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ZUSAMMENFASSUNG

Die Erzeugung intensiver Protonenstrahlung durch Wechselwirkung gepulster, scharf
fokussierter Laserstrahlen mit diinnen Folien ist ein sehr aktuelles Forschungsgebiet. Die
Technik der ,,Chirped Pulse Amplification CPA* ermdglicht fokussierte Strahlungsdichten
bis zu 10*' W/cm?. Damit kann die Emission von Protonenpulsen aus der Riickseite der
getroffenen Folie mit Teilchenenergien bis zu mehreren 10 MeV erreicht werden. Es lauft
dabei der Mechanismus der , Target Normal Sheath Acceleration TNSA®“ ab, wobei
hochenergetische Elektronen aus der Riickseite der Folie austreten und dabei ein hohes

elektrisches Feld von bis zu 10'? ¥/m zwischen Folie und Elektronenwolke aufbauen.

In diesem Feld werden in der Folienoberfliche adsorbierte Protonen ionisiert, aus der Folie

geldst und beschleunigt.
An dem PHELIX — Laser bei GSI Darmstadt wurden bis zu 1.5x10" Protonen pro Puls bei

Energien bis zu 30 MeV nachgewiesen. Bei der im weiteren verwendeten Referenzenergie

waren innerhalb eines Energiefensters von + 0.5 MeV mehr als 10'° Protonen enthalten (Abb.

).
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Abb. 1: In PHELIX — Experimenten erhaltenes Protonenspektrum. Die Protonenzahl fillt
exponentiell mit der Energie ab. Mehr als 10'° Protonen sind im Energiefenster 10 MeV +

0.5 MeV enthalten (Mitteilung von M. Roth und V. Bagnoud).
Die emittierte Protonenstrahlung weist einen gro3en Divergenzwinkel von £ 23° bei 10 MeV

Aufgrund der attraktiven Eigenschaften kann diese lasergetriebene lonenquelle in manchen

Féllen eine interessante Alternative zu herkdmmlichen Protonenbeschleunigerkonzepten am



Niederenergieende sein. Auflerdem erscheint die Kombination der lasergetriebenen Quelle

mit einem konventionellen Hochfrequenzlinearbeschleuniger interessant.

Aufgrund der erreichten Strahlenergien kann direkt in einen Driftréhrenbeschleuniger
eingeschossen werden. Hochspannungsterminals und Radiofrequenzquadrupole {iblicher
Aufbauten werden somit hinfdllig. Eine derartige Kopplung wurde bereits frither angedacht

(Einschuss in einen Alvarez — Driftréhrenbeschleuniger) aber noch nie verwirklicht.

In der vorliegenden Arbeit wird der Einschuss eines laserbeschleunigten 10 MeV
Protonenbunches in einen Driftréhrenbeschleuniger vom CH — Typ untersucht, welcher
gegenwirtig am [AP Frankfurt entwickelt wird. Diese Struktur zeichnet sich durch hohe
Effizienz bei den gegebenen Strahlenergien aus. Am Einschuss wird ein 18 T Solenoid zur

Fokussierung benutzt.

Transport durch den Solenoiden
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Abb. 2: Resultierende rms — Emittanzwerte in x — x'in Abhdngigkeit der Impulsunschdrfe
Ap/p (links); Verhdltnis von Eingangs- zu Ausgangs- rms — Emittanz in x — x'in
Abhdngigkeit von Ap /p (rechts) bei verschiedenen Strahldffnungswinkeln am Ende der 210

mm langen Transportstrecke durch den Solenoiden.

Chromatische und geometrische Aberrationen entlang des Niederenergietransports von der
erzeugenden Folie bis zum FEinschuss in den Linearbeschleuniger wurden im Vorfeld

detailliert untersucht (Abb. 2).

Besonders interessant war die Untersuchung der auftretenden Raumladungskrifte entlang

dieser Anpassstrecke. Hierzu wurde einmal die volle Raumladung der im Energieintervall 10
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+ 0.5 MeV enthaltenen Protonen zugelassen, um die bewirkte Coulombexplosion quantitativ
zu erfassen. Danach wurde der realistischere Fall eines mit Elektronen zunéchst vollstédndig

raumladungskompensierten Bunches simuliert.

Es konnte gezeigt werden, dass das Solenoidfeld zu einer ausgeprigten Ladungstrennung
zwischen Protonen und Elektronen fiihrt. Die Auswirkungen auf das Emittanzwachstum

wurden quantitativ untersucht.

Abb. 3 zeigt, dass sich Elektronen- und Protonenverteilung bereits nach 25 ps sichtbar
unterscheiden, die Elektronen erzeugen ein ausgeprégtes negatives Raumladungspotential in

Achsennihe, da das Randfeld des Solenoiden dort eine erhohte Elektronendichte herbeifiihrt.
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Abb. 3: z — x Projektion der Teilchenverteilungen nach 25 ps. Man erkennt bereits die
relativ ungehindert divergent weiterlaufenden Protonen im Gegensatz zu den Elektronen,
welche durch die Solenoidrandfelder zur Achse abgelenkt werden und infolge des
entstehenden, negativen Raumladungspotentials entlang der Strahlachse beschleunigt
werden.

Im Weiteren bewirkt die achsennahe Elektronenkonzentration eine lokale

Uberfokussierung des Protonenstrahls, wie die Abb. 4 zeigt.
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Abb. 4: x — x" Phasenraumprojektion beim Eintritt in den Solenoiden. Hier sind Protonen
zwischen 5 und 15 MeV enthalten. Der niederenergetische Protonenanteil ist im dichten Kern
der Verteilung iiberproportional vertreten.

Bei der Ankunft am Linearbeschleunigereingang zeigt die simulierte Strahlverteilung
schlieBlich Emittanzwerte, welche die Akzeptanz voll ausfiillen. Es war ein wesentliches
Ergebnis der Arbeit, die Emittanzproblematik des lasergenerierten Strahls bzgl. der
Anpassung an einen Linearbeschleuniger aufzuzeigen. Aufgrund der hohen
Protonenstrahlenergie beim Erzeugungsprozess ist es nicht trivial, mit den Emittanzwerten

konventionell erzeugter Strahlen zu konkurrieren.
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Abb. 5: In griin sind die simulierten Teilchenverteilungen am Linac-Einschuss im
Energiebereich 10 MeV £+ 0.5 MeV gezeigt. In rot ist der Akzeptanzbereich des Linac
dargestellt.

Linearbeschleunigerauslegung

Die Auslegung des Linearbeschleunigers wurde auf Basis der ,,Cross Bar H-Type” CH —

Struktur vorangetrieben.
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Zur teilchenoptischen Auslegung wurde zunichst eine kiinstlich erzeugte Teilchenverteilung
mit einer zu 500 mA dquivalenten Teilchenzahl verwendet. In diese Struktur wurde dann der
entsprechend obiger Beschreibung simulierte, lasererzeugte Teilchenpuls eingeschossen und
bis zum Ende gerechnet. SchlieSlich wurde die Struktur mit Hilfe dieses Pulses optimiert

bzgl. der resultierenden Strahleigenschaften.

Target CH-1 CH-2 CH-3 CH-4

III-— —— —----I— e T T

10 MeV 40 MeV

Abb. 6: Ldngsschnitt durch den konzipierten CH — Linac. Am Eingang erkennt man den

Solenoiden zur Fokussierung des Strahls auf den Linac-Eingang.

Der Linac besteht aus 4 Kavitéten, die Spaltzahlen liegen zwischen sieben und zehn,
bedingt durch die transversale Strahldynamik: Zwischen den Kavitdten sitzt jeweils ein
Quadrupoltriplett mit begrenzter Apertur. Innerhalb von 5.1 m wird der Strahl von 10 MeV
auf 40 MeV beschleunigt. Alle effektiven Spaltspannungen liegen nahe bei 1 MV, die
Beschleunigungsgradienten liegen zwischen 7 und 12.6 MV/m. Folgende Ergebnisse

resultierten von den strahldynamischen Untersuchungen:

1 — Angepasster Fall: Die Strahlparameter der kiinstlich erzeugten Verteilung sind in Tab.

1 zusammengefasst. Die Simulation zeigte 100% Transmission.

Tab. 1: Normierte rms- Emittanzwerte bei 500mA &dquivalentem

Strahlstrom
Emittanz Eingang Ausgang
x: 3.85 4.08
Transversal/ mm mrad
y: 3.85 4.06
Longitudinal/ keV ns 5.37 6.68

Die rms- Emittanzzuwichse sind entlang des Linac weniger als 25% longitudinal und
weniger als 6 % transversal. Die Emittanzwerte am Einschuss sind allerdings vergleichsweise

grof} gewihlt. Dies war als Vorbereitung auf den lasererzeugten Strahl auch notwendig.

Die transversalen und longitudinalen 90,99 und 100 % Strahlenveloppen bei 500 mA

dquivalentem Strahlstrom zeigt Abb. 7. Die Quadrupolgradienten reichen dabei bis zu
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50.5T/m bei einem Aperturradius von 25 mm. Dies ist nur noch mit Kobalt — basiertem

Material zu erreichen.
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Abb. 7: Transversale links) und longitudinale (rechts) 90%, 99% und 100% Einhiillende bei
500 mA dquivalentem Strahlstrom. Die schwarzen Berandungslinien deuten grob den
Aperturverlauf an.

Die zweidimensionalen Phasenraumverteilungen am FEin- und Ausgang sind in Abb. 8
gezeigt. Man sieht deutlich, dass die Raumladung sich bei der gewdihlten Auslegung

hauptséchlich in der longitudinalen Ebene auswirkt.
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Abb. 8: Transversale (links) und longitudinale (rechts) Teilchenverteilungen am Ein- und
Ausgang des Linac bei 500 mA Strahlstrom. Mit eingetragen sind die norm. Emittanzwerte
der dargestellten 95 % Ellipsen.

2 — Laserbeschleunigter Strahl: Die in Abb. 5 dargestellte Teilchenverteilung (nur die in rot
gezeichnete Untermenge) wird nun in den Linac eingeschossen, und die Linsenparameter
entsprechend optimiert. Zunéchst ist festzustellen, dass der akzeptierte Teilstrahl mit Energien
zwischen 9.5 MeV und 10.5 MeV nur noch einem dquivalenten Strahlstrom von 216 mA
entspricht. Die wesentlichen Strahlparameter des verlustfrei beschleunigten Strahls sind in

Tabelle 2 angegeben.



Tab. 2: Norm. rms- Emittanzwerte des laserbeschleunigten Strahls am Ein-

und Ausgang des Linac, dquivalenter Strahlstrom 216 mA.

Emittanz Eingang Ausgang
x: 2.89 3.06
Transversal/ mm mrad
y: 2.89 3.33
Longitudinal/ keV ns 342 6.86

In diesem Fall ergeben sich rms — Emittanzzuwéchse von 100 % longitudinal und 16 %
transversal. Trotz des deutlich geringeren Strahlstroms sind die Emittanzzuwichse also
deutlich groBer als im angepassten Fall, was insbesondere an der deformierten

Eingangsemittanz liegen diirfte (Abb. 5, rechts).

Die in diesem Fall mit 20000 Makroteilchen erhaltenen Ausgangsemittanzen sind in Abb. 9
dargestellt.

Die erhaltenen Verteilungen wéren fiir eine weitere Beschleunigung oder fiir den Einschuss in

ein Synchrotron geeignet, allerdings sollte die longitudinale Strahlfiihrung weiter verbessert

werden.
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Abb. 9:40 MeV - Ausgangsverteilungen im Fall des laserbeschleunigten Strahlpulses
entsprechend Abb. 5

Ein groBer Vorteil der Beschleunigung einzelner Hochstrompulse aus lasergetriebenen
Ionenquellen ist, dass die aufgenommene Strahlleistung aus der gespeicherten Feldenergie
der einzelnen Kavititen entnommen werden kann. Bei ldngeren Bunchfolgen muss dagegen
der Hochfrequenzverstirker die Strahlleistung zusétzlich aufbringen und damit entsprechend
leistungsstirker ausgelegt werden. Es wurde abgeschitzt, dass Einzelpulse mit bis zu 2x10"!
Protonen auf diese Weise beschleunigt werden konnten, ohne die Spannungsamplitude dabei

um mehr als 1 % zu senken.
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Ein weiterer wichtiger Aspekt sind die in den Linac eingeschossenen Teilchen, welche nicht
in die Akzeptanz passen und auf die Wénde treffen. Hier sollte durch Blenden am Linac-
Eingang moglichst viel Intensitdt im Vorfeld abgetrennt werden. Ansonsten ist dieser Aspekt
zweifelsfrei nur durch ein Strahlexperiment zu kliren, welches innerhalb der LIGHT —

Kollaboration und durch weitere Fordermittel realisiert werden soll (Abb. 10).
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Abb.10:Die Experimentierpldtze 74 and Z6 in der GSI-Unilac — Experimentierhalle. Die in
Planung befindliche CH — Kavitit kann mit PHELIX — erzeugten Strahlpulsen getestet

werden.
Detaillierte Auslegung der ersten Kavitit des CH — Linac

Mit Hilfe des Programms MWS der Fa. CST zur Berechnung -elektromagnetischer
Feldverteilungen in Kavititen wurde die erst Linac- Kavitit ausgelegt und die Spaltgeometrie
sowie die Feldverteilungen in Einklang mit den Parametern der strahldynamischen
Untersuchungen gebracht. Die Driftrohrenaufhdngungen (Stems) wurden so geformt, dass
speziell an den Tankenden die gewiinschte Spaltspannungsamplitude erreicht wurde, bei
moglichst kurzer Gesamtldnge der Kavitdt (Abb. 11 und 12). Die Beschleunigungsgradienten
wurden sehr hoch gewéhlt, um geniigend starke longitudinale Strahlfokussierung zu erhalten.
In genaueren Untersuchungen wurde gezeigt, dass die Felder um etwa 25 % gesenkt werden

konnen, ohne signifikante Strahlverschlechterungen zu erhalten.
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Eine Auftragung der hochsten Oberflachenfelder entlang achsenparalleler Pfade knapp

innerhalb des Auflenradius der Driftrohren zeigt einen Verlauf wie in Abb. 13 dargestellt. Die

Spitzen flir den Nominalfall entsprechen bis zu 94 MV/m und sind damit an der technischen

Grenze.
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Abb. 11: Die mit MWS simulierte Feldverteilung entlang der Strahlachse (links) sowie der

Vergleich von gewiinschter und simulierter Spaltspannungsverteilung (rechts)

Tab. 3: Die wichtigsten Parameter der ersten CH - Kavitét

Spaltzahl 7

Frequenz (MHz) 325.2
Energiebereich (MeV) 10.05 - 16.09
Verlustleistung (MW) 1.92

Qo — Wert 13289

Eff. Shuntimpedanz (MQ/m) 45.7
Beschleunigungsgradient (MV/m) 12.6
Aperturdurchmesser (mm) 30
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Abb. 12:Skizze der ersten CH — Kavitdt mit gekropften Stems und resonanten Endgeometrien.
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Abb. 13: Darstellung der auftretenden Oberflichenfeldmaxima in der xz- und yz- Ebene. Die
wegpfade laufen dabei parallel zur Strahlachse in einem Abstand geringfiigig unterhalb des

diifseren Driftréhrenradius.
Ausblick

Lasererzeugte Protonenstrahlen zeigen interessante Eigenschaften, welche eine Kopplung mit
Linearbeschleunigern ermdoglichen. Insbesondere Anwendungen fiir intensive Einzelpulse
konnten hiermit optimal bedient werden. Wichtig fiir solche Ziele ist allerdings eine
erhebliche Steigerung der Laserpulswiederholfrequenzen sowie eine hohe Puls- zu
Pulsstabilitdt. Die Strahltransportstrecken fiir lasererzeugte Teilchenstrahlen sind sehr
anspruchsvoll — wegen der hohen Erzeugungsdichte der Strahlpulse und der komplexen
Verteilung im Phasenraum. Der in dieser Arbeit eingeschlagene Weg einer moglichst kurzen
Anpassstrecke an einen Linac erscheint vielversprechend und wird weiter verfolgt.
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CHAPTER 1
INTRODUCTION

1.1 Overview

The construction of the early particle accelerators was motivated by nuclear physics [1]. In
1932, J. Cockroft and E. Walton performed the first artificial nuclear reaction with a proton

beam using a dc particle accelerator [2].

Due to the limitations of dc voltage the main acceleration is provided nowadays by

RadioFrequency RF accelerators.

In 1927 Widerde built the first RF linear accelerator by applying a time — alternating voltage
to a sequence of drift tubes [3]. This inspired E. Lawrence to invent the cyclotron in the

following year [4].

The development progress in this field was focused on accelerating the particles to highest
energies. At the same time, a good beam quality (brilliance) was needed — especially in case
of colliding beam experiments. For example in the Large Hadron Collider LHC [5], the

proton beam will be accelerated to energies of 7 TeV with about 10" particles per bunch.

On the other hand, the accelerator size and costs become quite high. Because of that, the new
research in accelerator physics is aiming on developing new approaches and concepts to

overcome these constraints.

The interactions of the high — power lasers with solid targets are capable of accelerating ions

to energies in the Mel — range (ten to several tens on MeVl in case of protons) [6-35].

The invention of Chirped Pulse Amplification CPA in 1985 by Strickland and Mourou [36]
opened the way for increasing the power of laser pulses. After the implementation of CPA
technology in modern laser facilities, one can achieve high energy laser systems with ultra —
short ultra — intense laser pulses with intensities approaching 10*' W/cm® [37-40]. The
unavoidable laser pre-pulse with an intensity of the order 10" W/cm’ is high enough to ionize
the target and to create plasma [7-8, 10, 18, 20, 25, 27, 41-48]. The main laser pulse will

interact with the plasma on the target front side. Beyond intensities of 10'® W/cm’, the motion



of electrons in the plasma is treated fully relativistic. In case of protons, the corresponding

intensity for relativistic motion exceeds 10** W/em’.

Through the interaction between the laser and the plasma, a part of the laser energy is
converted into electron kinetic energy resulting in electrons with energies in the Mel — range
[49]. These electrons are transported to the target rear side and form a huge electric field of
the order TV/m due to charge separation [8-9, 24-25, 43, 50]. This field will be high enough
to ionize the atoms on the rear side and to accelerate the ions to energies in the MeV — range
(several tens of Mel for protons) [6-35]. The process of ion acceleration is called Target
Normal Sheath Acceleration TNSA [6-10, 18, 25, 43, 50-56]. Figure 1.1 shows the
development in laser — focused intensities and corresponding maximum ion energies

extracted [33].
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Figure 1.1: Development in laser — focused power density and laser power (left axis) and
corresponding maximum ion energies (right axis) during the years. The solid black curve is
taken from Tajima and Mourou [57-58]. This trend should be corrected (ved line) because
the threshold 1 PW laser intensity was not overcome since the first realization at Lawrence
Livermore Laboratory. The yellow rectangle shows the current TNSA — regime [Courtesy of

J. Schreiber, ref. 33].



The laser — accelerated protons (TNSA) possess interesting features in terms of energy,
emittance and proton number per bunch which make them “promising attractive” to

conventional proton sources [20, 41, 59-64].

In contrast to conventional accelerators, they can achieve considerably higher peak currents
at beam energies of ten to several tens of MeV [7-8, 10, 18, 42-43, 65] when compared to
state of the art injectors like single ended dc accelerators or RFQ’s [66-67].

