 1.2T and 5T, respectively.
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Fig. 6.2-1: The accelerating gradient choice for the SC CH-DTL cavities [PODO08a].
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The choice of the accelerating gradient for the EUROTRANS SC CH-DTL cavities is pre-
sented in Fig. 6.2-1, where the red-dot curve shows the measured unloaded Qp-value of the SC
CH prototype cavity as a function of the effective accelerating gradient £, [PODO08a] (the defini-
tion of the accelerating gradient has been given in Section 5.1.1 of Chap. V).

So far, the maximum achievable £, is 7MV/m, which corresponds to an effective voltage of
5.6MV and to a peak electric field of 36MV/m. Because of the extremely high reliability re-
quirement, an effective accelerating gradient of ~4MV/m has been conservatively adopted for
the EUROTRANS SC CH-DTL cavities. Accordingly, four SC cavities can cover ~12MeV of
energy gain, while the rest 2MeV will be completed by the RT CH-DTL at the front.

In the DTL design, there are two most difficult areas:

e Between the RFQ exit and the beginning of the DTL part, which requires a ~0.5m long

drift distance for placing steerer, diagnostic devices and quadrupoles.

e The transition from the RT CH-DTL to the first SC CH-DTL, which needs more reserved
space, ~Im, for housing the cryomodule, tuner, helium vessel and transverse focusing
elements.

As a dual-use optimization procedure, two additional 2-gap rebunching cavities, so-called

RB-1 and RB-2, in which the synchronous phases of all gaps are designed as —90°, have been
introduced into the above-mentioned two areas, respectively.

At ¢, =-90°, both RB-1 and RB-2 can make the most of the gap voltages for beam bunch-

ing but contribute nothing to energy gain. This means, while the longitudinal beam dynamics is
being improved, flexible operations of these rebunching cavities are feasible for the adjustments
of the gap voltages (the bunching strengths) to fit different beam currents, but independently to
the structure.

As mentioned in the last section, the SmA beam has a relatively larger longitudinal emit-
tance at the end of the RFQ, so higher gap voltages are needed for the two rebunching cavities to
give it stronger longitudinal focusing forces as compensation.

Finally, a 7.1m-long, 82-cell DTL accelerator has been designed for the EUROTRANS in-
jector, with the configurations of the effective gap voltages Ver and the synchronous phases
along the DTL for both intensities as shown in Fig. 6.2-2, where:

e The Vs values of the SC CH-DTL cavities are >2 times higher than those of the RT-CH.

e Between the two intensity cases, the only difference is that in the RB cavities, the Vs val-

ues are higher for the SmA beam.

e ¢ =-90° for the independent rebunching cavities, ¢, =—40" for the rebunching sections
inside the DTL cavities and ¢, =0° for most accelerating cells.
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Fig. 6.2-2: Main dynamics parameters along the DTL.

Using the RFQ output particle distributions as the input distributions, the beam transport
simulations of the designed DTL have been performed with the LORASR code for the two in-
tensities, respectively. For both cases, no beam loss has been observed. At SmA, the transverse
and longitudinal emittance growths are all less than 10%; while at 30mA, they are 30%, 34%
and 36%, respectively. The detailed design parameters and simulation results of the DTL are

summarized in Table 6.2-1.
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Table 6.2-1: Main design parameters and simulation results of the DTL.

Beam Current [mA]