The laser — proton source injector is capable of producing a single proton bunch, but on the

other hand such an injector will have a very low duty factor.

The important topic for further acceleration of the laser — accelerated proton bunch is the

matching into the acceptance of the succeeding RF accelerator [19, 41, 48, 59, 68-71].

Several projects are proposed in this field, LIGHT (Laser Ion Generation, Handling and
Transport) at GSI Darmstadt is one of them [68-69, 72-73]. The LIGHT project is developing

laser accelerated proton beams, beam transport, and injection into a conventional accelerator.

This kind of hybrid proton accelerator will benefit from the interesting features of a laser

based source and from the flexibility of RF based accelerator structures.

Due to the available energies, drift tube linacs are the most adequate choice for this purpose.
The injection of laser — accelerated protons into a conventional drift tube linac DTL was

discussed in the literature earlier [19, 59, 68-71].

The demonstration of focusing a laser — accelerated 10 MeV proton bunch by a pulsed 18 T
magnetic solenoid into a linac structure is the subject of this thesis. H-type drift tube
accelerators [74-76] seem well suited to accept beam bunches like generated by lasers. A
Crossbar H-type (CH) structure is suggested because of its high acceleration gradient, [-
range, mechanical robustness, and high shunt impedance [74-76] at the relevant injection
energies. The motivation for such a combination is to deliver single beam bunches with

acceptable emittance values and at extremely high particle number per bunch.

The results from PHELIX laser experiments and from simulations performed by the Warp
code [20, 22, 40, 48, 77-78] show, that there are some restrictions with respect to a post

acceleration of the generated bunches.



For example at PHELIX experiments performed in 2008, protons with energies up to 30 MeV
and a total yield of 10" protons were observed [20, 22, 40, 78]. The proton spectrum is
characterized by a large divergence (= 23° at 10 MeV). This divergence decreases with

increasing energies down to £ 8° at 29 MeV as shown in Figure 1.2.
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Figure 1.2: Dependence of differential particle yield (left) and half opening angle (right)
from the proton energy at TNSA experiments with PHELIX (Courtesy of M. Roth and V.
Bagnoud).

The main aim of this work is to find the matching tools from the laser accelerated — protons at

the target position to the injection point into the CH — DTL.
1.2 Thesis Structure

The thesis is structured in 8 chapters.

In chapter 2 an overview on the interaction of the laser with the solid target will be given.
Then a general discussion about the laser — plasma interaction follows, including the laser
propagation in the plasma. The electron acceleration and transport will be discussed briefly.
In section 2.2 the laser — proton acceleration mechanism “Target Normal Sheath
Acceleration” will be explained. Finally, an overview on optional applications of laser —

accelerated protons (ions) will be addressed.

Chapter 3 is discussing the tracking of laser — accelerated protons through a pulsed magnetic
solenoid. In this chapter, the higher order aberrations in the solenoid like chromatic and
spherical (geometric) aberrations are investigated in detail. Space charge effects caused by
the solenoid will be studied. Here two cases are described: The proton bunch tracking at full

space charge from the starting point and the completely neutralized bunch starting at the
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target position. In the second, more realistic case, the space charge force is identically zero at
the target position (t = 0) and starts growing due to charge separation between electrons and

protons while passing the magnetic solenoid field.

The simulations in this chapter were performed using LSAIN code, which was developed at

IAP — Frankfurt by Dr. Martin Droba.

The experimental setup for laser — proton acceleration will be shown in chapter 4. The results
of one experiment carried out at PHELIX (Petawatt High Energy Laser for heavy Ion

eXperiments) will be summarized in section 4.3.

In chapter 5 an introduction on RF linacs including the beam dynamics will be given. The H-
type cavities (CH- and IH- DTL) are discussed in section 5.3. The KONUS beam dynamics is

explained in section 5.4.

Chapter 6 is describing the matching of laser — accelerated protons into a dedicated CH —
linac. The beam dynamics in longitudinal and transversal planes through the structure are
investigated in detail. After designing a CH linac suited to accept the high bunch current from
the TNSA — process a bunch particle distribution as resulting from beam simulations along

the matching section was tracked through the linac.

In chapter 7, the simulations of CST - MicroWave Studio will be presented. The optimization
of the drift tube, gap and stem geometries for the first cavity in the dedicated DTL will be
shown. Tuning of the electric and magnetic fields distributions inside the cavity was
performed. Section 7.2 shows the investigations on the surface electric fields for the CH —

DTL.

Chapter 8 contains the main results, conclusions and the outlook on experimental activities.






CHAPTER 2

LASER — ACCELERATED PROTONS: A NEW PARTICLE
SOURCE FOR CONVENTIONAL ACCELERATORS

The interactions of the ultra-short ultra-intense laser pulses with solid targets create novel
states of matter [13, 16, 43, 50, 79-97]. In the process of Chirped Pulse Amplification (CPA)
disturbing effects like Amplified Spontaneous Emission (ASE) promote the formation of
laser pre-pulses which are intense enough to ionize the target and to create a pre-plasma [7-8,
10, 18, 20, 25, 27, 41-48]. The main laser pulse interacts with the pre-plasma on the target
front side. The laser pulses with intensities exceeding 10"*W/cm® have a corresponding
electric field of the order TV/m [8-9, 24-25, 43, 50]. This field is an order of magnitude
larger than the electric field of a hydrogen atom. Because of their small masses the main
interaction happens between the laser and electrons which are accelerated to velocities close
to speed of light. Thus, the relativistic electron mass will increase and the laser magnetic field
comes into play and the relativistic effects define the electron motion. At these intensities,
different absorption mechanisms of laser energy are introduced in the plasma where a large
fraction of the laser energy is converted into kinetic energy of electrons. Hence, the electrons
with energies in the MeV- range are transported through the target and then leave the rear
side, forming a dense electron cloud [16, 98-100]. The charge separation of the electrons
from the remaining target creates a strong electric field which is able to accelerate the ions

(mainly protons) from the rear target surface to kinetic energies in Mel — range.
2.1 Laser — Plasma Interaction

In order to understand the interaction between the laser and plasma, it will be worth to study
the case of single electron in the electromagnetic waves. The electric and magnetic fields are
given as the solution of Maxwell’s equations. For linearly polarized laser propagating in the

z- direction, E and B are given as
E(r,t) = Eye, expli(kz — w,t)] (2.1

B(r,t) = Egey expli(kz — w,t)] (2.2)



where Ej and By are the laser electric and magnetic field amplitudes, respectively with B, =
Eyc, w; the laser angular frequency, k the laser propagation vector, ¢ the time, ¢ speed of
light and e, ,, the unit vectors defining the orthogonality of E and B with the propagation

vector k.

The energy flux density (energy per unit area, per unit time) transported by the fields is given

by the Poynting vector §

1
S=—EXB (2.3)
Ho

where p is the permeability of the vacuum.

The laser intensity is defined as the average power per unit area transported by an

electromagnetic wave over the fast oscillations of the laser field

1
[ =<|S§| >= EeocEg (2.4)

where g is the permittivity of the vacuum.

A laser pulse with intensity 10" W/cm® has a corresponding electric field amplitude of
Ey = 9 TV /m. Using the relation By = Ey/c, the corresponding magnetic field amplitudeB, =
30 kT.

2.1.1 Electron — Laser Interaction

The motion of a single electron in free space in presence of the laser can be described by the

Lorentz force. The equation of motion can be written as

dp d
i E(ymev) = —e(E+v XB) (2.5)
where p and v are the electron momentum and velocity, respectively. y =1/,/1— B2 =

J1+p?2/méc* is the relativistic factor, § = Y/ is the normalized velocity, e and m, is the

charge and the rest mass of electron, respectively.

For non-relativistic motion (v < ¢), the v X B —term can be neglected and electron motion is
defined by the electric field term. The solution of equation (2.5) leads to a harmonic

oscillation in x- direction with the maximum oscillation velocity
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ek,
Vosc = Myw, (2.6)
e

At intensities higher than 10" W/cm?, the motion becomes relativistic. In order to
differentiate between different motion regimes, the dimensionless electric field amplitude a,

is introduced as the ratio of maximum oscillation velocity in equation (2.6) to speed of light

ek,
ay, = 2.7
m,w;C

Hence, the corresponding electric and magnetic field amplitudes can be defined in terms of

ag as
Mmew;C a
= = 3.2 x 1012V
0 e %= 1 um] /m (2.8)
Mmewy, 2
B, = ap, = +1.07 X 10*T 2.9
° e ° AL lpm] 2.9)
and the intensity given by
2
= recrz=— % 137 1018W /cm? (2.10)
27070 T B um?]

In the classical, non-relativistic regime a, << 1, the electron motion is dominated by the
electric field as mentioned above. The magnetic field force F' = gvB leads to a forward drift
of the electron motion in z- direction. The corresponding velocity is

ag

=— 2.11
4+a(2)cez 1D

Vp

Nevertheless, at the end of the laser pulse the electron velocity is zero despite the electron has
changed his position. Hence, the electron does not gain energy from laser, which is known as
the Lawson-Woodward theorem [101]. For a, = 1 the electron velocity approaches the speed
of light, and the motion must be treated fully relativistic. The ultra-relativistic regime is

defined in case ay > 1.
2.1.2 Ponderomotive Force

Up to this point, the problem was restricted to a laser plane wave. While in reality, the laser is
focused to a focal spot diameter of several um resulting in a varying transverse intensity

profile which could be, for example, Gaussian.
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Hence, the laser intensity decreases with increasing distance from the axis. This will lead to a
displacement of the electron during the first half-cycle into the region of lower intensity. At
its new position, the electron experiences a weaker laser field whose electric field is not able
to return the electron to its initial position during the second half-cycle of the laser oscillation.

Thus, the electron drifts towards the lower intensity regions with a finite velocity.

The force driving the electron to lower intensity region is called the ponderomotive force
[102-108]. It was derived in 1957 by Boot and Harvie [102], who showed that charged
particles of either sign will experience acceleration towards the position of least electric field

strength [109-110]. For a single electron, the ponderomotive force is given by [102, 104, 108]

2

e
F,=- V(E-E” 2.12
p= gz VE E) 2.12)

As soon as the electron velocity approaches the speed of light, the Lorentz force acting on the
electron due to the magnetic field cannot be neglected anymore. The v X B force pushes the
electron into the forward direction (see equation (2.11)). In this case, the relativistic

correction on the ponderomotive force has been obtained by Bauer et al. [104]

c? y—1
F, = 7 Vm,r + (vo - Vs 1)V (2.13)

2
Vo

where m, sy the space and time dependent effective mass is given by

(2.14)

e?A- A"\ 2
2m§cz> —7

where A the magnetic vector potential and the cycle- averaged gamma function y =

14 a3/2[111] for a linearly polarized laser.

The solution of equation (2.13) is very complicated and has to be done numerically which is

not a topic in this thesis.

Up to this point, only the interaction of a single electron with the laser field is described. In
comparison with electrons, ions have much higher rest mass. Protons for example, as the

lightest ion (m, = 1836 m,), have the relativistic threshold not at a, = 1 but at a,, = 1836.

Using equations (2.8 — 2.10) and by replacing the electron mass by the proton one gets
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ao,
Ey = L_. 5.9 x 1015V/m (2.15)

AL lpm]
Ao p ;
By = £1.9 x 10T
" Aylum] (2.16)
2
a
I = —2— .46 x 10%*W /cm? (2.17)
£lum?]

where a,,, denotes the dimensionless electric field amplitude in the proton case.

A required intensity of > 102*W /cm? is far beyond the present laser development. With
intensities available today (I, = 10'® — 102YW /cm?, 1, ~ 1 um) the ions hardly move in
the laser electric field and they are assumed to form an immobile, positively charged

background.

The averaged kinetic energy W, which electrons gain during one laser cycle, can be obtained
by calculating the ponderomotive potential U, via F, = —m,VU,, which leads to W,. The

resulting equation for the energy gain by the relativistic ponderomotive potential is

W, = (¥ — 1)m,c? (2.18)

Equation 2.18 can be expressed in terms of measurable laser parameters or with the

dimensionless electric field amplitude as [104-105, 112-114]

=
I
?\TA
(o]

o3
I

I, [1018W /cm?2] A% [um?
e JHL[ femiglum]

2.74

2
’ a
= m,c? 1+70—1

where I;[1018W /cm?] is the laser intensity given in units of 10*W /cm?, 4, the laser wave

(2.19)

length given in um units, kg the Boltzmann constant and T, the electron temperature.

For a laser intensity of 5X 10'°W/cm?at A, = 1.054um, one gets for protons W, =

2.81 kel and for electrons Wpe = 1.85 MeV.
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2.1.3 Laser Propagation in the Plasma

Up to this point, the study focuses on the interaction of the laser with a single electron. But in

reality, the laser interacts with all plasma electrons.

An important length for quasi-neutral plasma is the Debye length A, [115]

gokgTe

n.e?

(2.20)

where n, and T, are the electron density and electron temperature, respectively.

The electrons will oscillate with the electron plasma frequency w,, [115]

2
w. = /"ee_ (2.21)
P EoMeY

Hence, the laser can propagate in the plasma as long as its frequency w; exceeds the plasma

frequency w,,. The refractive index n, can be defined in terms of w, and w,as [115]
n, = - (2.22)

For w, < w, the refractive index becomes imaginary, which means that the laser can
propagate up to the point where w, = w,. At this point, one can define the critical density, n.

as the electron density where the laser pulse is reflected by the plasma

2 -—
_ SowrMmey (2.23)

Cc ez

Figure 2.1 shows the interaction process between the laser and a solid target. The laser pulse
propagates through the pre- plasma up to the point where the electrons reach the critical

density.

Because of the ponderomotive force, the plasma electrons are pushed radially from the high
intensity area near the axis towards lower intensities. This will change the radial electron
density profile. Hence, this profile works as a convex lens for the laser beam. This effect is

called the relativistic self-focusing [116-117].
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Figure 2.1: Scheme of the interaction between the laser and solid target. The laser pulse with
focal spot radius v, hits a target of thickness d resulting in a pre-plasma on the target front
side. The laser propagates through the plasma until it reaches a position where the electrons
have its critical density n.. At that density the plasma has a zero refractive index and the

laser will be reflected [Courtesy of J. Schreiber, ref. 33].

2.1.4 Electron Acceleration and Transport

In the laser- plasma interaction, the ions do not gain the energy directly from the laser but
indirectly by the accelerated electrons as will be discussed in the next section. So, the
electron acceleration up to MeV- range and the transport through the target to the rear side is
very important because it will define the accelerated proton bunch parameters as well and its

quality.
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Assuming that, as shown in Figure 2.1, the laser accelerated electrons propagate through the
target of thickness d with an opening angle 8, which can be calculated as tan?8 = 2/(y — 1)
[118-121], the electron bunch radius B at the rear side can be written as [33]

B=1r+d-tanf (2.24)

where 7; the laser focal spot radius.

The number N, of laser accelerated electrons in dependence from the laser energy E; is given

by introducing the conversion efficiency coefficient 7 defined by [32]

ul
N, = 2.25
e kB Te ( )
where kgT, is the mean electron energy given by equation 2.19.
The initial electron density n.y can be estimated as
_ N 2.26
Meo = ct B2 (2.26)

where t; the laser pulse duration, and B as given by (2.24).

A detailed study on the dependence of the conversion efficiency on laser intensities and target
properties can be found in Refs. [7-9, 21, 90, 122-126]. Several experiments worldwide show

a dependence of 1 on the laser intensity according to [126]
n=12-10"1°x,%"* (2.27)
where I; given in W/em’.

For example, the laser pulse at PHELIX experiments [78] has an energy (after the
compressor) of about /08 J and a duration of 700 fs and was focused by a copper parabola
mirror to a focal spot area of 54 mum?, resulting in 4.5 X 10°W /cm?. The predicted
conversion efficiency is about 45% and the total number of electrons can be estimated by

equations (2.19) and (2.25) to be 1.6 X 101*, where the laser wave length A, = 1.054um.
2.2 Laser — Proton Acceleration

The acceleration of ions directly with the laser is not possible with intensities available today.

As mentioned in the previous section (Equations 2.15 — 2.17), this becomes possible for laser
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intensities above 10°W/cm’. Instead, electrons are used in an intermediate step to transfer

energy from the laser pulse to protons.

In this work, the ion acceleration from the rear side of a solid target will be discussed. Due to
the laser intensities as well as to target parameters at PHELIX laser experiments, the Target
Normal Sheath Acceleration mechanism — TNSA [6-10, 18, 25, 50] will occur. In the

following section, this process will be explained in detail.

Radiation Pressure Acceleration (RPA) [51, 127-130] is another mechanism where the
protons can be accelerated up to energies in the Gel- range. In this process a circularly
polarized laser is needed, which is not the case in PHELIX. Because of that the RPA —

mechanism is not discussed in this thesis.
2.2.1 Target Normal Sheath Acceleration — TNSA

In the previous section 2.1.4 the transport of accelerated electrons, though a solid target, was
explained. These electrons are reaching the rear side of the target and some of them can
escape leaving the target positively charged. The emitted electrons are trapped by Coulomb
forces and form an electron sheath cloud. Hence, the charge separation between target and

electron cloud will form a strong electric field estimated by

ksT,
Ey = 22
0= (2.28)

The typical value for Ay is a few wm [11]. Therefore, this electric field is in the same
strength order of the laser field itself (77/m) which will be strong enough to ionize the atoms
on the rear side of the target and to accelerate the protons to energies in the MeV to several

tens of MeV — range.

Because of the protons are the lightest ions, it will be easy to ionize first. The electric field
lines are pointed normally to the target rear surface, resulting in the ion acceleration in the
same direction, therefore this acceleration mechanism is called Target Normal Sheath
Acceleration. Figure 2.2 shows a schematic for TNSA process [25]. This process was
observed by different groups [6-10, 18, 25, 43, 50-56]. After that, several experiments were
demonstrated on the proton acceleration with energies up to 70 MeV [37] and heavier ions

with energies up to 7 MeV/nucleon [11, 131].
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Figure 2.2: Scheme of the Target Normal Sheath Acceleration TNSA mechanism. The laser
pulse is focused on the front side of the target and interacts with the pre-plasma generated by
unavoidable laser pre-pulse. The laser energy is converted to the plasma electrons resulting
in electrons with kinetic energy in MeV — range. These electrons are accelerated and
transported though the solid target and it reaches the rear side and some of them can escape
leaving the target positively charged. The charge separation between the electron sheath and
the target will form a huge electrostatic field of order TV/m which is high enough to ionize
the atoms at the target rear side and accelerate the protons (ions) to energies in MeV —

range.

The proton beam quality generated by TNSA is highly dependent in the laser parameters,
target material and initial proton radius. In this process, the protons are generated with a high
intensity yield of order 10'* — 10", low initial emittance values, wide energy spread and large
angular divergence [6-13, 16-21, 23-24, 43, 56, 60-64, 78, 81-82, 88, 132-146]. The proton
beam parameters can be improved by different cleaning procedures of the target rear side like

coating [11], resistivity heating [13] and laser ablation [81].
2.2.2 Proton Beam Expansion

After the discovery of TNSA, different models are used to explain the plasma expansion at
the target rear side. Patrick Mora [132] described the plasma expansion in vacuum with an

isothermal model, where the plasma does not cool through expansion.
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When the plasma expands in vacuum, the electrons transfer energy to the protons through the
Coulomb interaction. Finally, electrons are co- moving with the protons resulting in a neutral

plasma.

This model [132] expects an exponential proton spectrum where the number of protons per

unit energy dN/dE, can be expressed as

dN ; 2E.
= MoCsTace exp| — P (2.29)

dE, \[2ksT,E, kgT,

Where ¢ = /kgT,/m, the ion — acoustic velocity, n;y = n,q the initial proton density and

Tacc the proton acceleration time which can be estimated by the laser pulse duration as

Tace =13 X1, (2.30)

The maximum energy that can be gained in the isothermal model is given by
2
Emax = 2k T, [Int, + (£ + 1)’ (2.31)

where t,, = wpptacc/+/ 2€xp(1) the normalized acceleration time and w,, = \/€*nyo/YM,&

the proton plasma frequency.

Notice that, the electron density profile has a Gaussian — radial distribution which was shown
in the measurements [61]. Hence, the protons accelerated in the direction normal to the
electron density gradient result in different proton energies. The central part is accelerated
more than the protons on the edge. The proton bunch radii as well as the emission angles are

energy dependent.

Figure 2.3 shows the results of one experiment at PHELIX. Obviously one can see the
exponential energy spectrum of the protons (Figure 2.3, left), the opening angle being highly
dependent on proton energy (Figure 2.3, right).

Proton spectra are characterized by a large divergence at low energies. This divergence is
found to be decreased with increasing proton energy (Figure 2.3, right). The emission radius
of the protons at the target position is also decreased with increasing energy (see Figure 2.4)

[15-16, 18, 24, 61-63, 78-79, 95, 147-148].

17



’; e 24 xX xxxxxxj’/ﬁ,/:;o&m
S 12 & L
> 102 4 3 x
: o 20 A X "x
[ on x
E jon | 8 *x
St
s x

g 10 8. ¥
5 o 127 x
£ 3 i
£ 10° | =

, v . . . 8 | Z | | | x

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Proton Energy (MeV) Proton energy (MeV)

Figure 2.3: Dependence of differential particle yield (left) and half opening angle (right) on
proton energy generated in PHLIX laser experiments (Courtesy of M. Roth and V. Bagnoud).
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Figure 2.4: The laser — accelerated proton envelopes for different proton energies. This
sketch is showing the dependence of source size and envelope divergence at proton energies
generated by laser. For increasing proton energy the generated proton source radius and the

divergence is decreasing.

2.3 Application of Laser — Accelerated Protons

Experimental results from the laser acceleration of proton achieved energies of ten to several
tens of MeV. The unique features of the accelerated protons, like small emittance values and
high yields up to 10" protons per shot open new research areas. Since the first acceleration
experiments, several laboratories are working not only on developing high quality proton

beam, but also on controlling them for easy use in other applications.

The main topic in this work is concerned about using the laser acceleration protons as an

alternative for particle proton source for conventional accelerators [19, 41, 48, 59, 68-71,
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149-153]. Other options on using these protons are still investigated in wide researcher areas

like in medicine [51, 154-166].

In the following, an overview on the application of laser accelerated protons (ions) will be

addressed briefly.
2.3.1 A new particle Source for Conventional Accelerators

The unique features of laser — accelerated protons could be useful for accelerator technology
[41, 59, 149-153]. The laser technique can deliver proton beams at energies of ten to several
tens of Mel — far above energies delivered by RFQ’s [66-67], which are the current linac
front end technology. The important topic for further acceleration of proton bunch is the
matching into the acceptance of an RF accelerator. The e RFQ is no more efficient at energies

beyond 10 MeV'.

With respect to the transit energies, direct matching into drift tube linacs are the most

adequate choice. A Crossbar H-type (CH) structure is suggested as the linac part.

The matching problem from the target into the CH- structure by a magnetic pulsed solenoid

will be explained in detail in the following chapters 3 and 6.
2.3.2 Isochronic Heating

Isochronic heating means heating at constant volume. It is the way to produce a Warm Dense
Matter (WDM) with a solid state density at a temperature of several tens of e} [167]. The
WDM is very important in astrophysics to understand the interior planets such as Uranus and
Neptune [22, 167]. Production of a matter at solid state density heated normally with a
temperature > /0° K is challenging. The laser — accelerated protons with short pulse duration
may be used for this purpose [22, 167-168]. The characteristic behavior of the protons

deposition energy in matter is shown in Figure 2.5.

The proton loses its energy uniformly in the matter up to the point of Bragg peak where the
proton comes to rest. Hence, the target located in the plateau region allows to achieve an

almost uniform temperature.
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Figure 2.5: The proton loses its energy uniformly in the matter up to the point of the Bragg

peak where the proton comes to rest. In the isochoronic heating, the target is located in the

plateau region which leads to an almost uniform temperature.

2.3.3 Medical Applications

The laser — accelerated protons (ions) can be used in medical applications especially in

radiography and cancer therapy [51, 154-158].
a. Radio — Isotope for Positron Emission Tomography (PET)

The positron emission tomography is a nuclear medicine techniques that produces a three
dimensional image [169]. The system detects a pair of gamma rays emitted indirectly by a
positron — emitter radionuclide (tracer). In order to protect the patient from dispensable
dose, the life time of the B emitter needs to be short. Several radionuclides are used in
PET like '/C and "*F. The production of these radionuclides are done by (p,n) or (p, @)
reactions. The production of /C and "°F using laser — accelerated protons seems possible

[159-163].
b. Ion Radiotherapy

The irradiation of a tumor inside the patient by X — ray, y — ray and electrons could kill

the healthy cell because of the loss of a high fraction of energy along their paths in the
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body. While in the ion therapy, it will be possible to deposit the ion energy in a well
localized area within the tumor. Protons with energies ranging from 70 MeV — 250 MeV
and carbon ions with energies up to 430 MeV per nucleon are used [51]. The Heidelberg
Ion beam Therapy (HIT) is one of the modern facilities located in Germany [170]. The
cost of the ion therapy facility is about 100 million Euros. The new developments in
lasers predicted that in the coming years one can laser accelerate protons or even carbon
ions to energies of several hundreds of MeV and up to GeV. Hence, laser ion acceleration
might be able to compete with conventional accelerators in the ion therapy facilities [51,
154-157, 164-166]. The hope is that this might not only reduce the cost of construction of

such a facility but also make the device more compact [155, 164].

Other applications for laser accelerated protons may open in nuclear physics [131, 171]

and in fast ignition [172-175], especially.
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CHAPTER 3

EXPERIMENTAL SETUP FOR LASER — PROTON
ACCELERATION

After the invention of Chirped Pulse Amplification (CPA) technology in modern laser
facilities [36], one can achieve focused intensities up to 10 W/cm’. Under these conditions,
intense protons are accelerated normally from the rear surface of the solid target with the

TNSA process discussed in Chapter 2.

In the scope of this work, the PHELIX (Petawatt High Energy Laser for heavy Ion
eXperiments) laser system [40, 176-177] will be used to accelerate the protons to energies in

MeV — range.

The typical experimental setup for the laser — proton acceleration at PHELIX can be shown in

Figure 3.1 [32, 78].

Figure 3.1: Experimental setup for the laser — proton acceleration at PHELIX [Courtesy of
Knut Harres , the same as shown in ref. 78].

In this chapter, an overview of the PHELIX facility will be presented in the next section. For
proton detection, a high resolution detector Gafchromic Radiochromic film (RCF) [178] is
used. This will be the topic of section 3.2. Finally, the results of an experiment performed at

PHELIX will be presented in section 3.3.
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3.1 PHELIX Laser Facility

The PHELIX laser system is one of the most powerful lasers in the world. It is located at the

GSI Helmholtzzentrum fiir Schwerionenforschung in Darmstadt, Germany (see Figure 3.2).

Storage Ring

Expertmental Hall

S UNILAC

PHELIX Facility”

Figure 3.2: Schematic for the PHELIX laser facility and the accelerator chain in GSIL.

PHELIX is a Nd: glass laser system and was built in cooperation with Lawrence Livermore
National Laboratory LLNL in the USA and Commissariat a I'Energie Atomique CEA in
France. Figure 3.3 shows the schematic overview of the PHELIX facility [40].
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Figure 3.3: Schematic of the PHELIX laser system (Courtesy of V.Bagnoud).
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Two operational modes are available at PHELIX; the long pulse mode with pulse duration
ranging from 700 ps to 20 ns and short pulse mode with a pulse duration ranging from 500 fs
to 20 ps. The main parameters for each mode are summarized in Table 3.1 [40].

Table 3.1: Present operational parameters of the PHELIX laser system for long pulses and
for short pulses operations [40].

Parameter Long pulse Short pulse
Pulse duration 0.7-20ns 0.5 20 ps
Energy 03-1kJ 120J
Maximum intensity 10" w/em’ 10°° W/em®
Repetition rate at max. power 1 shot every 90 min 1 shot every 90 min
Contrast 50 dB 60 dB

For laser — proton acceleration, the short pulse mode is used in order to achieve the high
intensities.

In the short pulse mode, the femtosecond front — end laser oscillator is used to generate the
short pulses with durations of 100 fs and with energies around 40 nJ at 76 MHz repetition
rate. The pulse can be stretched by orders of magnitude up to 2.3 ns (FWHM) in the pulse
stretcher. The stretched pulse is then amplified by two titanium — doped sapphire regenerative
amplifiers with a repetition rate of 10 Hz. The output energy after the amplifier will be
typically 30 mJ. After that, the pulse is injected into several glass—based amplifiers having a
final energy of about 160 J. Finally, the pulse will be re-compressed to pulse durations of < 1

ps in a vacuum tank to avoid nonlinear interaction of the pulse in air.

The efficiency of the compressor is about 90% [78], resulting in the final laser energy at the

target chamber about 130 J.

This process described above was invented in 1985 by D. Strickland and G. Mourou [36,
179] and is called the Chirped Pulse Amplification (CPA). The schematic for this process is

shown in Figure 3.4.

AN J\

Short-pulse -
TR Stretcher Amplifier =)

Figure 3.4: Schematic for the Chirped Pulse Amplification (CPA) process.
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Due to the heating up of the optical components and to the cooling time of the main

amplifier, the repetition rate of PHELIX is limited to one shot per 90 min [40].

In order to generate protons, the incident laser pulse is focused on the target by a copper
parabola mirror on a beam spot of several wm radius only. The target material consists of
metallic foils like gold, copper,...etc. with a thickness ranging from several um up to tens of
um. The laser —accelerated protons can be measured by several methods like with a Magnetic
Spectrometer [126, 180-183], a Thomson Parabola [11, 26, 50, 84, 184], CR-39 [50, 185] and
with Radiochromic films [20, 32, 34, 78].

The Radiochromic films (RCF) are common in use because of their suitability for the
reconstruction of the laser-accelerated protons with high resolution [20, 32, 34, 78, 80, 186-

188]. For more details about the other methods see references [20, 32, 34].

3.2 Radio Chromic Films

The laser-accelerated protons can be detected with a high-sensitivity Gafchromic
radiochromic film (RCF) detector [20, 32, 34, 78, 189] by resolving the dose distribution in

two dimensions.

Different RCF films of types HD-810, HS and MD-55 [190] are common in use for this
purpose [20, 32, 34, 78]. Figure 3.5 shows the configuration layers and the composition of
these films. The chemical compositions of each layer as well as the densities are summarized

in table 4.2 [32, 34, 190].

MD — 55

HD — 810

Adhesive layer 25.4 pym

Adhesive layer 25.4 um

HS
. I

Figure 3.5: Layer configuration of Radiochromic film of types MD-55, HD-810 and HS. The

color codes in Figure 4.5 and Table 4.2 are identical.
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Table 3.2: Chemical composition and density of Gafchromic Radiochromic films.

density
. C (%) H (%) 0 (%) N (%)
(g/em”)
Polyester 1.35 45.44 36.36 18.20 0.00
1.08 29.14 56.80 7.12 6.94
Adhesive 1.20 33.33 57.14 9.53 0.00
; 1.20 22.61 53.52 11.12 12.75

The dosimetry film is sensitive for an ionizing dose like provided by accelerated protons.
After the interaction, the film color changes from transparent to different shades of blue,

depending on the amount of dose absorbed in the film by polymerization [191].
Hence, it depends on the total number of protons passing the film and their energies.

The RCF films have been calibrated for protons by Hey et al., with a micro-densitometer [84,
192]. At PHELIX the transmission film scanner Microtek ArtixScan 1800f was used to scan
the films resulting in the same accuracy as micro-densitometers [34]. The scanner was
calibrated with a grey scale wedge [34, 193]. This allows converting the film information to

an optical density.

The deposited energy Egqp of protons in each film is calculated by the SRIM code [194].

Figure 3.6 shows calibration curves for three different RCF films [20, 34]. The results in

Figure 3.6 can be approximated by a non-linear exponential function [34]

Egep = €xp (Z a; - Dbi> (3.1)

i

where Eg,p is the deposition energy in KeV /mm?, D is the optical density, a and b are

constant fitting parameters, having different values for different film types.

For more details about this technique see the PhD dissertations of F. Niirnberg and M.
Schollmeier [32, 34].
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Figure 3.6: Calibration curves for the deposited energy versus the optical density for the
radiochromic film types HD-810, MD-55 and HS [PhD thesis of F. Niirnberg ref 34].

The stopping power of the proton dE /dx in the material depends on the proton initial energy
and on the material density. Figure 3.7 shows a SRIM calculation for different proton
energies penetrating a HD-810. When the proton enters each layer, the energy loss is

changed. At the end of each trace, the energy loss peaks at the Bragg-peak.
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Figure 3.7: The proton energy deposited per unit length in radiochromic film type HD-810
for four different initial energies as calculated with SRIM 2006 (the Stopping and Range of
lons in Matter). The marked areas from left to right are correspondence to different layers in

RCF from left to right: gelatin coating (dark yellow), sensitive layer (blue) and polyester
(dark gray).
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3.3 Method of Determining Proton Beam Parameters

Several PHELIX experiments were performed to generate intense protons with energies of

several MeV/ up to tens of MeV[22, 40, 48, 78, 176].

One of these experiments which was done in January 2011 as a part of LIGHT (Laser Ion
Generation Handling and Transport) project [68-69, 72-73] will be described in some detail.
The results are published in references [69, 73].

It should be noted that, the experimental results given in reference 34 (see Figures 4.21 —

4.22) are used to investigate the post-acceleration by a CH-DTL (Chapter 6).

In these experiments, a 7.8 J laser pulse of about 700fs duration was focused by a copper
parabola mirror on a beam spot of about 100um? (FWHM) as shown in Figure 3.8. This
results in a power intensity of about 1 X 101 W /cm?. A gold target of thickness 10 um was

used.

X (um)

Figure 3.8: Intensity distribution of the laser focal spot focused by a parabola mirror. The
full width at half maximum (FWHM) dimensions of the spot are 10um X 10um.

The film detector in stack configuration consisted of three HD-810 films followed by another
three MD-55 films. Due to the high sensitivity of RCF films to the ionizing radiation, an
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Aluminum layer with a thickness 14 um was inserted before the first HD-810 film. Figure

3.9 shows the RCF stack configuration which is used to analyze proton beams.

Protons with higher energies penetrate the first film and will be completely stopped in one of

the following films. Hence, each film is characterized by a certain proton energy range.

1.2 MeV 3.2 MeV 4.5 MeV

6.8 MeV 8.8 MeV 10.6 MeV

HD | HD | HD MD MD MD

All'gio 1810 | s10| 55 55 55

Figure 3.9: Radiochromic film stack (three films of HD-810 type followed by another three
films of MD-55 type) exposed by a laser — accelerated proton beam at PHELIX experiment. A
gold target of thickness 10 um was exposed to a laser intensity of about 10" W/em® resulting
in protons with 10.6 MeV maximum energy. The stack was positioned 31 mm behind of the
target. The energy value on the top right of each film corresponds to the proton Bragg peak
energy.

The energy value written on each film represents the Bragg-peak energy (see Figure 3.10).

Since the RCF film is a two-dimensional detector in space [34], the beam divergence can be
calculated by knowing the distance between the target and the RCF-stack, which is 37 mm.
Figure 3.11 shows the angular divergence of the proton beam at different energies. The
opening angle is decreased with increasing energy. This behavior was seen not only in this

experiment, but also in earlier PHELIX experiments [34, 40, 78].
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Figure 3.10: Screenshot of the graphical user interface running in MATLAB program for the
reconstruction of the proton spectrum, written by the working group of M. Roth from Institut
fiir Kernphysik, Technische Universitdt Darmstadt (Courtesy of S. Busold).
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Figure 3.11: The dependence of the half opening angular divergence of the PHELIX proton
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N

beam on the proton energy.
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As mentioned before, protons deposit a part of their energy in all penetrated layers. This
fraction is varying from one layer to another. So the total deposited energy in a specific film
can be calculated by integration over the whole spectrum

o _[ANE) -
total — TX loss(E) E ()

where dN /dE is the number of proton detected per energy interval, and Ej,;c(E") the energy

loss of a proton with energy E” in a given layer.

Each layer need to be de — convolved by the nonlinear detector response function to calculate
the particle spectrum dN /dE. This can be done by a convolution with an assumed function

for dN/dE.

Recent publications have shown that the particle spectrum dN/dE has an exponential
behavior [20, 32, 34, 40, 48, 126]. Assuming an isothermal, quasi-neutral plasma expansion

as given by Fuchs et al. [126] the particle spectrum can be written as

dN No 2E 33)
—=——Xexp| — |7 .
dE  \[2EkgT P kgT

With the particle spectrum function dN/dE and the Ej . as calculated by the SRIM-code,
the total deposited energy is calculated for each RCF layer. The energy deposited by all

protons in MeV/ as a function of the proton energy is shown in Figure 3.12.

The integral in equation 3.2 is solved numerically. The parameters N and kgT are iteratively
determined by minimizing of the root mean square deviation [34]. For the proton beam in this
experiment, the best fit function is given by equation 3.3 where the fit parameters are

Ny = 4.6 X 101t and kzT = 0.61 MeV.
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Figure 3.12: The calculated energy deposited of the measured data in the RCF stack
(Courtesy of S. Busold).
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Figure 3.13: Dependence of differential particle yield on energy for PHELIX experiment by

solving the integral in equation 4.2 numerically using equation 3.3.
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CHAPTER 4

TRACKING OF LASER — ACCELERATED PROTONS
THROUGH A PULSED MAGNETIC SOLENOID

The unique features of laser — accelerated protons make them attractive for study. Possible
applications of these generated and accelerated protons require a collimated beam with well-

defined energy and divergence.

Due to the fact that the protons are generated with a large divergence and as the transversal
acceptance of accelerators is limited, focusing elements (lenses) must be designed properly to

match the beam into the linac.

The impact of the electric field compared to the magnetic field can be estimated by the
relation E = vB. Hence, a magnetic field strength of 18 T at f = 0.15 (about 10 MeV proton
kinetic energy) is equivalent to E = 7.8 X 108 V/m. This value of the electric field is far
above the technical limits. Thus, for laser — accelerated proton collimation, magnetic lenses

will be used. The focusing elements could be quadrupole or solenoid.

Different options were suggested and demonstrated for focusing and transporting laser —

accelerated protons [19, 34, 48, 70-71, 151, 195-198].