5 30
Parameter
Frequency [MHz] 352
RB-1 : 2 (-90°
RT-CH : 3 (-40°
8 ( 09
4 (-40°)
8 ( 09
2 (-90°)
RB-2 : 3 (-40°
. SC-CH-1: 10( 0°
Accelerating gaps 4 (-40°)
SC-CH-2: 10( 0°
4 (-40°)
SC-CH-3: 10( 0°
4 (-40°)
SC-CH-4: 10( 0°
Total: 82
RB-1 2.79 RB-1 1.76
RT-CH : 2.73 RT-CH : 2.73
RB-2 5.22 RB-2 4.33
Accelerating gradient E, [MV/m] SC-CH-1: 3.99 SC-CH-1: 3.99
SC-CH-2: 3.97 SC-CH-2: 3.97
SC-CH-3: 3.97 SC-CH-3: 3.97
SC-CH-4: 3.55 SC-CH-4: 3.55
RB-1 3.01 RB-1 3.01
RT-CH : 5.46 RT-CH : 5.46
RB-2 5.25 RB-2 5.25
W gu """ M [MeV] SC-CH-1: 7.79 SC-CH-1: 7.78
SC-CH-2: 10.71 SC-CH-2: 10.72
SC-CH-3: 14.09 SC-CH-3: 14.09
SC-CH-4: 17.05 SC-CH-4: 17.05
Maximum on-axis field [MV/cm] 0.12 (Gap26) 0.11 (Gap55)
goutx., norm., rms [TI: mm mrad] 0.22 027
Eout” " ™ [ mm mrad] 0.22 0.27
Eout ™™ [m keV ns] 0.93 0.95
Total length [cm] 708.4
Beam transmission efficiency [%] 100

For each design intensity, the transverse and longitudinal beam envelopes including all par-

ticles are shown in the top or bottom plots of Fig. 6.2-3 and Fig. 6.2-4, respectively.
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Fig. 6.2-3: Transverse beam envelopes along the DTL (top: SmA, bottom: 30mA).
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Fig. 6.2-4: Longitudinal beam envelopes along the DTL (top: SmA, bottom: 30mA).
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From the beam envelope plots, one can learn that:

e The beam envelopes for the 30mA beam are similar to the corresponding ones of the SmA
beam, just slightly larger in size.

e Transversely all the envelopes have been confined within the range of £10mm so that a
sufficient safety margin is available for no matter the SmA beam or the 30mA beam.

e For every longitudinal plot, the top and bottom curves, which are corresponding to the
maximum and minimum energy- or phase-spreads, respectively, are parallel at most posi-
tions along the DTL, especially in the last cavity.

Together with the still similar and concentrated output particle distributions of the DTL for

both beam currents (see Fig. 6.2-5), all analysis results indicate both beams can be easily

matched into the next accelerating structure.
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Fig. 6.2-5: DTL output distributions with the red and green ellipses for 99% and 95% of trans-
ported particles, respectively (top: SmA, bottom: 30mA).

6.3 Start-to-End Design Results

On the basis of the RFQ and DTL designs, a layout scaled in length of the EUROTRANS
injector is drawn in Fig. 6.3-1, where four RT cavities (from left to right: RFQ, RB-1, coupled
RT-CH and RB-2) are marked in red, four SC CH-DTL cavities (SC-CH-1 to -4) sharing a same
cryo-module in blue, three warm triplets in yellow and five cold solenoids in green.

-121 -



Chapter VI: Front-End Design for EUROTRANS

RFQ Coupled RT-CH Cryo-module
ﬁ iyl
SC-CH-1 SC-CH-3
ﬁ ﬁ SC-CH-2 SC-CH-4
1m
[ RB-1 RB-2

Fig. 6.3-1: The designed layout of the EUROTRANS injector.

As shown in Table 6.3-1, from the start to the end, the overall length of the EUROTRANS

injector is ~11.4m, and the total beam transmission efficiencies for both currents are >99.9%.

Table 6.3-1: Start-to-end design results of the injector.

Beam current [mA]
SmA 30mA

Parameter
Frequency [MHz]| 352
Input energy [MeV] 0.05
Output energy [MeV] 3.0 (RFQ), 17.0 (DTL)
gintrans., norm., rms [7!? mm mrad] 020
Total structure length [m] 11.4 (RFQ: 4.3, DTL: 7.1)

X., norm., rms 0.21 (RFQ) 0.21 (RFQ)
Eout [x mm mrad] 0.22 (DTL) 0.27 (DTL)

« NOorm., rms 0'20 (RFQ) 020 (RFQ)

y &4 9
Gout [ mm mrad] 0.22 (DTL) 0.27 (DTL)

Z., nOrm., rms 0.27 (RFQ) 0.22 (RFQ)
Eout [ mm mrad] 0.30 (DTL) 0.31 (DTL)
Beam transmission efficiency [%] ~100 99.9