Due to highly divergent protons, most of them were lost when a quadrupole transport channel
was used. Thus, the quadrupole element was found not to be convenient for this problem (see

for example refs. 32, 195).

In order to catch the laser — accelerated protons, a pulsed magnetic solenoid is used as the
first focusing element, with fields as high as 20 T theoretically [19, 22, 71, 78, 196-198]. In
the following, the protons with energy around 10MeV are selected from the TNSA proton
spectrum for further acceleration to higher energies by an RF linac (see chapter 6). They
required field strengths up to 20 T theoretically for collimation [19, 71, 196-198] (see the

next sections).

It is shown that, the pulsed magnetic solenoid is able to match the laser accelerated protons

into the linac structure (CH — DTL) [19, 71, 196-198].
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The particle simulations through the solenoid starting at the target position and ending at the
linac entrance were done by a new 3D code — LASIN (LASer INjection) [199]. This code,
which was developed at IAP — Frankfurt by Dr. Martin Droba, is used for multi — particle

tracking through the solenoidal magnetic field including fringing fields.

4.1 LASIN Code

The LASIN- code is a 3D code, developed for multi-species (electrons, protons and ions)
beam tracking through a solenoidal magnetic field with high space charge forces and at
rapidly varying geometric bunch dimensions. The tracking in longitudinal and transversal
planes can be adapted depending on the initial bunch parameters. The magnetic field is
calculated by the Biot- Savart solver using a numerical integration scheme from a given
distribution of current elements. At every exact particle position at a given time step, the

corresponding magnetic field B is calculated accordingly.

In case of space charge forces, the charge density is integrated on a cylindrical mesh from
a particle distribution by PIC (Particle- In- Cell) techniques [200]. Afterwards, the Poisson
equation is solved numerically by the iteration method BiCGSTAB (Bi-Conjugate Gradient
Method- STABilized) [201] on the mesh resulting in the potential distribution. For the

tracking algorithm the electric field is interpolated at the particle position.

A symplectic middle step scheme [202] in Cartesian coordinates is used to follow the

particle motion in given fields.

The code is implemented at the Frankfurt Center for Scientific Computing CSC cluster [203]
by fully exploiting the parallel processing capabilities. Typically, 50 processors and up to 10’
macroparticles are used in proton tracking simulations from the target (TNSA — Protons) to
the linac accelerating structure (CH — DTL in this work). For optimization purposes and

memory requirement a reduction of the sparse format of stored vectors and matrices is used.
4.2 Pulsed Magnetic Solenoid

The magnetic solenoid consists of radial and axial magnetic fields with cylindrical symmetry
around the beam axis [204]. Since the magnetic field is constant during the passage of the

particle bunch, the particles don’t change their energy.

As the particles cross the fringing field of the solenoid, the Lorentz force q - v, X B, will act
azimuthally. The resulting velocity vy will lead to a radial force when the particles cross

B, inside the solenoid. This radial force will focus the particles towards the axis [204].
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In order to collimate the protons with energy 10 MeV + AE, a pulsed magnetic solenoid with
33 circular windings having an inner diameter of 44 mm, an outer diameter of 76 mm and a
total length of 72 mm is used [19, 71, 196-198]. The solenoid parameters are shown in Figure
4.1. The distance between target and solenoid entrance was set to 15 mm in order to catch as

many protons as possible and corresponds to the performed experiments.

Target = ,
Y Solenoid
At )
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1
I

< 15mm Se—— 72 mm  —

Figure 4.1: A schematic view of the laser target and the focusing solenoid. The geometrical

parameters of the solenoid were indicated.

The 10 MeV proton bunch in this work needs a magnetic field level of about 20 T
theoretically in order to focus directly into the CH — DTL at a distance of about 210 mm from
the target. The solenoidal field extension along z is shown in Figure 4.2. The cyan lines
represent the geometrical size of the solenoid while the brown line represents the TNSA
target position. The magnetic field in the target area is about 6 T (Figure 4.2, left), which
means that the protons (and the co- moving electrons) are produced in a relatively high
magnetic field. That means, the hard edge solenoid approximation is insufficient for our
study and the effect of fringing fields must be taken into account as it was done in this study.
The particle tracking (without space charge) immediately behind of the target is performed in
the time domain with time steps of 10" s, typically. This corresponds to steps in space of
about 440 um along the drift axis. In case of space charge studies, the time steps are adapted
to whether the electrons are included (the time step is about 1071* s) or not included (the
time step can vary from 10713 to 107125 depending on the electric field level). Simulation
tools for a wide range of particle energies will be shown in chapter 4.4. where space charge is

included.
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Figure 4.2: Longitudinal (left) and transverse (vight) components of the solenoidal field
along the axis for different radii in cm; the geometric length of the solenoid (cyan lines) as

well as the target position (brown line) are marked.

4.3 Simulations without Space Charge

Beam dynamics simulations through the pulsed magnetic solenoid for a proton bunch with

energies of 10 MeV +AFE are described in the following.

The 4D Kapchinski-Vladimirski (KV) distribution [205] was generated as a very first particle
distribution for the simulations. At the beginning, the beam dynamics simulations were
performed without space charge. The main goal was a check of chromatic and geometric
effects taking into account higher order aberration. The impact of their effect on the proton

tracking through the magnetic solenoid was investigated.

4.3.1 Chromatic and Geometric Aberrations
In the paraxial approximation [204, 206], the equations of motion are derived by keeping
only the linear terms in r, 7" . The lenses treated in this approximation are considered as ideal

ones (optically thin lens).

In practice, magnetic solenoids are not perfect focusing devices, and other nonlinear effects
cause imperfections or aberrations. These aberrations enlarge the beam spot. The important
ones are spherical (geometrical) and chromatic aberrations. The spherical aberration (Figure

4.3) is a geometrical aberration and arises from third-order terms (13,7277, ...) [204, 206].
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Figure 4.3: Spherical aberration. The lens focuses the particles far from the axis more

strongly than the particles near the axis.

Spherical aberration appears because the focusing action on the ions far from the axis is

stronger. The spherical aberrations result in a waist with a radius 7y given by [204, 206]

1
Ts zz 5.83 (4.1)

where Cs is the spherical aberration coefficient, which depends on lens geometry and the
initial conditions. The angle of convergence S depends on the initial divergence (opening

angle) @ and on the beam diameter in the solenoid.

Chromatic aberrations (Figure 4.4) are due to the spread in kinetic energy that is inherent in
any beam. In contrast to the spherical aberration, the chromatic aberration does not imply any

nonlinear terms in the trajectory equations [204, 206].

NS

2T,
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Figure 4.4: Chromatic aberration. The lens focuses the particles with higher energies less

than the particles with lower energies.
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Due to the fact that the focal length depends on the momentum, particles with different

momentum (or energy) are focused at different distances from the lens.

Hence, particles with lower energies are bent more and therefore focused at shorter distances
from the lens. This effect results in an enlargement of the beam radius behind the lens, which

is given by [204, 206]
Ap
. =Cp ? (4.2)

where C, is the chromatic aberration coefficient, § the angle of convergence and Ap/p =

AE /2E the momentum spread.

For the pulsed magnetic solenoid from previous section, the chromatic and spherical
aberrations were investigated in detail [68, 198]. The beam dynamics simulations were
performed for proton beams with varied input transverse divergence (opening angle). Three
different cases were analyzed for a : +£45 mrad, £90 mrad and +180 mrad. For each case
different momentum spreads up to +10% are used. These simulations are made at negligible

space charge conditions.

For a given solenoid and spot radius, one can use eq. 4.2 to scale the chromatic emittance €,

as
Ap
€Ec = C.BZ ? (4.3)

For small input emittance values €; , €, can dominate and will become the effective
emittance €, as can be seen in Figures 4.5. The magnetic field level at 270 mm behind of the
target is below /% of the maximum field. Thus, the resulting emittance at that position

depends on the momentum spread as well as on the initial beam divergence, o.

In Figure 4.5, the impact of the chromatic and spherical effects at that position can be seen,

where three different cases for the beam divergence are plotted.

The predicted linear behavior in eq. 4.3 is confirmed for a momentum spread larger than 2%
for both planes x and y. At vanishing momentum spread, the relative emittance growth is

caused by spherical aberrations only. This can be seen in Figures 4.5, right (Ap/p < 2%).
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Figure 4.5: Output rms — emittance values in x — x'versus Ap /p (left) output to the input rms
— emittance ratio in X — x'versus Ap/p (right) at a position 210 mm behind of the target, in
dependent from the initial divergence o.

With absence of spherical aberrations, the ratio of the output emittance to the input one for
mono energetic beam should be one. This is not the situation in our simulation; the ratio of
the output to the input emittance at the same momentum spread is varying with input

divergence which is due to the spherical effect only (see Figure 4.5, right and Figure 4.6).

To clarify the chromatic effect, the input and output phase space distributions x — x" are
plotted for three different momentum spreads at ¢ = +90 mrad input divergence (see Figure
4.7). In this part, an absolute transverse emittance of 5.4 mm - mrad (€,,s = 1.36 mm -
mrad ) was used as the input emittance for different momentum spreads. For Ap /p = 0% ,
the in rms-emittance is purely due to the spherical aberration and this is equal to 0.35 mm -
mrad. Therefore, in order to get the net growth or contribution due to chromatic aberration in
the other two cases (Ap /p = 4% and 10%), one should subtract the contribution of

geometric aberration ({Erms,o - = 0.35 mm - mrad) from the output rms-

Erms,i}at Ap/p=0%
emittance. It becomes obvious that, the effective enlargement in the output-distribution for

Ap/p = 4% and 10% is very good in agreement with of eq. 4.3. Hence,

Ccoppmron) _ 11.64—035 _ 10% _
L 4%
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Figure 4.6: Input and output particle distributions in x — x'for different opening angles with
Ap/p = 0%.

It was proven that in the presented simulations with the LASIN code, the non-paraxial effects

were included. Thus, the geometric aberration will lead to the s-shaped distortion of output

distribution even for a mono-energetic beam (Figure 4.7).

To explain how the s-shaped distortion is formed, the evolution of x — x” output distribution

for x = 180 mrad and Ap/p = 0% are shown at different z — positions (Figure 4.8).
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Figure 4.7: Input and output particle distributions in x — x'for different momentum spreads

Ap /p with 90 mrad opening angle.

To analyze the emittance behavior along the solenoid it is necessary to follow the rms —
“canonical” emittance &.4y, ,this means to replace the mechanical momentum by the
canonical momentum (P gnonicai=Pmechanicart 9 - 4 where P, ochanicar 15 the mechanical

momentum P,ochanicar= MV and A is the vector potential).
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The root-mean-square (rms-) emittance is defined as

— (@7 - @w))"” (45)

ETmS
where x' = p,/p,.

The common definition of rms-emittance (mechanical) and the “canonical rms- emittance”

can be defined as in eq. 4.5 but x’ definition is different;

, { D/ Dy {M echanical emittance
X = i i
Dx.cano./ Pzcano. = 0x + @A)/ (0, + qA,) Canonical emittance

Thus, £.4n,. 1 growing while the protons are crossing the solenoid (see Figure 4.9).

(4.6)
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Figure 4.8: The evolution of x — x* distribution for x = 180 mrad and Ap/p = 0% at
different positions. The s — shaped deformation at the last position is mainly due to the

spherical aberration.
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With absence of any aberrations and space charge forces, the canonical emittance
should be conserved. In the case discussed in Figure 4.9, the particles are generated without
energy spread to have no contribution of chromatic aberrations. Thus, the growth in
transverse canonical emittance, which is happened mainly in the solenoid, is due to the

spherical aberration.
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Figure 4.9: Canonical (red) and mechanical (black) emittance evolutions on the z — axis
for Ap/p = 0%. The smooth growth in the canonical emittance is an impact of the spherical
effect. Both evolutions are ended at the same values where the magnetic field is reduced

down to less than 1 %. The geometric length of the solenoid (blue lines) is marked.

4.3.2 Proton Bunch Transported through the Solenoid

The tracking of the proton beam through the magnetic solenoid up to 2/0 mm behind the
target was investigated with variable initial parameters in detail. Beam Envelopes in x for
different opening angles (@ = +45 mrad, £90 and +180 mrad, with mono-energetic beam

are shown by Figure 4.10, left.
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The maximum beam radius was below 10 mm, even for the 180 mrad case. Since the laser
accelerated protons are generated with a large momentum spread, the beam envelopes for
different momentum spreads: Ap/p = 0%, 4% and 10% with @ = 45 mrad are investigated

and results are shown in Figure 4.10, right.

Hence, the main difference in envelope for different momentum spread can be seen along the
123 mm long drift behind the solenoid. This behavior is due to different exit angles at the

solenoid exit.
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Figure 4.10: The beam envelopes of a proton beam in x for different opening angles at
Ap/p = 0% (left) and for different momentum spreads at a = +45mrad (right), the

geometrical length of the solenoid is marked in cyan lines.

4.4 Simulations with Space Charge

The effect of space charge forces on the beam dynamics of a single proton bunch generated
by laser was investigated in detail. The laser — accelerated proton bunch is generated together

with co-moving electrons [32, 34, 61, 77].

In order to understand this problem, the study was divided in two parts; the first part
concentrates on the pure proton bunch starting with a bunch length of 500 fs from a
60 um radius spot. It was aimed to transport the proton bunch through the solenoid, including
the Coulomb explosion effect in the first millimeters. But in reality, the protons generated by
the TNSA mechanism are expected to be space charge neutralized to a high degree by the co-
moving electrons, which are generated together with the protons at the target rear side [32,

34, 61, 77]. This will be the topic of part two.
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4.4.1 Proton Bunch Tracking (without electrons)

In order to estimate the space charge force on a single proton bunch transported through the
solenoid without electrons, the following case was simulated: 1010 protons of energies
10 MeV + 0.5 MeV within a bunch length of 500 fs are assumed. The parameters of the
proton bunch used in these simulations are summarized in Table 4.1. In this simple model,
the influence of the great majority of about 10" protons over all energies in the bunch (see

Figure 4.11) as well as the electrons ware neglected.

Table 4.1: Starting conditions of the proton bunch at the target position.

Energy Band 10 MeV + 0.5 MeV
Beam Diameter 120 pm =
Bunch Length 500 f's *
Divergence + 1lmrad
Emittance 0.06 m mm - mrad
Normalized Emittance 0.028 mm - mrad
Proton Number 101° protons

* The value was chosen depending on the expected value from TNSA.
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Figure 4.11: Proton spectrum measured at PHELIX experiments. The proton number per unit
energy is showing an exponential by decreasing curve. 1 0" protons can be detected in the

energy band of 10 MeV =+ 0.5 MeV (Courtesy of M. Roth and V. Bagnoud, [40]).

The complete bunch transport from the target position along the z-axis was done in two steps;
the first step was extended up to 1.6 mm (bunch center) behind of the target and along the
beam axis in order to examine the Coulomb explosion and the second step was pursued up to

about 210 mm (bunch center) along the beam axis as discussed below.
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4.4.1.a Coulomb Explosion

The simulations for this section were started with a uniform ellipsoidal distribution with
+1 mrad as the initial divergence of the beam in transverse planes (Figures 4.12 left).
Hence, in order to study pure space charge effects the protons were generated almost in
parallel with the beam axis. The mesh size was adapted by choosing the time step to

be 10~ 13s.

Due to the enormous space charge forces with an extreme electric field resulting in an electric
potential of about 1 MV in the bunch center, the bunch starts quickly to expand with
transforming the electrostatic potential energy to kinetic energy [207]. The bunch reached a
divergence of about + 150 mrad after 1.6 mm behind the target (Figure 4.12, right) while
the beam potential decreased to the 72 kV level [207].
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Figure 4.12: Input and output distribution in x — x'at the target positions (left) and after the

Coulomb explosion at z = 1.6 mm (right).

Besides this divergence, the energy spread of the bunch was also increased and it reached

+ 40 % at the end (Figure 4.13).

Additionally as a second effect of higher energy spread, the intial transversal phase space

distribution is transformed to the  Propeller — like” form (See Figure 4.12, right)

The relation between bunch widths Ax and Az was investigated and it was fitted to be linear
with a slope of 1.37 (Figure 4.14), where Ax and Az are the bunch widths in x and z,

respectively.

In Figure 4.14, the linear behavior is no more valid forz < 0.25 mm. This nonlinear

behavior is mainly due to the Coulomb explosion.
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Figure 4.13: Input and output energy spread distributions in the proton bunch at the target

position (red) and after the Coulomb explosion at z = 1.6 mm (black).
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Figure 4.14: The relation between the bunch diameters in x (or y) and z at different positions.

The non — linear behavior around z = 0 is mainly due to the Coulomb explosion. Starting

conditions like given in table 4.1and mirror effects of the target are not included.

The ratio of bunch widths Ax/Az is shown in Figure 4.15 as a function of z. At the initial

point the ratio was about 5.45, after that it was decreased rapidly and reached 1.0 at z =

1.03 mm. This means that our initial ellipsoid became a sphere due to the space charge

forces. Thus, the longitudinal space charge forces in z are initially much bigger than the

transversal ones in x and y.
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Figure 4.16 shows the bunch evolution at different z position. Hence, the rapidly beam

expansion can be seen easily by comparing the first bunch at z = 0 and the last one (in blue)

atz = 1.6 mm.

6.0
°
°
401 °
N °
<
= °
< °
2.0 1 %
..
)
ooooooo...................
0.0 T T
0.0 0.6 1.2 1.8

z (mm)
Figure 4.15: The ratio of bunch widths Ax/Az at different z positions. The initial ellipsoid
distribution was expanded longitudinally more than transversally due to the bigger space

charge forces in z and it becomes a sphere after the end of Coulomb’s explosion.
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Figure 4.16: The proton bunch at different positions, where the initial bunch at z = 0 is

expanding in all directions especially in z — direction where it is about 22 times larger

finally.
50



4.4.1b Transport of the Proton Bunch behind the Solenoid

After the space charge explosion along the first millimeters, discussed in the previous section,

the proton bunch was transported through the focusing magnetic solenoid with its fringing
fields.

Due to the Coulomb’s explosion, the proton bunch has an energy spread of about + 40 % and
an angular divergence up to + 150 mrad. Due to the chromatic aberration explained in
section 4.3.1, particles with different energies are focused at different positions (Figure 4.17).
Due to the energy spread (10 = 4 MeV), the transported proton bunch has a wide spread in

longitudinal z direction reaching about 88.6 mm at 210 mm (bunch center) from the target.

— 6 MeV
i, — sMev

9 MeV
10 MeV

11 MeV
12 MeV
14 MeV

0 > 10 15 20 25
z (cm)
Figure 4.17: Bunch shapes in x-z projection at different positions along the beam axis.

Additionally, the beam envelopes with their correlated proton energies at the last position are

color coded. The dashed dark green lines show the geometrical length of the solenoid.

Figure 4.18 shows the x — x' output distribution in phase space with “bow tie” shape. In
comparing the results in Figure 4.18 with Figure 4.7, it is clear that the main influence is
given by space charge induced chromatic aberrations. Due to large angular divergence, the

spherical aberrations are contributing.