For the whole injector, the transverse beam envelopes for all transported particles are plotted
in Fig. 6.3-2, where the innermost pair of green curves is showing the envelopes for the SmA
beam, the next red pair for the 30mA beam, and the outermost black one represents the mid-cell
electrode aperture of each cell for the RFQ or the inner apertures of the drift tubes and the trans-
verse focusing elements for the DTL. In the picture, both beams have quite similar envelope
evolutions throughout the accelerating channel, which is meanwhile a strong proof of the suc-
cess of the applied optimizations for current-adaptability. In the RFQ part, the transverse beam

envelopes are small and almost constant everywhere; though after entering the DTL part obvi-
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ous growths in beam size appear, the minimum distance between the beam surfaces to the accel-

erator components is still safe enough.
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Fig. 6.3-2: Start-to-end transverse envelopes (positive: x-plane, negative: y-plane).
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Fig. 6.3-3: Start-to-end emittance growths.
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In Fig. 6.3-3, the emittance evolutions along the injector are presented for both cases, where
the normalized rms emittances for 100% of transported particles with the unit of 7 cm mrad are
used. Clearly, in the DTL part, the development curves of the transverse and longitudinal emit-
tances are still fairly flat and parallel, which means that balanced beam acceleration as well as a

controlled beam quality have been achieved throughout the EUROTRANS injector.

6.4 Start-to-End Error Studies

Since construction and operation errors are inevitable in reality and they play very important
roles in the contribution to beam quality deterioration and particle losses, it is necessary to
evaluate their influences and the robustness of the obtained design, in particular for EURO-
TRANS such a project which requires extremely high reliability.

Based on a comprehensive consideration of the capability of the simulation codes, the de-
grees of influence of errors and the already known behavior of the design scheme, totally 5
kinds of non-ideal construction and operation situations have been chosen and studied for the
EUROTRANS injector:

e BDIS: beam injection displacement with respect to the cavity axis.

e VERR: tank (gap) voltage amplitude errors from vibrations of RF source or inaccurate

tuning.

e PERR: tank phase errors.

e QMIS: transverse translations of quadrupole and solenoidal lenses.

e QROT: rotations of quadrupole and solenoidal lenses.

For the RFQ part, the BDIS and VERR errors, which are schematically shown in Fig. 6.4-1,
are examined as the representatives of the beam-related errors and the external errors, respec-
tively; while for the DTL part, all above-mentioned errors except the BDIS error (because a non-
ideal RFQ will naturally cause a beam injection displacement at the beginning of the DTL) are

included.
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Fig. 6.4-1: The two kinds of errors used for the RFQ part.

By mixing the error types mentioned above, various quasi-realistic situations can be mod-
eled. In order to avoid making the combinations of the errors excessively complicated, fixed and
relatively large error values (AXpeam=A Ybeam=0.2mm and AUyane =£5.0%) are used for the RFQ.
Using the output particle distributions from the two non-ideal RFQs as the input ones, the DTL
part has been tested with two groups of errors randomly generated by the LORASR code within
the same given limits which were used for the IFMIF DTL (see Chap. V). In addition, for a bet-
ter understanding of the influence from the inter-vane voltage error of the RFQ, two extra cases
with AUyane=0 have been also checked and compared.

Therefore, for each intensity case, totally six batches of runs have been performed using the
error settings as summed up in Table 6.4-1, where the differences between the settings are:

e The first two, the second two and the last two have an inter-vane voltage of the RFQ

lower than, higher than and equal to the nominal value, respectively.

e The odd batches have the QMIS and QROT errors in the typical ranges, which are twice

smaller than those for the even ones.

Every batch simulation consists of totally 101 runs, in which one is the so-called back-

ground run (this run has errors in the RFQ but no errors in the DTL). As in the error studies per-
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formed for the IFMIF DTL, no orbit correction has been implemented, though in the design the

space for steerer was already reserved.

Table 6.4-1: Error settings for the injector.

Batch
1 2 3 4 5 6 Note
Error type
BDIS | A¥peam | 5 0.2 0.2 0.2 0.2 02 | fixed
[mm] | AYpeam
RFQ
V[]E/ER AUsne | =50 | -5.0 5.0 5.0 0.0 00 | fixed
QMIS | AXien +0.1 +0.2 +0.1 +0.2 +0.1 +0.2 random
[mm] | AYiens
QROT | Agpyy +1.5 +3.0 +1.5 +3.0 +1.5 +3.0 random
[mrad] | Ag, +2.5 +5.0 +2.5 +5.0 +2.5 +5.0
DTL
VERR | AUgp +5.0 +5.0 +5.0 +5.0 +5.0 +5.0 random
[%] | AUank | =£1.0 +1.0 +1.0 +1.0 +1.0 +1.0
Plff]{R ADu | £1.0 +1.0 +1.0 +1.0 +1.0 +1.0 | random

Table 6.4-2: Error study results for SmA (before the parenthesis) and 30mA (in the parenthesis).

Batch

Parameter

Trrq [%0]
with errors

99.7 (94.9)

100 (99.9)

99.9 (99.7)

Tinjector [%]
with RFQ &

no DTL errors

99.7 (94.6)

100 (99.9)

99.9 (99.7)

with RFQ &
DTL errors

T injector, min [O/O]

99.7 (94.6)

99.5 (93.8)

~100 (99.9)

~100 (98.8)

99.9 (99.7)

99.8 (99.0)

Table 6.4-2 lists the main simulation results of the error studies, from which the following

remarks can be made:

¢ Even in cases of much larger errors than the typical values, the lowest transmission of the

all non-ideal RFQ accelerators is still ~95%.
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Transmission [%]

Transmission [%]

Transmission [%)]

e The VERR errors of the RFQ have relatively larger influences than the BDIS errors, but
obvious negative effects only appear when the available voltage is lower than the design
voltage.

Except the background run for Batchl and Batch2 at 30mA has a decrease of ~0.28% in
beam transmission efficiency throughout the DTL part, almost no DTL losses happen in

the other background runs (especially the transmission efficiency of the background run

for Batch3 and Batch4 in case of SmA is even better than that of the reference run, be-

cause there is totally no particle loss throughout the injector).
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For all runs, the maximum beam losses in the DTL part are ~1%.
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Fig. 6.4-2: Beam transmission evolutions of 101 non-ideal injectors.
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The variations of the start-to-end beam transmission efficiencies along the whole injector for
all runs of every batch simulation are plotted in Fig. 6.4-2, where the layout of the injector is
shown together for a better observation on the corresponding beam-loss positions.
After the deduction of the related background run from each batch of calculations, the situa-
tions of the maximum additional beam losses in the DTL part are as below, respectively:
e Batchl: 0.001% (5mA) and 0.011% (30mA).
e Batch2: 0.202% (5mA) and 0.861% (30mA; the ratio of the “bad” runs, which have ob-
vious differences in transmission efficiency than the most runs, is 5%).

e Batch3: 0.004% (5mA) and 0.010% (30mA).

e Batch4: 0.116% (5mA) and 1.035% (30mA; the ratio of the “bad” runs, which have ob-
vious differences in transmission efficiency than the most runs, is 4%).

e Batch5: 0.000% (5mA) and 0.000% (30mA).

e Batch6: 0.137% (5mA) and 0.754% (30mA).

In the pictures of Fig. 6.4-2, these beam losses, which are all less than 1%, can be mainly
observed in the following three places: 1) The first one is at the end of the last triplet. 2) The
second one is between the SC-CH-1 cavity and the SC-CH-2 cavity. 3) The last one is between
the SC-CH-3 cavity and the SC-CH-4 cavity.

Obviously, most of lost particles have not happened in the superconducting cavities, so they
are not critical to the SC state and the operation of the injector will be reliable.