In conclusion, these simulations show that already the space charge forces of one permille of
bunch particles with energies of 10 MeV =+ 0.5 MeV is sufficient to cause a large beam
divergence up to =+ 150mradas well as a large additional energy spread of

+ 4 MeV (£ 40 % along the drift of 210 mm through the magnetic solenoid.
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Figure 4.18: Output distribution in x — x' of the proton bunch at the last position which is
extended from z = 16.3 cm to z = 25.2 cm (see Figure 4.16).

By choosing an extreme case where the bunch contains only protons, it was possible to
estimate the effect of space charge on the beam dynamics when the bunch is exposed to full
space charge. But in reality the protons are generated with an initial divergence, and
additionally with co-moving electrons which will reduce and modify the space charge effect.

This is described in the next section

4.4.2 Two Species (Proton Bunch with Electrons)

The proton bunches are expected to be space charge neutralized to a high degree behind the
target foil in the absence of magnetic fields [77]. Before we start to discuss the effect of co-
moving electrons on the beam dynamics of a single proton bunch, the impact of the magnetic

field on the proton and electron bunches along the first millimeters is studied.

Figure 4.19 shows a detail view of the laser target, the focusing magnetic solenoid and the
drift to the rf linac. The longitudinal axis is marked in mm and in ps time of flight for a 10
MeV on axis protons. The effective range of LASIN and LORASR code based simulations in

space charge case are indicated.

Since the target is located /5 mm from the entrance of the magnetic solenoid, the protons and
electrons are generated in the fringing field of the solenoid. The field level at the target

position is more than 6 T.

Because of a neutralized beam in the beginning, the beam potential starts at zero. Thus, no
space charge forces exist at this point. Due to the difference in mass between protons and

electrons, their response to the magnetic field is quite different.
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Figure 4.19: Schematic view of the laser target, the focusing solenoid and the drift to the rf
linac. The longitudinal axis is marked in mm and in ps time of flight for a 10 MeV on axis
proton. Additionally, the range of LASIN and LORASR code based simulations in space
charge case (protons with the co-moving electrons) are indicated.

The gyroradius (Lamor radius) 1 is given by [204]

mv,
iy

97 1qIB (4.5)

where m the mass of charged particle, q the charge of the particle and v, the velocity

component perpendicular to the direction of the magnetic field B.

In the fringing field area, the divergent particles have different v,, moreover the magnetic

field will have different strengths and directions.

For electrons, the charge-to-mass ratio is much bigger compared with protons; the motion can
be described by a decreasing helix. The electrons are focused strongly towards the axis

following the magnetic field lines and gyrating around them.

Due to the focusing process, the axial electron density increases and forms a negative on axis
potential. As a result, space charge forces occur because of more and more differing
distributions between electrons and protons in space. Part of electrons will be accelerated in

the forward direction and others will slow down.

Finally, it should be noted that the solenoid field can act like a magnetic mirror [115] and
reflect electrons in case of large initial divergence (conservation of the adiabatic constant p, p
being the magnetic momentum of gyrating potential [115]). The reflection condition in terms

of the magnetic field levels is given as
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B, :
sing = - (4.6)

Bmax
where 0 defines the cone loss. Particles with initial divergence larger than 6 will be reflected
backwards to the lower field region. B,,;, is the field level at the starting point, B, is the

field level in the solenoid mid-plane.
For the target — solenoid array as shown in Figure 4.19 8 corresponds to about 35°.

Figure 4.20 shows the evolution of a neutralized bunch from electrons and protons at
different positions during the first millimeters. Here, a uniform KV - distribution was
assumed for both — electron and proton distributions. The magnetic field levels are shown in
the top right corner. The impact of magnetic field on electrons is much bigger than on
protons. Here, it easily can be seen that the electrons are accelerated in forward and opposite

directions.
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Figure 4.20: The evolution of a neutralized bunch propagating along the z — axis towards the
magnetic solenoid. The bunch starts with 100 % neutralization between protons and
electrons. The impact of the magnetic field on the electron is much bigger than on protons.
The magnetic field level at the starting point was more than 6 T, reaching a maximum of 18 T

in the solenoid.

54



Besides the mesh resolution close to the target, details of the initial proton and electron
distributions in phase space have to be chosen properly. Especially, the huge electric fields
caused by charge separation in the presence of the solenoid field were limiting the choice of
the mesh cell dimensions. Moreover, Courant stability criteria for numerical explicit schemes
require that VXAtmesh < AZmesh, resulting in a small time step. Due to the fact, that the
maximum occurring electric field is a dynamical variable, several preliminary test
simulations were needed to find an optimum mesh setting. The total internal energy (potential
plus kinetic energy of all particles) was calculated as a control parameter to check

conservation properties and to distinguish between numerical and physical effects.

These preliminary simulation checks and an optimum use of the available cluster capabilities
resulted in the following strategy, which divides the transport line into 4 sections a) — d),

simulated by LASIN.

The tracking of the proton bunch through the pulsed magnetic solenoid with the presence of

co-moving electrons is described in the following [198].

a) Initial Particle Distribution and Transport 0 — 10 ps.

In the following, an isothermal expansion model (drifting particles) during the first 10 ps
with starting from a radial Gaussian 20 density distribution was assumed.

The input parameters for the initial distribution as well as their dependence on the proton
energy were chosen according to the simulated and measured data in the PHELIX laser
experiments [34]. Figures 4.21 — 4.22 summarize these data.

The input parameter “initial source radius” was varied from 180 um at 5 MeV to 70 um
at 15 MeV continously. The angular divergence is decreased with increasing proton energy.
The angle of divergence was varied from about 400 mrad at5 MeV to 140 mrad at
15 MeV (24° to 8°).

An initial energy spectrum as large as 10 MeV + 5 MeV was assumed now in the simulations:
This is already 10 times larger than the energy band of 10 MeV + 0.5 MeV, which is adequate
for injection into the rf linac finally. Within the chosen energy range 10 MeV + 5 MeV, the
particle distribution is chosen according to the measured energy spectrum as shown in Figure

4.11.
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Figure 4.21: The measured energy deposition of protons in RCF films compared with the
calculations using equation [(AN(E')/dE) X Ej,ss(E")AE’ (left). The fit shows the number

of protons per energy interval. Equation dN/dE = (NO/W/ZEkBT) X exp(—,/ZE/kBT)
was used to get the plot on the right [PhD thesis of F. Niirnberg ref. 34].
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Figure 4.22: Proton beam parameters of the PHELIX data used in the LASIN simulations
where the blue dots (W) are referring to the experimental data and (=) is the fitted function
[PhD thesis of F. Niirnberg ref. 34].

The particles with low energy below 5 Mel were truncated due to the limited maximum
macro-particle number 107 and their expected small interaction with the 10 MeV + 0.5 MeV
proton fraction of interest for post-acceleration. The protons with an energy larger than 15
MeV are truncated for the same reason.

Electrons were chosen co-moving with the protons with 100% space charge compensation at
the starting position.

b) Transport 10 — 40 ps.

During the first 10 ps, the proton and electron bunches expand to convenient dimensions for

the simulation in LASIN. The starting distribution for the energy band 10 MeV + 0.5 MeV is
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The density profile of the protons in the transverse planes is distributed as Gaussian (See

shown in Figure 4.23. The corresponding position of the particles after 40 ps is abort
Figure 4.24).
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Figure 4.23: The x —y — (left) and x — x' — (right) projections of the 10 MeV + 0.5 MeV

fraction of a simulated proton pulse after 10 ps; &yyms = 6.56 mm - mrad.
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Figure 4.24: Transversal density profile distribution of the macroparticle from Figure 4.23,
and y . On contrary, the protons with their large transversal momentum can expand radially.
The proton density decreases while the electron density stays almost unchanged near the

left.
The initial cylindrical mesh has the dimensions Ar = 4 um

the time step At
in the target region,
beam axis (Figure 4.25).



Due to the charge separation and fringing fields, the electron on axis density is increased,
which leads to arising negative on axis potential, reaching about -40 k" after 40 ps. Figure

4.26 shows the longitudinal and transversal on axis potential.
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Figure 4.25: z — x projection of the particle distributions after 25 ps. The action of the

magnetic solenoid fringing field is seen already.
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Figure 4.26: Potential curves in transversal (left) and longitudinal (vight) directions at three

different positions along z. At t = 40 ps, the space charge potential is reaching a maximum.

As a consequence, the electrons can escape and are accelerated in forward and backward
directions. Subsequently, the potential drops down and electrostatic energy is converted to the
kinetic energy of the particles. The rapid thermalisation process of the longitudinal electron
distribution along the magnetic field was observed. Generally this fact is demonstrated by the

potential behavior as shown in Figure 4.26. An occurring plasma oscillation at t = 17.5 ps
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(Figures 4.26 — 4.27) is almost damped at t = 40 ps. For comparison, at a typical electron
density of 10*' m™ the plasma frequency has an oscillation period of 2 ps. The potential at t =

40 ps is reaching almost constant values along the z-axis within the propagating proton bunch
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Figure 4.27: Detail of the potential curve (from Figure 4.26) after 17.5 ps in the longitudinal

direction. The plasma oscillation has a higher potential fluctuation at lower z — positions,

where the simulated particle density reaches its maximum.
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Figure 4.28: Time evolution of the electron energy distribution at different time steps. The
right picture has different scaling.

The electron kinetic energy distribution (Figure 4.28, left) is changed to the Maxwellian
form.

After the propagation time t = 25 ps some of electrons start to escape from the proton bunch
and are accelerated to high energies in both directions along the z-axis. Two peaks are now
evident in the distribution function (Figure 4.28, right). The proton kinetic energy distribution

stays unchanged within the same time scale (first 40 ps, see Figure 4.33). However it was
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found that, the growing potential energy as caused by the charge separation, is actually
converted from the initial transversal kinetic proton energy. The growing pronounced charge
separation is stimulated by the big initial beam divergence. The overall energy conservation
is not violated on the 10™* level.
¢) Transport 40 — 460 ps.

Because of the relaxing space charge forces, the cylindrical mesh could be adapted to have
dimensions Ar = 45 um,Az = 45 uym,A¢ = 0.21rad with the time step At = 3.5 X
10713 5. The small time step is due to the high gyration frequency in the magnetic field.

The proton pulse expands transversally in radius; however, the expansion is slower than in
the case of a single specie transport as discussed in section 4.4.1. At the end of the discussed
time span (t = 460 ps) the proton bunch propagated up to the position around 2 ¢m behind
the target (Figure 4.29, position inside of the solenoid) and the electric potential is relaxing

slowly towards zero on axis.
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Figure 4.29: Proton (red) and electron (blue) distribution in z-x plane after 460 ps. Electrons
are accelerated axially by their own potential. The detail AB containing the whole proton
distribution is shown in detail (right). The green marked area corresponds to the protons

with 10 MeV + 0.5 MeV.

An electron influence on the proton distribution could be clearly demonstrated in the x — x’
phase space projection for the whole energy spectrum 10 MeV + 0.5 MeV (Figure 4.30):

The central part of the proton distribution (r < 500 um) is strongly focused due to the
pronounced radial focusing force of the electrons close to the beam axis. Consequently, the
slope of the core — distribution in phase space differs strongly from the protons at larger radii,

which just experienced the drift into the edge field of the solenoid so far.
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Figure 4.30: The x — x' phase space projection of the transported proton spectrum with 10

MeV +£5 MeV at 460 ps.

The peaked central proton distribution, with about 30 % of all macroparticles concentrated
within a radius of 500 um is composed of all proton energies. This is also demonstrated for
the energy of interest 10 MeV + 0.5 MeV. The transversal proton distribution has no more a

Gaussian shape and is peaked on the axis (See Figure 4.31).
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Figure 4.31: Transversal proton distribution for the energy band 10 MeV + 0.5 MeV after
460 ps.

The phase space distribution x — x’ has a central core in a focus (almost parallel beam) and
an outside defocused part (= 350 mrad divergence) at radii up to + 7 mm (See Figure 4.32).
The proton kinetic energy spectrum after 460 is only slightly changed, mainly within the
lower energy side (Figure 4.33). The longitudinal proton bunch position after 460 ps is just at

the entrance of the solenoid.
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Figure 4.32: Proton distribution x — x' for the energy band 10 MeV + 0.5 MeV after 460 ps.

The local influence of co-moving on axis electrons is seen at |x| < 0.5 mm.

~~ 9

% 5x10

v =

= g ] t=10ps

S 4x10 i

g . i t=40ps

= 3x10 | t=460ps

2

= 9

f:f 2x10° +

R

o 9

§ “l ‘ ”“

5]

b

A~ 0 I | "“HV”“""m“|||||||I||l||||||||||mmm..... .......
6.0 10.0 14.0

Kinetic energy (MeV)

Figure 4.33: Proton spectral distribution development within the first 460 ps. The shape is

changing mainly at low energy end.
d) Transport 460 ps — 3.4 ns.

In the following simulation through the solenoid the influence of co-moving electrons was
neglected because the electron and proton phase spaces are well separated now (see Figure
4.29): The maximum radial electric field at t = 460 ps reached about 10’ V/m level at 500 pm
radius. This corresponds to the equilibrium between magnetic and electric focusing forces in

case of the proton distribution.

After 460ps the focusing electric forces due to the electron distribution will be further

reduced and the magnetic force becomes dominant.

No more additional proton accumulation on axis is possible and the proton

distribution will show the cyclotron motion.
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The radial electric force due to the electron column reached about 10° V/m level in the outer
part (r > 1mm) of the proton distribution and its contribution is then decreasing
proportional to 1/r outside. Estimating the momentum transfer to the proton distribution

after 460 ps down along the whole solenoid results in angular corrections below the 1% level.

The other reason to stop the electrons is because of an impractically long run — time of the

numerical simulations with electrons which took more than 4000 hours.

The time step was set to At=2.5x10"" s and mesh cells to Az =1 mm, Ar = 88 um.

The resulting proton distribution as described in section 4.4.2.c is now transported along the
remaining length of the solenoid and up to t = 3.4 ns. This corresponds to a drift of 60 mm
behind the solenoid for the 10 MeV protons.

Due to its individual orientation at the solenoid exit, the inner 30% core (compare Figure
4.30) will further diverge along the drift while the outer beam fraction is approaching the
waist (Figure 3.34).

In Figure 4.34, the low energy proton fraction is concentrated on the left, approaching a
waist, while the high energy protons on the right show a central, focused core caused by the
electrons in the early stage of beam motion as described in section 3.4.2.c. The distribution of
the particles with 10 MeV = 0.5 MeV clearly shows the dominance of the chromatic
aberration as discussed in section 4.3.1 and displayed in Figure 4.7.

A maximum beam potential of + 14 kV after the propagation time of 3.4 ns was reached on
the beam axis at position z = 11 cm. The potential level of about 4 kV was detected for the
energies of interest around /0 Mel at the same moment at z = 15 c¢m. It has to be noted that
this potential is now acting on protons only.

To have a full view for the particles motion in phase space, the longitudinal particle
distribution for the whole proton spectrum (10 MeV + 5 MeV) is shown in Figure 4.35, left.
The particles in red are represented to the protons with energies 10 MeV + 0.5 MeV. This can
be seen in detail in Figure 4.35, right.
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Figure 4.34: (Left) z — x proton pulse distribution after solenoid and followed by a 6 cm
drift. The low energy part is near to the focal spot. (Right) x — x' distribution for the same
propagation time t = 3.4 ns. Green marked area corresponds to the energy of interest (see

also Figure 6.6 for more detailed view).
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Figure 4.35: Longitudinal particle distribution of laser generated protons 60 mm behind the
solenoid with energies 10 MeV + 5 MeV (left). Green marked area corresponds to protons
within energy of interest 10 MeV £+ 0.5 MeV, which is shown in detail at right. The red
marked area corresponds to the accepted particle distribution fall within the CH — DTL
acceptance and used for post-acceleration study. The vertical axis of right picture has
different unit.

The simulations with LASIN end at this point and the fractional distribution (green marked
area, Figure 4.34) was adapted as input distribution for the following linac post-acceleration.
This distribution was adjusted to the LORASR code format. The relative transverse and
longitudinal rms — emittance growth could be calculated as the ratio between the output to the
input rms values and it was about 10 times at the end of the solenoid transport
(€rms,out/ Erms,in =~ 10).

The matching and injection of the proton bunch within energy band will be discussed in

detail. This will be the topic of chapter 6.
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CHAPTER 5

RF LINACS WITH H-TYPE CAVITIES

5.1 RF Linac Parameters

A particle accelerator transfers energy to the particles by applying an electric field. In the RF

linacs, the particles are accelerated along a linear path by time — dependent electromagnetic

fields. One of the main advantages of a linac is its ability for producing high intensity and

high energy particle beams. Figure 5.1 shows a block diagram of an RF linac with its main

components. An RF power system (Klystron) feeds the accelerating cavities with the needed

energy for acceleration. For efficient transmission, the cavities are vacuumed to the 10”7 —10

hPa level.

Due to the losses in the cavity walls, a cooling system is needed (water for normal conducting

cavities and liquid helium for superconducting cavities).

Magnetic

Cayninliag
uuljl.luuo I

Ton
Source

——

Linear accelerator Structure
(Accelerating Cavities and Magnetic Lenses)

____________ 1
Cooling Control | ]
System System |

Beam

Figure 5.1: Basic block diagram of an RF linear accelerator showing its main components.

Hence, the energy can be transferred to a particle from an EM standing wave in an RF cavity.

The axial electric field along the beam axis is given by

E,(z,t) = Ey(z)cos(wt(2))
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where t(z) = fzﬁ

0 )’ the time needed by a particle of velocity v(z) to arrive at position z.

Figure 5.2 shows an accelerating gap of length g, and its on axis field distribution. The field

is confined within a distance L > g.

AE (1,2)

-L/2 L/2

Figure 5.2: Schematic of the geometry (left) and the electric field distribution (right) for an
accelerating gap. The length L is standing for the gap effective length where the field
distribution is confined within + L/2 as shown in right of the Figure.
The energy gain of a charged particle with a charge ¢ crossing the gap is
L
2
AW =q fEO(z)cos(a)t(z) +¢)dz (5.2)
L
2
Eq. (5.2) can be written in the form
AW = qV, Tcos¢ (5.3)

L
where V, = f_z£ Ey(z) dz is the gap voltage amplitude along the beam axis, and T is called
2

transit-time factor [207], which represents the ratio of energy gain caused by the sinusoidal

RF field to dc voltage of amplitude V,, cos¢.
The transit-time factor along the beam axis is defined as [208]
L
[2,Ey(2) cos wt(z)dz
2

T = 7 5.4)
f EL Ey(z)dz
3

For efficient acceleration in linac, the particle beam must be bunched as shown in Figure 5.3.

These bunched may be separated by one or more RF periods.
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Figure 5.3: Beam bunches in an RF linac for efficient acceleration. The bunches are

separated longitudinally by one or more RF periods.

The accelerating cavity is characterized by several parameters, regarding the rf and beam

properties.

The first quantity is called the quality factor O, which is defined by the bandwidth of the
resonance frequency. In terms of the energy stored in the cavity W and the dissipative power

P, QO can be expressed as

Q="5 (5.5

where o is the angular resonance frequency.

The definition in equation (5.5) refers to the unloaded cavity which means the reflected

power is not included. Hence, the loaded Q-value, Q; is defined as

1 1 1
-0 o (5-6)
_ oW
ext = p— (5.7)

where Q.. is the external O-value, and P,,, is the power dissipated in the external load [207].

It is also convenient to define the shunt impedance per unit length, Z. The shunt impedance
per unit length measures the effectiveness of producing an axial voltage V, for a given

dissipated power per unit lengths. Hence, Z can be expressed as
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7= -0 (5.8)

In an accelerating cavity, it is aimed to maximize the energy gain per dissipated power. The
maximum energy gain is calculated by equation (5.3) for® =0, AW .x = qVyT. In
comparison with equation (5.8) one can define a maximum effective voltage for a given

dissipated power per unit length as the effective shunt impedance per unit length, Z.;

2
AWmax] 1 TP _ (BT (5.9)
P-L

Zopr = ZT? =[
eff q P-L P/L

The units of shunt impedance per unit length and the effective shunt impedance per unit
length are M{2/m.

In the design of normal conducting cavities, one aims to choose the optimum geometry to
maximize the effective shunt impedance per unit length. Hence, this leads to maximize the

energy gain for a given dissipated power in a given length.

The ratio of effective shunt impedance to the quality factor, is another useful parameter

Zesr _ [VoT]?

o= (5.10)

This parameter depends only on the cavity geometry and is independent of the power losses.
Zosr/Q measures the acceleration efficiency per stored energy at a given frequency.
The power delivered to the beam Pgis calculated as

Py =1AW /q (5.11)
where [ the beam current, and AW is the energy given through the acceleration.
The total power is the sum of beam power and the loss power

Pr =P+ Py (5.12)
The beam power to total power efficiency is measured by the beam loading parameter,

=5 (5.13)

€s
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The efficiency of the acceleration increases with increasing beam current, up to the current

limit of a given structure.

Finally, the dependence of RF parameters mentioned previously, on the operating frequency

can be summarized as [208]:

fz normal conducting NC
P (5.14)
f super conducting SC
1
fz NC
Q x (5.15)
2 sc
1
fz NC
ZT* « (5.16)
! sc
— & (5.17)
Q f sC

Notice that, ZT?/Q has the same dependency on operating frequency for both normal and
superconducting, which is another evidence that ZT?/Q is independent of the surface

properties.

In these scaling’s it is assumed that the frequency shift is provided by a scaling of the cavity

geometry: Size ~1/f.
5.2Beam Dynamics in a Linac
The energy gain of a particle in an RF gap is given by equation (5.3)
AW = qV, Tcosg (5.3)

The value of ¢ at which the cavity is designed to operate is called the synchronous
phase, ¢ . A particle arriving at each gap center with synchronous phase will gain the right
amount of energy to maintain synchronism with the field, this particle is called the

synchronous particle.

Synchronous phase points —90° < ¢, < 0° are stable points because particles arriving earlier

than the synchronous particle gain less energy, and particles arriving later will gain more
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energy, as shown in Figure 5.4. Hence, the particles near by the synchronous particle oscillate

around the stable phase point.

A
AW ll,alc Particle

I
Sync%(ronous
T (slabll') Particle / -
|« $ (deg)

Early Particle

-9Q° 90°

Figure 5.4: Longitudinal focusing is providing by choosing the right phase of the
synchronous particle relative to the accelerating wave crest. The synchronous phase point is
the stable point because particles arrive earlier than the synchronous particle gain loss

energy and particles arrive later will gain more energy.

Nevertheless, through the acceleration, an off-axis particle in a gap will experience radial
forces (see Figure 5.5). These forces will work as defocusing forces in case of longitudinally

focusing synchronous phases.

Ar

— “

1

|

|
e [

|

Figure 5.5: Accelerating field lines in an accelerating gap of length g. The off-axis particles
in the gap experience radial forces. These forces work like focusing forces in the first half of

the gap and as defocusing forces in the second half (Courtesy of U. Ratzinger).
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5.2.1 Longitudinal Particle Dynamic

The acceleration of particle bunches in a linac is done by a series of accelerating cells (see
Figure 5.6), consisting of drift tubes separated by accelerating gaps. It is assumed in a first
order calculation that, the normalized velocity f,_; is constant when the bunch passes from
gap center n-1 to gap center n. The energy gain in a single gap is assumed to be small against

the particle energy.

k4

Jg'n—l ]@n

1 1
Ir‘_ Ly1= 51811—1"1 : L= El‘gﬂ"l 1

n I
¢n—1 ¢n ¢'n+l

Figure 5.6: A series of accelerating cells describing the longitudinal motion. These cells are
consisting of drift tubes separated by accelerating gaps.

The phase, energy and velocity of the synchronous particle in the n® gap express
as ¢ n, W, and B ,, respectively. In similar way, for an arbitrary particle in the same gap

one can express its phase, energy and velocity as ¢, W, and f3,,, respectively.

To investigate the motion of particles in phases and energies, it is assumed that the
synchronous particle arrive each gap in the correct phase. Hence, the motion in a SA/2

structure (m-mode) will be investigated.

The particles in the accelerated beam bunch will perform the so — called synchrotron

oscillations around the synchronous particle.

These oscillations can be described by the energy and phase difference between an arbitrary

particle in the bunch and the synchronous particle (AW; s = W; — W;, Ag; s = ¢y — ;).

The variation of AW; ; and A¢); ; along the beam axis s is given as [208]

d(¢p — ¢ W — W,
ngﬁss% = 27 7 (5.18)
a(lw — W,
% = qE,T(cos ¢ — cos¢) (5.19)
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By differentiate eq. (5.24) and substitute eq. (5.25), one gets a second-order non-linear
differential equation for the longitudinal motion, which can be simplified by assuming a slow

rate acceleration to

d*(¢ — ¢s) qE,T
YeB: TS = —2m—2 (cos ¢ — coschy) (5.20)
By using the following notation
_sy =Wy 2T nap = 35T 521
W =0y = me2 4T S3y53/1an = me? (5.21)

With the help of equation (5.20) and equations (5.21), one can obtain
2

Aw
— + B(sing — ¢pcosep,) = const = Hy (5.22)

where Hy is a constant and can identify as the Hamiltonian (total energy): the first term is the

kinetic energy and the second one is the potential energy.

Thus, the potential energy Vy, can be expressed as

Vo = B(sin¢ — ¢pcoseps) (5.23)
For —m < ¢ps < 0, V, has a potential well (as can be seen in Figure 5.8). The acceleration

happens for —g < ¢s < % , thus the stable acceleration occurs for —g <¢;<0.

The potential V4 has the maximum at ¢ = — ¢, therefore ¢’ = 0 andw = 0.

One can rewrite equation 5.32, by defining the constant Hy at ¢ = ¢y, as

2

A% + B(sing — ¢pcos¢s) = —B[sings — pscose] (5.24)

Equation (5.24) represents the separatrix equation which separates the longitudinal phase

space into a stable and an unstable region.

The maximum particle energy on the separatrix occurs at ¢p = ¢b;. Hence, solving the

equation of separatrix at ¢ = ¢, leads to

Wmax -

W—W,  [2qE-TBJysA .
mc2 = \/ Tmc2 (¢SCOS¢S - Sln¢s) (5.25)
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Figure 5.7: At the top, the accelerating electric field E; is shown as a function of the
phase ¢, the synchronous phase ¢gis shown as a negative value. Thus, the longitudinal
potential Vi has its minimum at ¢ = ¢ as shown in the bottom. The particle trajectories in
the longitudinal phase space are shown in the middle. Here, the separatrix is dividing the
motion in the longitudinal phase space into a stable (inside the separatrix) and unstable

(outside the separatrix) area.
5.2.2 Transverse Beam Dynamics

The off-axis particles experience radial electric forces. For longitudinal stability ¢ must be

negative, this means the majority of particles experience higher fields in the second half gap
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resulting in a net defocusing force. This defocusing force appears as soon as there is a net

focusing longitudinal force.

The Maxwell’s equations in cylindrical coordinates with azimuthal symmetry and with

absence of charge and current sources in the gap can be written as

1 0(rE,) OE,
- = =0

V-E=0 r or 0z (5.26)
_10E, 10(rBy) 10E,
(VxB), = 2 7 o "o z — component (5.27)
VxB= 1 0E
o 1 0E 0B 1 0E

=T ,_ 26 _ - Z7r _ (5.28)

(VX B), 2 o — 2 ar r — component
vxE =B 9 95 _ 95 (5.29)

9 —_— —_—
at 0z dar at
Notice that, only E, and E,. are non-zero field components.

Assuming that near the axis E, is independent of », equations (5.26) and (5.27) can be

integrated to have

r 0E,
= —— 5.30
Er 2 ot (30
and
r 0E,
B, = —— 5.31
0 2c¢? ot (5-31)

Hence, the radial momentum component near the axis is

L
: d
z
o, = [ atE, - peBo) 5 (5.32)
L Be
2
where dt replaced by dz/fc and v, = fic.
Using equations (5.30) and (5.31) to substitute into equation (5.29), we get
L
© 0E, BOEdz
q z z
Ap. = — 4 = - 5.33
Pr 2£T<az+c at)dt (533)
2

To simplify equation (5.33), it is useful to use
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dE, 0E, 1 0E,

= — 5.34
iz 9z TBcot (5-34)
The electric field E, near the axis looks like
E, = Eycos(wt + ¢) (5.35)
Now, one can use equations (5.34) and (5.35) and the definition of 7 to get
_ qmuE,TL sing
Ap, = V277c (5.36)
In case of ¢ = ¢ we obtain
qrnEyTLsing,
Ap, = —————— .
p?" VZﬁZAC (5 37)

In the previous section, the longitudinal stable motion is happened when —% < ¢; <0, but

this leads to defocus the beam.
In conclusion, the phase stable acceleration which happened for—g < ¢s; <0, giving a
positive RF deflection.

In order to compensate this rf defocusing in the linac, it is needed to use a focusing devices

like magnetic lenses. The quadrupole lenses are the most common.

In Alvarez structure, the quadrupoles are inserted within the drift tubes. This will reduce the
RF efficiency of the cavity. In order to overcome this problem, one option was to invent a

new structure with a lake of internal focusing element in the RF cavity.

The focusing elements are installed between the cavities. H-type cavity is an example on this

structure.

5.3 H- type Cavities

H-type cavities are characterized by the direction of the RF magnetic field, which is parallel
and antiparallel with respect to the beam axis [74-76, 209-214]. Closed field loops are
provided by connecting field lines with opposite orientation at the cavity ends. These cavities

are operating in transverse-electric (TE)-mode structure (known also as H-mode).

Solving the Maxwell equations in a cylindrical cavity of radius R and length L lead to [213]
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Hymnp = HoJm(kcr) cosme . sink,z (5.38)

Hy.k, m 1 )
Hetmnny = ?.;.]m(kcr).sm me.cosk,z (5.39)
C
Ho.k, |
Hymm,) = . Jm(k.r) cosme .cosk,z (5.40)
C
HyZ,. k 41
Esmnp = o.ko Jm(k.r).cosme .sink,z (541)
c
Hy.Zo. k.m .
Ertmnp) = e Jm(k.r) .sinmg. sink,z (5:42)

k.’
where J,, is the Bessel’s function of order m, J;, is the first derivative of the Bessel’s

function and (m, n, ) are integers defining the excited made.

The wave number k, k, and k. are defining as

k? = k2 + k? (5.43)
L.
k, = Tn 1=0,1,2 (5.44)
xl
k, = % (5.45)

where x',,,, is the nth zero of J',,.

The H-type structures have excellent properties which make them attractive for low and
medium J — acceleration. The RF efficiency, beam quality and operation reliability are the
main aspects in any linac structure. The H-type shows excellent behavior in these aspects.

Table 5.1 shows the comparison between the Alvarez-DTL and H-type structure.

Table 5.1: A comparison between Alvarez drift tube linac and H — type DTL.

Structure Alvarez H-type
Features
Field mode ™ TE
Structure mode 2m 8
Frequency range [MHz] 100 — 400 30 —-800
Period length BA BA/2
B - range <05 <0.5
Max. accelerating gradient [MV/m] 4 10.7 for IH [215]
Availability* RT RT & SC

* This refers to the material type where RT and SC stand for room temperature (normal
conductor) and Superconducting, respectively.
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The capability to reduce the capacitance between the drift tubes was used in H-type DTL’s.
This will lead to an increase of the shunt impedance (see Figure 5.8) [212-213]. At the same
time, high field gradients (up to 10 MV/m in IH-DTL [215]) can be reached. A schematic of
a H-type linac structure period applying the KONUS — beam dynamics [74-76, 211-214] is
shown in Figure 5.9. A brief description of the KONUS — beam dynamics will be given in

section 5.4.

A sequence of drift tubes without focusing elements is used. The focusing quadrupoles
(usually triplets) are installed at the end of each accelerating drift tube section. The other
quantities that characterize this design in comparison with other structure are the high
mechanical robustness and a very efficient cooling [74-76, 210-213]. Figure 5.10 shows the
versions of RFQ’s and DTL’s for the H;;,-mode and H,;y-mode [210].

B - (1) HLI-GSI, 108 MH
600 o H i), IH (2) LINAC il -CERN,Z101/202 MHz
30MHz < f £300MHz (3) SchweN, 78.5/157 MHz
400 \ (4) ISOL, INS, 51 MHz
L @ (5) HSFGSI, 36 MHz
@%:.‘
= 200 = |®
= ® :
C: 1 U
= 100} Hzir 'CH
o
i~ Conventional BA/2-DTL
L 50 20MHzsf<100MHz /
()
% 7 ">
[\]Q 1&@

20 . / / /
Conventional BA-DTL CCDTL, BCDTL cCL
100MHz < f £ 400MHz f = 700MHz f <700MHz

10 1 ] 1 L1 ] 1 1

1 2 4 6 8 10 15 20 30 60
B (%)

Figure 5.8: Effective shunt impedance for different rf structures including the transit time
factor T and the synchronous phase ¢ as a function of the particle velocity = v/c. The black
horizontal bars represent some existing IH-DTLs and the red bars represent the expected
shunt impedance of the rt CH cavities for the GSI-FAIR 70 MeV, 70 mA proton linac
(Courtesy of U. Ratzinger and R. Tiede).
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Figure 5.9: A scheme of the H-DTL, showing the separated function principle KONUS —

beam dynamics with respect to acceleration and beam focusing.

Low and Medium - 3 Structures in H-Mode Operation
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Figure 5.10: The H — mode structure family. The main direction of the magnetic RF field is

oriented parallel or antiparallel with respect to the beam axis (Courtesy of U. Ratzinger).

5.3.1 Interdigital H-type DTL (IH-DTL)

The Interdigital H-type drift tube structure (IH, H;;,-mode) was pointed out as a solution for
proton acceleration up to 30 MeV by J.P. Blewet in the CERN Symposium in 1956 [216].
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After that, several improvements and developments were achieved in H-type linacs in

different projects [74-76, 210-213, 217-231].

The empty H-mode cavity is excited in the H;;;-mode. Hence, the longitudinal electric field
E, is zero and the acceleration is provided by the drift tube structure [74-76, 209-210, 213],

as can be seen in Figure 5.11.

® AInO
® o

Figure 5.11: Scheme of an Interdigital H-mode structure (IH) showing the electric field lines
in red and the magnetic field lines in blue (Courtesy of R. Tiede).

The resonance frequency for empty H-type cavities is given by

' 2 2
_ Wmn Xmn L) (5.61)
Jitmnt = "3 = C*\/<27TR> +(2L

where c the speed of light, x;,, the zeros of the derivative of the Bessel functions Jj, (for

IH: x1; = 1.841 , and for CH: x5; = 3.054[210]), L and R are the length and radius of a

cylindrical cavity, respectively.

For example, the IH-DTL cavity no. 2 for the CERN-LINAC3 [210, 213, 215] is shown in
Figure 5.12 and has a length of 1.43m and a radius of 173 mm.

The resonance frequency for the empty cylinder is 570.46 MHz compared with the measured
operating frequency of 202.56 MHz, which is less than 36% of the corresponding value.

Hence, this reduction is due to the extra capacitance between the drift tubes.

For a resonance frequency higher than 300 MHz, the dimensions of an IH structure will be
too small and it will not be possible to make a realistic design. Thus, the crossbar H-type

(CH-DTL) structure can be used at higher frequencies.
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Figure 5.12: IH — DTL for the CERN LINAC 3 lead injector showing a detail of the electric
and magnetic field distributions inside the cavity (Courtesy of U. Ratzinger).

5.3.2 Crossbar H-type DTL (CH-DTL)

For frequencies > 250 MHz, the dimensions of the IH are too small and in terms of
mechanical construction the cavity design is not attractive. So, one can consider to excite

higher H-modes, H,,.

H,,, — modes show higher frequencies at a given tank radius for higher m. On the other hand,
the structure gets more complex. The H,; — mode with two stems per drift tube seems to be
attractive for medium P — profiles. The cavity operated in this mode is called a Crossbar H-
type structure (CH-DTL) [74-76, 210, 212-214, 227]. In this mode, the operation frequency
can reach up to 800 MHz [210, 212-213].
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In the CH-DTL, the orientation of each two neighboring stems at 90° is responsible for the
mechanical robustness of the structure, and it generates the accelerating electric field (Figure
5.13). This configuration makes the cavity easy to cool by water. Therefore, the CH-structure

is a good option for high duty factor or cw applications.

Figure 5.13: Schematic diagram of a Crossbar H-mode structure (CH) showing the electric
field lines in red and the magnetic field lines in blue (Courtesy of R. Tiede).

The proton injector for the FAIR facility [76, 232-234] (Facility for Antiprotons and Ion
Research) is based on the CH-DTL [76, 235-236]. Figure 5.14 shows the accelerator chain of

GSI and of the FAIR facility.
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Figure 5.14: Schematic for the accelerator chain in GSI and FAIR facility [214].

The proton linac for the FAIR project will be the first linac based on CH-structures. Six CH
modules are needed to accelerate a 70 mA proton bunch from 3 MV to the final energy of 70
MeV, where the beam is injected into the SIS18 [76, 214, 235, 237-238].
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The first room temperature CH cavity is under construction at IAP-Frankfurt [76, 214, 235,
237, 239-240]. This cavity consists of 27 gaps within two sections coupled by a coupling cell
containing a triplet quadrupole. It will accelerate the proton beam from 11.7 to 24.3 MeV

within 2.8 m inner length (Figure 5.15).

Figure 5.15: 3D view on the second coupled CH — cavity for the FAIR proton injector. This
cavity consists of 27 gaps within two sections coupled by a triplet quadrupole and accelerates

the proton beam from 11.7 to 24.3 MeV within 2.8 m inner length (Courtesy of R. Brodhage).
The main parameters of the coupled CH-prototype are summarized in table 5.2 [76].

Table 5.2: The main parameters of the second CH cavity of the FAIR proton injector.

No. of Gaps 27
Frequency (MHz) 325.2
Energy Range (MeV) 11.7-24.4
Beam Loading (kW) 882.6
Heat Loss (MW) 1.35
Total Power (MW) 2.2
Qo-Value 15300
Effective Shunt Impedance (M€)/m) 60
Average EqT (MV/m) 5.8-64
Kilpatrick Factor 2.0
Coupling Constant (%) 0.3
No. of Plungers 11
Beam Aperture (mm) 20
Inner Total Length (mm) 3000
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5.4KONUS Beam Dynamics and LORASR Code

In section 5.2 it was shown that, in conventional DTL’s the synchronous phase of an
accelerating gap should be negative for a longitudinal stable motion. This causes a defocusing
in transverse direction and therefore additional focusing elements are housed in the drift

tubes. This will limit the achievable accelerating gradient and reduce the shunt impedance.