Embodying the summation of all worst cases, the common maximum transverse beam sizes
along the beam axis of the injector for all runs of each batch simulation are plotted in Fig. 6.4-3,
where:

e The pictures on the left side are for the small errors, and the right pictures are for the large

errors.

e The top, middle and bottom pictures are for AUy ne= -5%, 5% and 0%, respectively.

e The red curves are the reference transverse beam envelopes without any errors.

e The blue and green curves are representing the collective effects of each batch runs in the

presence of errors for 100% and 95% of transported particles, respectively.

e The black curves stand for the bore apertures (to plot continuous curves, the apertures of

the neighboring tubes are simply adopted for the drift spaces between the tubes).

e The curves in the positive range are for the SmA beam, while the curves with negative

values are for the 30mA beam.
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Fig. 6.4-3: Common maximum transverse beam sizes of 101 non-ideal injectors.

Obviously, the larger the errors are (or the higher the beam intensity is), the worse the situa-

tions are. In all cases with errors, the common maximum beam sizes for 95% of transported par-

ticles still have adequate distances to the hard boundaries at most positions along the accelerat-

ing channel.

In the pictures, the situations are best at the nominal RFQ voltage but worst at a lower one.

The top pictures show that a decreased AUy Will produce more unstable particles in the RFQ

(some can be filtered out by the RT-CH, but some not). Therefore, except Batch5 and Batch6
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used for comparison only, Batch3 and Batch4 are of practical significance, especially Batch3,

which has totally no transverse losses in the presence of errors, is the safest case.
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Fig. 6.4-4: Additional emittance growths for all transported particles of 101 non-ideal injectors.

Finally, based on the same definition made for the IFMIF case, the additional rms emittance
growths Agygqi. for each batch simulation are compared in Fig. 6.4-4, where the red, green and
blue symbols are representing the results for the transverse and longitudinal planes, respectively.
It’s clear that most runs have the additional emittance growths in the range 0-20%; and the plots
are similar for a same RFQ inter-electrode voltage, only the probabilities are decreased in case

of larger errors (see the scalings of the y-axes):

o AUyane=-5%: the range of Agyqai. 1s -20-150% (the negative values are due to beam losses).
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o AUyane=5%: the Ag,qqi. range is similar to the above case; just for rare runs, Aggqi>200%

in the longitudinal direction at 30mA.
o AU,ane=0%: all A&4qi<70%.

To remove the “noises” from a few not-well-accelerated particles at the output, the so-called

99%

“99%" additional rms emittance growths, Ag_,,’, have been checked (see Fig. 6.4-5). It’s diffi-

addi. >

cult to know which input particle will turn bad finally, so the following definition is used:

gerror, 99% __ nominal,100%
99% __ “DTL out DTL out
Agaddi- - nominal, 100% (64 1)
€DTLin

With all Ag

<80%, the new additional-emittance-growth plots are similar, which indi-

cates that the injector design is insensitive to various errors in a sense.
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Fig. 6.4-5: The “99%” additional emittance growths of 101 non-ideal injectors.
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6.5 Conclusions

Based on the conservative and compromising conditions, an efficient, robust and flexible

injector design has been realized for the EUROTRANS driver linac as a result of a series of

optimization methods, such as the “BABBLE” RFQ design strategy, the transverse matching

technique between the RFQ and the DTL and the application of short adjustable rebunching

cavities working at g5 = -90°.

The results of the systematic start-to-end conceptual studies prove that the EUROTRANS

injector design has fulfilled the design goals with respect to:

e High reliability:

~100% of high beam transmission efficiency.

Concentrated particle distributions and low emittance growths throughout the
injector.

Sufficient safety margins.

Robustness to various errors in wide ranges.

The drift spaces have been reserved for housing steerer which could further
relax the tolerance limits to the errors by means of orbit corrections.

The duplication of the injector will also enforce the reliability.

e Current-adaptability: at both SmA and 30mA, the designed injector always behaves well

in either the design studies or the error studies, so the upgrade from the XT-ADS phase

to the EFIT phase will be easy.

e Economical efficiency: a ~11.4m-long compact structure together with the SC operation

can save the project costs significantly.