An alternative focusing scheme proposed by U. Ratzinger to solve this problem, was the
KONUS (KOmbinierte NUIl grad Struktur — Combined Zero Degree Structure) beam
dynamics concept [74-76, 211-214, 241]. The main idea of the KONUS beam dynamics is to
apply the 0° synchronous phase in the accelerating gap to maximize the acceleration

efficiency, and thus minimize the defocusing in transverse planes.

Figure 5.16 shows a comparison between the particle trajectories in longitudinal phase space
at different values of the synchronous phase ¢, = —30° —90°and 0°. Obviously, at
¢s = 0°the separatrix does not exist (shrinks to zero) and full field will be used for

acceleration. Figure 5.17 explains the difference to the KONUS structure.

In the absence of a separatrix, the quasi stable area in longitudinal phase space which can be

used by KONUS is marked with dark arrows in Figure 5.18 [213].

The KONUS period consists of three sections with different purposes (see Figures 5.9, 5.19).

These sections are

1- A transverse focusing magnetic lens (a quadrupole triplet in case of room temperature
cavity or a solenoid in case of superconducting cavity).

2- A short rebunching section with a negative synchronous phase for longitudinal
matching.

3- A main acceleration section with a multi — cell 0° - synchronous phase.

The main acceleration section in KONUS beam dynamics is defined by a zero degree
synchronous particle, the beam is injected to this section with a surplus in energy against the

synchronous particle.
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Figure 5.16: Particle trajectories in longitudinal phase space at different values of

synchronous phase ¢; = —30° (a), —90°(b)and 0°(c) (Courtesy of R. Tiede).
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Figure 5.17: Comparison of the longitudinal particle motion at two synchronous phase
values; a negative synchronous phase (left) and zero synchronous phase (right). The
accelerating field is shown as a cosine function of the phase (a), the longitudinal potential
well (b) and the longitudinal phase — space trajectories are shown in (c) (Courtesy of U.

Ratzinger).
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Figure 5.18: Flowchart of single particle motion in the longitudinal phase space for ¢, = 0°.
Stable area in longitudinal phase space which can be used by KONUS is marked with dark
arrows (Courtesy of U. Ratzinger).
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Figure 5.19: Schematic of the KONUS period showing its main sections, focusing magnetic
lenses, rebuncher sections with a negative synchronous phase and main acceleration section
with a zero synchronous phase. On the top, the bunch motions in phase space reflecting the

KONUS beam dynamics (Courtesy of U. Ratzinger).

The motion in the longitudinal phase space will be counterclockwise. The longitudinal by
stable motion occurs mainly along the second quadrant. Hence, before the bunch would enter
the third quadrant, the drift tube structure is ended and followed by a focusing triplet

quadrupole for a focusing in transverse planes.

After that, in order to avoid longitudinal defocusing and to rebunch the beam, the focusing

element followed by a short rebuncher section with a negative synchronous phase.

The KONUS beam dynamics is designed by using of the LORASR code [74, 2132, 241].
LORASR (LOngitudinale und RAdiale Strahldynamikrechnungen mit Raumladung) was
invented in Munich and further developed at GSI and IAP Frankfurt University. It is
especially suited for accelerator designs of the S1/2 — type involving slim drift tubes which
carry no focusing elements. The space charge solver routine was also implemented in this
code [213, 241]. A full description of the LORASR code can be found in references [213,
241].
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The IH cavity of the GSI HLI injector was the first one applying this beam dynamics with the
three structure sections as explained before. The longitudinal and transversal beam envelopes

along the cavity are shown in Figure 5.20.
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Figure 5.20: The beam envelopes in longitudinal (a) and transversal (b) planes along the IH-
DTL cavity of the GSI HLI injector. The plots reflect the KONUS beam dynamics (Courtesy
of R. Tiede).
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5.5 Superconducting CH — DTL

Different types of superconducting cavities for low and medium energy f < 0.5 have been
developed for ion and proton accelerators. Several projects like EUROTRANS [242], IFIMF
[225, 243], RIA [244], SPIRAL-2 [245] and TRASCO [246] require high duty cycles or cw
operational mode. The higher reliability and low operational cost make the superconducting

option favorable compared to room temperature versions.

Many types of superconducting cavities have been developed for recent projects. But there

are still many attempts worldwide to improve the low and medium [ — structures.

The design of the superconducting CH-structure [212, 247-253] was motivated by the aim to

create an efficient low [ — multi-cell structure.

The geometry of a superconducting CH-cavity is quite different from the room temperature

CH cavity to reduce the electric and magnetic peak fields [249, 251].

In the superconducting CH the surface magnetic field must be reduced to minimize the

surface current. If the magnetic field is reaching its critical value a quench will happen [253].

Figure 5.21 shows the first superconducting CH-DTL. A 360 MHz superconducting CH-DTL
has been developed at IAP Frankfurt and was fabricated at ACCEL Company [212, 251]. The
cavity is designed for low energy protons S < 0.1 with 19 cells. This cavity has a length of
105 cm and diameter of 28 c¢cm, and it was fabricated from 2 mm thick bulk niobium sheets
(RRR=250)[212, 247]. Many cryogenic tests have been performed at IAP-Frankfurt
University since 2005 [74, 212].

Figure 5.21: Superconducting CH — DTL (Courtesy of U. Ratzinger).

The maximum acceleration gradient which has been measured for this cavity is 7 MV/m

between end gaps as shown in Figure 5.22. This corresponds to an effective accelerating
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voltage of 5.6 MV and to a peak surface electric field of 36 MV/m. The QO-value at low field

level was about 8 X 108 which gives a surface resistance of 88 n(2 [248].

10
10 EI | PO I | P P | I | VR S R | I | O B I | PR TR ) I | P B | I | P PR P | I | B B | IE
9
10" g 3
-ﬁ% i‘_‘&@ R e R 1§ 3
Fora e N N e ]
5 ’
<2 10 & . 3
R A A Juli 2005 7
" i ® ® m September 2005 i
10 E * * Januar 2006 =
- ¢ ¢ ¢September 2007, BCP+HPR, 1He hoch
106 PR TS 1 o [ 10 R SV [0 U LT LN MY LA o] P 17 P F ot A vl AT o vl MW 1T

0 1 2 3 4 5 6 % 8
E_(MV/m)

Figure 5.22: Dependence of the measured quality factor — Qy for the superconducting CH —
DTL on the accelerating field gradient E, (Courtesy of H. Podlech).
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CHAPTER 6

DEVELOPMENT AND MATCHING OF A DEDICATED
CH- LINAC FOR INTENSE LASER — ACCELERATED
PROTON BUNCHES

Laser — accelerated protons possess interesting properties in terms of energy, emittance and
proton number per bunch which make them competitive to conventional proton sources in
some cases. The important topic for a further acceleration of these protons is the matching
into the acceptance of a conventional RF accelerator. This kind of hybrid proton accelerator
will benefit from the interesting features of the laser based source and from the flexibility of

RF based accelerator structure.

Such a combination will give us the chance for a further acceleration and control of the laser
— accelerated protons by conventional accelerator structures which adapt the beam to fulfill

the required parameters for different applications.

Due to the available energies, drift tube linacs are the most adequate choice for this purpose.
The coupling between laser — accelerated protons and a conventional drift tube linac — DTL
was discussed and studied numerically [19, 48, 59, 69-71, 151, 254]. In this work, a crossbar
H-type (CH) structure is suggested as the linac structure [196-198].

The laser generated proton bunch is expected to have small emittance values initially when
compared to conventional accelerators, at an extremely high proton number per bunch. To
compare the beam dynamics in each bunch with conventional bunch trains, one has to take
the beam current resulting from a cw linac operation with all rf buckets filled with the same
particle number. The resulting equivalent beam current to be used for beam dynamics

calculations is then

I, =N,.f.e (6.1)

For example, in our case 10° protons in the laser generated bunch can be detected in the

energy band 10 MeV + 0.5 MeV . These protons will be injected into a 325 MHz CH-DTL,

the corresponding averaged beam current corresponds then to I, = 520 mA. This may be
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compared to 100 mA beam current which is state of the art in conventional injector

techniques.

Ref [59, 254] is an early publication about the RF post-acceleration topic: A 7 MeV laser
generated proton pulse is matched by a 1.8 m long matching section with five quadrupoles to

a 6 m long 7 MV Alvarez type DTL.

In the present work, the capabilities of a CH — linac for the post-acceleration of laser

generated proton pulses are investigated [71, 196, 198].

6.1 Dedicated CH — linac Design for Laser- Accelerated Proton Bunch

The proton bunch generated by the laser has unique features in terms of emittance and proton
number per bunch. In chapter 3, it was shown that the protons located in the energy band
10 MeV + 0.5 MeV are quite affected by the co-moving electrons. Due to the large beam
divergence and high space charge forces, it was finally not possible to accept all protons in
the desired energy band. The acceptance of the CH- DTL was chosen large enough to fit to

the laser generated bunch and to limit the further emittance growth along the rf linac.

The layout of the CH — DTL (Figure 6.1) was performed in two main steps [198]. At first a
500 mA equivalent beam current design was developed. In a second step, this linac layout

was used to simulate the acceleration of the laser generated bunch.

Indeed, the initial beam emittance values of the laser — accelerated protons are smaller than
the values for conventional linacs, but as a consequence the space charge forces become
much bigger (chapter 3.4). It is shown in the following that the beam emittance of the laser —

accelerated bunch in front of the linac was too big for full transmission.

Target CH-1 CH-2 CH-3 CH-4

10 MeV 40 MeV

Figure 6.1: 3D view on the proposed CH- DTL consisting of four RF- cavities separated by
triplet quadrupoles. In front of the first cavity, the pulsed solenoid is located and the distance

between the end edge of the solenoid and the center of the first gap is 103 mm.
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The bunch transport from the target position up to the CH- DTL entrance through the pulsed

magnetic solenoid was simulated using the LASIN code (chapter 3). The following beam

dynamics studies for longitudinal and transverse planes along the linac were performed by

the LORASR code.

This design consists of four CH-DTL cavities with gap numbers varying from 7 to 10 gaps

and operating at 325 MHz . It will accelerate up to 101° protons per bunch from 10 MeV

to 40 MeV. The cavities consist of 34 gaps within a total length of about 5.1 m and the

average accelerating gradient per cavity varies from 7.00 MV /m to 12.61 MV /m. The high

field gradient in the first cavity (12.61 MV/m) is attractive in order to compensate the space

charge forces at 10 MeV energy. Hence, in order to get a robust longitudinal bunch focusing

and to prevent beam losses, high gap voltages of typically 1 MV are applied. The drift tube

aperture diameter is 30 mm along the central part of each cavity and up to 36 mm close to the

lenses. The lens aperture diameter is 50 mm.

The calculated effective gap voltage distribution along the CH- structure is roughly uniform

within each section and has the minimum near the quadrupoles. It was varied from 0.92 MV

to 1.08 MV per gap. The voltage distribution along the CH- DTL cavities is shown in Figure

6.2.

Table 6.1 summarizes the geometry of each cell in the cavities. This includes the gap length,

drift tube length, voltage and cell period.
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Figure 6.2: Simulated effective gap voltage along the CH structure, the voltage near the

quadrupoles is minimized.
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Table 6.1: A summary for each cell period structure in all cavities of the CH — DTL.

Period Drift Tube Tube Gap No. | Gap Length | Voltage TTF
Cell (cm) No. Length (cm) MV)
(cm)
CH-1
4.01* 1 241 1 3.20 0918 0.838
6.91 2 3.65 2 3.31 0.969 0.840
7.15 3 3.78 3 3.43 1.020 0.840
7.39 4 3.91 4 3.53 1.020 0.840
9.10 5 5.68 5 3.31 1.020 0.837
7.68 6 4.23 6 3.60 0.969 0.839
7.95 7 4.22 7 3.87 0.918 0.844
CH-2
47.24** | 8 43.34 8 3.92 0.936 0.846
8.60 9 4.64 9 4.01 0.988 0.847
8.80 10 4.79 10 4.00 1.040 0.853
8.99 11 4.89 11 4.21 1.040 0.844
11.16 12 7.01 12 4.09 1.040 0.858
9.22 13 4.98 13 4.39 1.040 0.846
9.46 14 4.96 14 4.62 0.988 0.839
9.68 15 5.00 15 4.74 0.936 0.836
CH-3
47.24** |16 42.27 16 5.19 0.954 0.813
10.23 17 5.31 17 4.65 1.007 0.854
10.40 18 6.02 18 4.12 1.060 0.887
10.57 19 6.35 19 433 1.060 0.878
13.02 20 8.84 20 4.04 1.060 0.897
10.72 21 6.65 21 4.11 1.060 0.898
10.93 22 6.83 22 4.08 1.060 0.902
11.13 23 7.07 23 4.04 1.007 0.906
11.32 24 7.24 24 4.10 0.954 0.905
CH-4
47.24%* | 25 43.19 25 4.00 0.972 0.915
11.82 26 7.80 26 4.05 1.026 0.915
11.96 27 7.88 27 4.13 1.080 0.914
12.11 28 8.00 28 4.08 1.080 0.916
14.86 29 10.88 29 3.88 1.080 0.926
12.21 30 8.30 30 3.94 1.080 0.926
12.39 31 8.43 31 3.99 1.080 0.926
12.57 32 8.54 32 4.05 1.080 0.926
12.74 33 8.63 33 4.17 1.026 0.924
12.90 34 8.80 34 4.02 0.972 0.931
47.23*%*% | 35 45.22

* Entrance drift to the first gap center.
** Drift across the quadrupole triplets.
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Due to the fact that the transverse focusing period is much larger than in a conventional
FODO structure, and in order to avoid beam losses, the length of the first cavity was limited

to 7 gaps only.

Two injected beam distributions were analyzed for this design: The matched case which is a
numerically generated waterbag distribution with rms — emittance values close to the linac
acceptance (compare aperture filling in Figure 6.4), and the laser accelerated case with a

proton distribution as simulated in chapter 3.4.2.

6.1.1 Matched Beam Case

The matched beam parameters at 500 mA equivalent beam current are summarized in Table
6.2, where the input values are given 40 mm in front of the first gap center (corresponding to
z = 147 mm in Figure 3.1). The 6D-water bag distribution, which is defined in the LORASR
code, is used as an initial distribution. The particles were accelerated to the exit without any

losses.

Table 6.2: Normalized rms- emittance values for the input and

output distribution with 500 mA beam current.

Emittance Input Output
x: 3.85 4.08
Transverse/ mm - mrad
y: 3.85 4.06
Longitudinal/ keV - ns 5.37 6.68

The rms- emittance growth rates along the linac are less than 25 % in longitudinal plane and

less than 6% in the transverse planes as shown in Figure 6.3.

The transverse and longitudinal 90,99 and 100 % beam envelopes at 500 mA equivalent
beam current can be seen in Figure 6.4. The 100 % beam envelope is reaching more than
90% of the aperture in the second triplet lens. The magnetic field gradients of the quadrupoles
are ranging up to 50.5T/m at quadrupole aperture radii of 25 mm, which can be reached

with cobalt based cores (Vacoflux 50 for example).
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Figure 6.3: Normalized relative rms- emittance growth for the matched case.
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Figure 6.4: Transverse (left) and longitudinal (rvight) 90%, 99% and 100% envelopes at 500
mA beam current. AW/W and Ap — plots are showing details of the KONUS — beam dynamics
design. Black lines in the left plot indicate the aperture.

The particle distribution at entrance and exit in transverse and longitudinal planes are shown

in Figure 6.5 for 10® macro-particles.

These simulations allow estimating the capability of the CH- structure for high current

beams.
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Figure 6.5: Transverse (top and middle) and longitudinal (bottom) particle distributions at

entrance and exit of the CH-DTL section at 500 mA equivalent beam current. The input and

output energies of the CH — DTL were 10 MeV and 40 MeV, respectively. Normalized

emittance values are relevant for the plotted 95% ellipses.

6.1.2 Laser- Accelerated Beam Case

The laser generated proton bunch was simulated by LASIN along the pulsed magnetic

solenoid (section 3.4.2) and down to a position 40 mm in front of the first DTL gap. After

that, the particle distribution is reduced to an energy band 10 MeV + 0.5 MeV corresponding

to the DTL acceptance. 6x10° protons are contained in this bunch, corresponding to a linac
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equivalent current of 300 mA, and plotted in green in Figure 6.6. Due to the phase space
distribution in x — x" and y — y' where a part of the protons is focused and the other part is
defocused and due to the large angular divergence which is reaching up to 130 mrad, it was
not possible to accept the whole distribution. In longitudinal phase space the proton bunch
has a wide phase spread reaching about + 20°. But due to the acceptance in transverse planes,

this spread was reduced to about & 12°.

In Figure 6.6 green particles correspond to the laser generated distribution with
energies10 MeV + 0.5 MeV, while the red particles fall into the simulated transverse DTL
acceptance as derived from the matched beam case in section 6.1.1. In consequence, only
72% of the total number (as shown in green) is accepted by the DTL. The other particles are

truncated at that position with respect to the beam simulations.
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Figure 6.6: Laser generated particle distribution in transversal (left) and longitudinal (right)
planes at the DTL — entrance within an energy range 10 MeV £+ 0.5 MeV in green (identical
with Figure 3.37, right). The red 72% subsets of the particle distribution fall within the

transverse CH — DTL acceptance area and are used for DTL beam dynamics simulations.

The beam parameters for this subset of delivered particles are summarized in Table 6.3.

Table 6.3: Normalized rms- emittance values for the input and output distribution

for the laser accelerated case (216 mA equivalent beam current).

Emittance Input Output
Transverse/ x:2.89 3.06
mm - mrad y:2.89 3.33
Longitudinal/ keV - ns 342 6.86
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All remaining particles were accelerated to the exit without any further losses along the CH-
DTL.

The resulting normalized rms- emittance growth rates of 100% in longitudinal plane and less

than 16% in each transverse plane are shown in Figure 6.7.
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Figure 6.7: Normalized relative rms- emittance growth rates along the linac for the laser

generated proton case.

By comparing with the matched case, it becomes clear, that the deformed longitudinal input
emittance in the laser generated distribution is a disadvantage: The longitudinal growth rate is

even bigger than in the matched case, although the proton number in the beam is 43% only.

The transverse and longitudinal 90,99 and 100% envelopes can be seen in Figure 6.8. The
optimized magnetic field gradients of the quadrupoles are ranging up to 50.87/m at

quadrupole aperture radii of 25 mm.
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Figure 6.8: Transverse (left) and longitudinal (vight) 90%, 99% and 100% beam envelopes

starting at 6 cm behind of the solenoid. Black lines in the left plot indicate the aperture.

The particle distribution at the entrance and exit in transverse and longitudinal planes are

shown in Figure 6.9 for 200000 macro-particles, respectively.

These distributions are valid for further rf acceleration at acceptable loss rates, as the duty

cycle for this kind of injector will stay very low.
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Figure 6.9: Transverse (top and middle) and longitudinal (bottom) particle distributions at
entrance (6 cm behind the solenoid) and exit of the CH-DTL structure. The input and output
energies of the CH — DTL were 10 MeV and 40 MeV, respectively. Normalized emittance

values are relevant for the plotted 95% ellipses.
6.2 Linac Designs for Reduced Voltage Gain

In the previous section, the dedicated CH — cavity was demonstrated to accelerate the proton
bunch from 10 Mel up to 40.03 MeV with four CH — cavities. The accelerating gradient V)
per cavity varies from 7.00 to 12.61 MV/m. This high accelerating gradient especially in the
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first cavity was chosen in order to handle the huge space charge and to prevent beam losses.