From the point of view of reliability, one suggestion to the future real operation could be

that it is important to keep the inter-vane voltage of the RFQ same as or slightly higher than the

nominal value.
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7. Summary

Energy and environment are two major concerns in the 21* century. At present, the energy
required for the daily life still mainly relies on the traditional fossil fuel resources, but the
caused air pollution problem and greenhouse effect have seriously threatened the sustainable
development of mankind. Another adopted energy source which can provide a large fraction of
electricity for the world is the nuclear fission reaction. However, the increasing high-radioactive
spent nuclear fuels, which half-lives are usually >1 million years, are becoming the hidden perils
to the earth.

A great advance in accelerator physics and technology opens an opportunity to solve this di-
lemma between man and nature, because powerful accelerator-based neutron sources can play
important roles for clean nuclear power production, for example:

e The Accelerator-Driven System (ADS) can serve as an easy control of a sub-critical fis-

sion reactor so that the nuclear fuels will be burnt more completely and safely.

e The EUROTRANS project launched by EU is investigating another application of the
ADS technology to reduce the radiotoxicity and the volume of the existing nuclear
waste greatly and quickly in a transmutation way.

e The developing international IFMIF plant will be used to test and qualify reactor mate-
rials for future fusion power stations, which can produce much cleaner nuclear electric-
ity more efficiently than the fission ones.

Therefore, the R&D of high-power driver linacs (HPDL) is of a worldwide importance. As
the proverb said, “everything is hard at the beginning”, the front end is the most difficult part for
realizing an HPDL machine. Based on the RFQ and H-type DTL structures, this dissertation is
dedicated to study the beam dynamics in the presence of significantly strong space-charge ef-
fects while accelerating intense hardon beams in the low- and medium-f region. Besides the
SmA/30mA, 17MeV proton injector (RFQ+DTL) and the 125mA, 40MeV deuteron DTL of the
above-mentioned EUROTRANS and IFMIF facilities, a 200mA, 700keV proton RFQ has been
also intensively studied for a small-scale but ultra-intense neutron source FRANZ planned at
Frankfurt University.

The most remarkable properties of the FRANZ RFQ and the IFMIF DTL are the design
beam intensities, 200mA and 125mA, which are the record values for the proton and deuteron
linacs, respectively. Though the design intensities for the two development stages, XT-ADS
(5mA) and EFIT (30mA), of the EUROTRANS injector are well within the capability of the
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modern RF linac technology, the special design concept for an easy upgrade from XT-ADS to
EFIT brings unusual challenges to realize a linac layout which allows flexible operation with
different beam intensities.

To design the 200mA FRANZ RFQ and the two-intensity EUROTRANS RFQ, the classic
LANL (Los Alamos National Laboratory) Four-Section Procedure, which was developed by ne-
glecting the space-charge forces, is not sufficient anymore. Abandoning the unreasonable con-
stant-B (constant-transverse-focusing-strength) law and the resulting inefficient evolution man-
ners of dynamics parameters adopted by the LANL method, a new design approach so-called
“BABBLE”, which can provide a “Balanced and Accelerated Beam Bunching at Low Energy”,
has been developed for intense beams.

Being consistent with the beam-development process including space-charge effects, the
main features of the “BABBLE” strategy (see Pages 55-58) are: 1) At the entrance, the syn-

chronous phase is kept at ¢ =-90" while a gradual increase in the electrode modulation is

started so that the input beam can firstly get a symmetrical and soft bunching within a full-360°
phase acceptance. 2) In the following main bunching section, B is increasing to balance the
stronger and stronger transverse defocusing effects induced by the decreasing bunch size so that
the bunching speed can be fast and safely increased. 3) When the real acceleration starts, the
quickly increased beam velocity will naturally weaken the transverse defocusing effects, so B is
accordingly falling down to avoid longitudinal emittance growths and to allow larger bore aper-
tures.

Taking advantage of the gentle initial bunching and the accelerated main bunching under
balanced forces enabled by the “BABBLE” strategy, a 2m-long RFQ with beam transmission in
excess of 98% and low emittance growths has been designed for FRANZ, and a 4.3m-long RFQ
with almost no beam losses and flat emittance evolutions at both SmA and 30mA has been de-
signed for EUROTRANS. All design results have proven that the “BABBLE” strategy is a gen-
eral design approach leading to an efficient and robust RFQ with good beam quality in a wide
intensity-range from OmA to 200mA (even higher).

To design the IFMIF DTL and the injector DTL part of the EUROTRANS driver linac,
which have been foreseen as the first real applications of the novel superconducting CH-DTL
structure, intensive attempts have been made to fulfill the design goals under the new condi-
tions, e.g. long drift spaces, SC transverse focusing elements and high accelerating gradients.
For the IFMIF DTL, the preliminary IAP design has been considerably improved with respect to
the linac layout as well as the beam dynamics. By reserving sufficient drift spaces for the cryo-

system, diagnostic devices, tuner and steerer, introducing SC solenoid lenses and adjusting the
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accelerating gradients and accordingly other configurations of the cavities (see Pages 78—80), a
more realistic, reliable and efficient linac system has been designed. On the other hand, the
specifications and positions of the transverse focusing elements (see Pages 81-82) as well as the
phase- and energy-differences between the bunch-center particle and the synchronous particle at
the beginning of the ¢p=0° sections have been totally redesigned (see Pages 83—84) resulting in
good beam performances in both radial and longitudinal planes. For the EUROTRANS injector
DTL, in addition to the above-mentioned procedures, extra optimization concepts to coordinate
the beam dynamics between two intensities, such as employing short adjustable rebunching
cavities with ¢s =-90° (see Page 116), have been applied.

In the beam transport simulations for both DTL designs, no beam losses were observed and
all emittance growths were well under control. The performed design studies have been also
useful for the realization of other high-reliable and upgradeable superconducting H-type DTL
accelerators with intense beams of up to 125mA.

To solve the well-known transition problems between two kinds of different accelerating
structures, some matching techniques have been developed and applied for the RFQ accelerator
and the KONUS-based H-type DTL with the following idea: to perform the RFQ-DTL matching
inside the RFQ, and not in the MEBT, because the continuous, velocity-independent electric fo-
cusing is very efficient for a low-£ beam.

For the FRANZ project, the output longitudinal particle distribution has been rotated by the
so-called Longitudinal-Rotation Technique (see Pages 62—63), which can narrow the phase
spread of the beam to fit into the acceptance of a KONUS structure. For the EUROTRANS in-
jector, the matching has been done in the transverse planes (see Pages 107—110): two additional
transition cells at the end of the RFQ were introduced to turn both output transverse emittance
ellipses axial-symmetric and into the same orientation, which helped leading to similar trans-
verse beam developments in the DTL part. The design practices of the two accelerators showed
that both longitudinal and transverse RFQ-DTL matching techniques had efficiently contributed
to the beam dynamics resulting in a good beam quality.

In addition, the error study is another important topic of this dissertation. In the design
study, usually only ideal operation conditions and perfect accelerator components have been
taken into account. However, various mechanical, beam-related and field-related errors are in-
evitable during construction and operation. Therefore, error studies are essential especially for
these three high-intensity machines in order to reduce risks of cavity activation and to ensure

high reliability.
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Chapter VII: Summary

According to the capabilities of the simulation codes, seven kinds of RFQ errors and four
kinds of DTL errors have been applied to the designed FRANZ RFQ and IFMIF DTL machines,
respectively. For the EUROTRANS injector, combined RFQ and DTL errors were used. For a
better check of the error effects, new tools have been developed to create some analysis func-
tions and indexes which are so far still not available from the used simulation codes, e.g. the
common maximum transverse beam size for 99% (instead of 100% only) of the beam along the
accelerating channel (see Pages 128-129), the additional emittance growths for 99% of the
beam (see Page 131), and so on. By these the few “bad” particles outside the beam core can be
eliminated and the further analyses are very helpful to present the design behavior against errors
more clearly. Including errors, all linac designs have shown large tolerances and sufficient
safety margins.

Due to the good performances in the systematic design- and error-studies exhibited in this
thesis, the FRANZ RFQ design will be taken as the base for the final design, the IFMIF DTL
design has shown as the most competitive one among the three candidate proposals, and the

EUROTRANS injector design has been officially adopted as the reference design of the project.
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