A gap voltage of about 1 MV was applied at all gaps.

10" protons per bunch are expected to be delivered by TNSA in the energy band of 10 MeV
+ 0.5 MeV. This number is equivalent to 520 mA averaged beam current in a linac if all

buckets are filled with the same number.

The high gap voltage will increase the power losses and have a high risk of sparking. It could
be reduced by a certain percentage, without a serious reduction of beam quality. This is

described now.

The accelerating gap voltage was investigated for three different cases. The first case is the
one explained in section 6.1.1 where the proton bunch is accelerated from 10 MeV up to
40.03 MeV. In the second case, the accelerating gradient was reduced to 75%. Hence, the

proton bunch will be accelerated up to 32.53 MeV.

A 50% reduction in accelerating gradient which will accelerate the bunch up to 25.02 MeV in
the third case.

For each case, the transmission and longitudinal emittance growth was evaluated at different

beam currents up to 2 4.

For the first and second cases, where the accelerating gradient was V, and 0.75V, the
resulting 100% transmission up to 1 4 was approved (see Figures 6.10 and 6.11). While in
the third case, 100% transmission is valid up to 400 mA only. Beyond this point, the

transmission starts to decrease with increasing beam current as shown in Figure 6.12.

At 500 mA beam current, the longitudinal emittance growth is slightly different between V)
and 0.75V) case, but quite different for the 0.5V case. Table 6.4 shows a comparison between

the different cases at different beam current.

As a result, a 25% reduction of the gap voltages for a 500 mA beam current layout seems
reasonable. This gives then effective gap voltages of around 750 kV which gives a good

safety margin against sparking at the envisaged, that rf phase operation.

With respect to longitudinal rms — emittance growth, the factor is increasing from 1.23

(nominal case) to 1.31.

In further investigations to be done, it will be tried to reduce the voltage against the nominal

case in the very first cavity. The others will then get longer gaps.
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By that technique, the voltage gain of the nominal case should be conserved, while reducing

the risk of sparking.
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Figure 6.10: The dependence of transmission and normalized relative longitudinal rms-
emittance growth on the beam current in case of acceleration the proton bunch from 10 — 40

MeV within a total length of about 5.1 m (nominal case).
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Figure 6.11: The dependence of transmission and normalized relative longitudinal rms-

emittance growth on the beam current in case of p — acceleration from 10— 32.5 MeV within

a total length of about 4.9 m.
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Figure 6.12: The dependence of transmission and normalized relative longitudinal rms-

emittance growth on the beam current in case of p — acceleration from 10 — 25 MeV within a

total length of about 4.7 m.

Table 6.4: A comparison between different accelerating gradient cases in terms of the

transmission and normalized rel. rms emittance growth at different beam current.

Current (A) | Acc. gradient Transmission (%) Norm. rel. rms emittance
growth
Vo 100.0 1.16
0.0
0.5
1.0

6.3 RF Voltage Level Tolerances

The voltage tolerance A = AV/V was investigated for the CH — DTL in detail. In this study

AV/V was varying from -15% to +30% synchronously for all cavities in order to find the
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working area of the structure with respect to voltage levels. All rf phase relations between

cavities were kept constant.

The rms — emittance values in all planes were calculated at each value of AV/V and compared
with the nominal values at AV/V=0. It was observed that, the growth in the transverse planes
is not much affected by this tolerance in the voltage while the longitudinal emittance stands
within acceptable values between AV/V = -6% to AV/V = +12%. Beyond these limits, the
longitudinal emittance values were increased to huge numbers suddenly. These results are
summarized in Figures 6.13 — 6.14, where the change in rms — emittance with respect to the

nominal value AV/V =0 is displayed.

Besides the change in emittance, the transmission of the particles along the structure was
studied with the voltage variation. Within AV/V = -13% to AV/V = +20%, the loss in particle
was less than 10% which still can be accepted. After that, the design cannot stand anymore

and more than 50% of the beam will be lost.
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Figure 6.13: The change in rms — emittance with respect to the nominal values due to the

voltage variation of the whole linac with rf phases between cavities were kept constant.
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Figure 6.14: Detail of Figure 6.14 for a reduced voltage variation range.

In the following, two cases (AV/V = -6% and +6%) will be compared to study the beam

dynamics in case of voltage variation.

In both cases, the additional emittance growth with respect to &5 o in longitudinal plane is

about 60%.

The same input particle distributions in longitudinal and transversal planes were used to
investigate both cases. This is the same distribution which is used to study the laser —

accelerated case (section 6.1.2).

By comparing the beam envelopes for AV/V = +6% with AV/V = -6%, one can see that the
longitudinal envelope is ending with a big phase width in the -6% case (see Figure 6.15). But
the transverse envelopes in case of -6% seem much better than in case of +6% (Figure 6.16).
The last observation is due to the reduced rf defocusing forces at the lower voltage level,

where the rf phase are closer to the crest of the wave.

The safety margin in case of -6% is obvious and can be seen clearly, resulting in free beam
losses through the structure. This was not the case at AV/V = +6 where beam envelopes are

hit the cavity wall, resulting in a beam loss of about 0.5%.
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Figure 6.15: Longitudinal 90%, 99% and 100% envelopes for +6% variation in voltage (left)
and -6% (right).
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Figure 6.16: Transverse 90%, 99% and 100% envelopes for +6% variation in voltage (left)
and -6% (right). Black lines indicate the aperture.

The particle distributions at linac exit in transverse and longitudinal planes are shown in
Figure 6.17 for both cases. The input particle distributions for both transverse and

longitudinal planes are the same as input in Figure 6.9, left.

These distributions can be still valid for further rf acceleration at acceptable loss rates, as the

duty cycle stays very low.

The motion of bunch center for both cases is shown in Figure 6.18.
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Figure 6.17: Transverse (top and middle) and longitudinal (bottom) particle distribution at
linac exit for different voltage variation: (left) AV/V = +6% and (right) AV/V = -6%.

By the meaning of KONUS beam dynamics, the bunch center is injected with a surplus in
energy against the synchronous particle (see Figure 5.19). Because of this extra energy, the
bunch center will arrive the next gap when the electric field is not on the maximum and more

negative phase, thus reducing energy spread with respect to the synchronous particle.

In the CH — DTL simulation, the bunch center is expected to come with zero energy spread in

re — buncher section (as can be seen for nominal case). This means the bunch center should
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be end with a negative synchronous phase (design value) with zero energy spread. This is not
the case when this is a variation in voltage, where the bunch can gain more or less energy

resulting in a shifted in phase and energy spread.
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Figure 6.18: Motion of bunch center through CH — DTL for different voltage variation +6%
(top) nominal case (middle) and -6% (bottom).
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From these simulations one can see that, the design discussed in section 6.1 is quite robust
and can stand with acceptable emittance growths and with good transmission values over

95% for the variation of voltage levels from AV/V = -6% to AV/V = +12%.

6.4 RF Power Budget for a Single Bunch Operation

One great advantage of high current, single bunch passage along the cavity is that the
amplifier only has to provide the loss power in the cavity walls. The beam power is provided
by the stored energy in the cavity fields, while reducing the field levels only within

tolerances.

An estimation of the maximum single bunch proton number can be given in the following

way [198]:

W = Ploss " Qo ]
w (6.2)
2
_ (N6T;Uo) (6.3)
loss Zeff L

W = stored field energy, P;,ss = thermic wall losses, @, = unloaded quality factor, Ng = gap
numbers, 7y = the transit time factor, U, = averaged gap voltage amplitude along the cavity,

Zss = effective shunt impedance, L = the effective cavity length.

The synchronous beam bunch will absorb cavity energy while passing Ng cells of length

BA/2; the bunch transit time along the cavity corresponds to

T, =T —; (6.4)

with T = 1/f, f being the rf frequency in Hz. Assuming an rf phase of 0° in each gap center
— that means maximum voltage gain V; =V, g4y - Tr with Vj g4, being the gap voltage
amplitude assuming to be constant along the cavity, the energy transfer to the beam bunch

with N, protons along each gap passage corresponds to

Wo =Np-e-Vy; (6.5)
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The bunch will pass the cavity during a few ten ns, where a feedback control will be too slow
for compensation. On the other hand, a feed forward loop technique might provide solutions

for achieving even higher bunch particle numbers, but is not considered here.

The acceptable voltage drop tolerance 4 caused by the bunch will be in the 1 to 2 percent

range.

AVg,max

A=
Vg

; (6.6)

This assures in a good approximation an unchanged power input P; by the feeder line during

the bunch passage, additionally the matching condition will be disturbed slightly only.

The time constant t,,, after which the amplitude shift caused by the beam reaches the limit is

given by

Tm = 2 (6.7)

Pyerr’

Py cs= the beam extracted rf power. In case of a single bunch passage through a fA/2

structure it 1s

QBunch . (6.8)

Pb,e‘ff=2'Tf'U0' T ;

The bunch particle limit will be exceeded if

Tm < T (6.9)
The particle limit is given by
Tm
=1,
. (6.10)
2-A-W
1; (6.11)

Tr - U - Qguncn " No

2-A-W

Opumen = 2, 6.12
Bunch Tf . UO . NG ( )
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As an example, for the first cavity of the proposed linac, the cavity parameters can be

estimated by CST — MWS (see table 7.1 in next chapter) to get Qgyncn like follows:
L=0.5m; Zyy=45MQ/m; Ng =7 gaps,; Ty= 0.8, Up=1.0 MV; Qp = 13289;

From equation 6.3, the wall losses result in P, = 1.39 MW. Equation 6.2 gives the stored
field energy W =9.07 J.

With an assumed tolerance value A = 0.01 one gets from equation 6.12 a maximum bunch

charge of Opunen = 3.24x10™® C, corresponding to a proton number Np = 2.02x10".

This would correspond to a beam current of 10.5 A with all buckets filled by the same

particle number.

The resulting proton number above can be compared with a particle number of 4.3x10 in the

simulate example in section 6.1.2.

This shows that, the single bunch beam load will not affect the cavity oscillation, as stated

above.

One further aspect is the total number of protons arriving at the linac entrance. These
particles might cause cavity sparking when hitting the wall. Even cavity de-phasing might
occur by a large particle fraction with energies close enough to the accepted energy window.
To reduce the risk of sparking, the intense low energy part of the laser generated pulse should
be cut at the linac entrance. This will be a subject of intense simulation studies in the next
future. Moreover, the inner drift tube contour can be optimized to reduce the secondary

particle emission.

The total number of accepted particles with energies above 10.5 MeV is estimated to about
5x10°. But they are continuously distributed in rf phase. One main aspect of an rf
postacceleration experiment will be the rf operation stability under these beam load

conditions.
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CHAPTER 7

THE FIRST CAVITY OF THE DEDICATED CH — DTL
FOR LASER PROTON ACCELERATION

The investigation of the dedicated CH linac for laser proton acceleration was performed in
two steps. In the first one, the LORASR code was used to design the main parameters for the
cavities like the number of gaps per cavity, the drift tubes lengths, the voltage value the
synchronous phase in each gap and the transit time factor. This process was worked out in

detail and the final results were presented in Chapter 6.

In the second step the CST — Microwave Studio software was used to optimize drift tubes,
gaps and stems geometries and to tune the electric and magnetic fields distributions inside the

cavity.
7.1 Optimization of the First CH — Cavity

In this section, the analysis of the first CH — cavity using CST — MWS [255] will be

presented.

The first cavity has a length of 668.4 mm with an inner diameter of 385.9 mm and is operated

at 325.2 MHz (Figure 7.1). In this cavity, the proton bunch will be accelerated from 10 to

16.1 MeV with an average accelerating gradient of about 12.6 MV/m.

385.9 mm

Figure 7.1: Schematic view for the first CH — cavity of the proposed linac.
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In the CH — structure, the current flows from the outer cylinder to the drift tubes through the

stems in order to generate the axial electric field which is needed for particle acceleration.

The stems are not only responsible for the mechanical stability in the CH — structure, but also
they carry of highest current density in the whole structure (Figure 7.2). Because of that their
design must be very robust and well cooled by water. On the other hand, close to the beam

axis the stems have to be kept slim to reduce the capacitance between neighbored stems.

A/m
29751

25103
21384
17665
13946
10227

6508

2789

Figure 7.2: A schematic view for the surface current density flowing along the stems. The
inclined stems are carrying the highest density because the magnetic field flux is turning

transversally into the neighbored quadrants.

Taking into account these criteria, a conical shape has been chosen for the stems where the
larger radius is connected with the outer cylinder as can be seen in Figure 7.3. This Figure

shows a schematic view of a CH — structure in xy — plane.

The electric and magnetic field distributions across the CH — DTL are shown in Figures 7.4 —

7.6. The magnetic field runs parallel and antiparallel to the beam axis.

For convenience, the aperture radii for all drift tubes were kept at 15 mm, while finally the

last tubes of cavity 1 may get larger tubes due to beam dynamics needs.

At the end cell, the magnetic field has a By component (see Figure 7.7).
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Figure 7.3: A schematic view of a CH — structure in xy — plane. The conical shape for the

stems was used in order to have a robust design and make it easy for cooling.
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Figure 7.4: The electric field distribution across the CH — DTL. The field is well

concentrated at the beam aperture.
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Figure 7.5: The magnetic field distributions across the CH — DTL. The magnetic field runs
parallel and antiparallel to the beam axis in the accelerator modules. Due to the current flow

in the stems, the magnetic field is oriented locally around each stem.
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Figure 7.6: The magnetic field distribution in xy — plane, projection A — A’ of Figure 7.5.

Figure 7.7: The schematic view of the magnetic field around the stems. At the end cell, the

magnetic field has a pronounced By component.
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The on axis electric field distribution as calculated with MWS is shown in Figure 7.8. The
corresponding voltage value for this electric field distribution in each gap is calculated
accordingly, and the results are compared with the reference values as given from LORASR

code (see Figure 7.9).

The electric field is roughly uniform along the central 5 gaps and is reduced in the end gaps.

This gives the optimum effective shunt impedance values.

In order to increase the magnetic flux in the end cells, the concept based on inclined stem
geometry for the end cells were applied. This choice helps to increase the voltage values in

the end gaps.
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Figure 7.8: The axial electric field distribution as calculated by CST — MWS in all gaps

S

along the beam axis.
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Figure 7.9: A comparison between the corresponding voltage distribution as calculated from
the electric field which is given in Figure 7.8 with the reference design values as given from

LORASR code.

This concept of inclined stems was applied for the superconducting CH — DTL [250-252] and

for the room temperature CH — structure of the FAIR proton injector [76].

It is expected that the electric energy density is localized on the drift tube edges. This can be

seen easily in Figure 7.10.

In Figure 7.11, the electric energy density is shown for two examples; the shortest and
longest drift tubes (D3 and D5 in Figure 7.15). The maximum surface electric filed on D3
(shortest drift tube) is localized on the edges. One can see that these values on the left are
somehow higher and distributed on larger area than the right edges. This is because of the
inclined stems, where the inclined angle for the stem in front is larger than for the stem

behind. This results a higher storage capacity as can be seen in Figure 7.4 qualitatively.
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This behavior is still valid in case of D5 (longest drift tube). This drift tube is preceded by an
inclined stem and followed by a straight one, which results in higher surface fields at the left

side again.

Figure 7.10: The electric energy density inside the cavity which is localized on the drift tube

edges.
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Figure 7.11: The electric energy density distribution for the shortest D3 (up) and longest D5
(down) drift tubes in cavity 1.

As mentioned before the stems carry the highest current density. From Figures 7.12 — 7.13, it

can be seen that the highest magnetic field densities are also located on the stem surfaces.
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A summary for this study is given in table 7.1 which shows the main parameters of the first

CH - cavity for this linac.

Table 7.1: The main characteristic parameters of the first CH — cavity of the dedicated linac

for laser accelerated protons.

Number of Gaps 7

Frequency (MHz) 325.2

Energy Range (MeV) 10.05 - 16.09
Power Loss (MW) 1.92

Qo — value 13289
Effective Shunt impedance (M€)/m) 45.7
Accelerating Field Gradient (MV/m) 12.6

Beam Aperture (mm) 30

Outer Drift Tube Diameter (mm) 50

Total Length (mm) 668.4
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Figure 7.12: The magnetic energy density inside the cavity CH — 1 in yz — plane reflects very

well the surface current distribution as shown by Figure 7.2.
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Figure 7.13: The magnetic energy density inside the cavity CH — I in xz - plane.
7.2 Surface Field Distribution

In chapter 6 it was mentioned that, high gap voltages of typically 1 MV are applied in order
to get a robust longitudinal bunch focusing and to prevent beam losses. The CH — DTL linac
discussed in chapter 6 was simulated for 500 mA. As a consequence of strong space charge
forces, a high accelerating field gradient of the order 12.6 MV/m is needed.
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On the other hand, at high gap voltages the room temperature cavities will experience
problems because of electric breakdown (sparking).

Because of no internal focusing elements in this CH — DTL, the adaption of slim drift tubes is
possible. This behavior of the drift tubes results in many interesting features like a very high
sparking limit when compared with other structures.

For example, the surface electric field in the IH2 cavity of the CERN Lead lon Linac
(LINAC 3) reached about 54 MV/m locally on the drift tubes surfaces (see Figure 7.14) [213,
215]. This value is about 3.5 times higher than the Kilpatric limit [215].

Vo = 830 kV; Mesh sizes in z-direction: 3mm,; in X,y-direction: 0.6mm.

Position/ Surface Field: D/ 33MV/m C/ 75MV/m B/ 54MV/m A/ 44MV/m

N

RN

"
1
o

Edge radii: p

Real geometry: P = 1.5mm.

Calculation: P = 0.

Figure 7.14: Calculated electric field for the gap number 9 in the plane of the stems using
MAFIA code. The value of the electric field is given at four representative points on the drift

tube surface. The gap reached voltage of 830 kV in high power tests (Courtesy of U.
Ratzinger).

The maximum effective accelerating gradient for this cavity was reaching 10.7 MV/m. This
corresponds to a 75 MV/m surface electric field spot at the drift tube bulges (see Figure 7.14).

To investigate the surface electric field in the CH — DTL discussed in the previous section,
several simulations with CST — MWS had been performed.

The surface field distributions for each tube were calculated and the maximum values are
summarized together with the maximum gap voltages in table 7.2.

Figure 7.15 shows the positions for the calculated values in table 7.2.
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Table 7.2: A summary for the maximum surface electric fields together with the maximum

gap voltage values. The ratio between the surface field value before and after the gap to the

gap voltage is shown.

Max. surface electric | Gap No. | Max. gap electric Es; /E 9. Esiv1 /E i
field on drift tube, E on axis field, Eg4
(MV/m) (MV/m)

before after the

the gap gap
36.7 63.7 gl 25.4 1.50 2.51
65.7 94.0 g2 29.7 2.21 3.17
84.2 65.8 g3 29.7 2.84 2.22
74.1 83.9 g4 314 2.36 2.67
77.0 83.8 g5 29.7 2.59 2.82
88.1 72.3 g6 29.0 3.04 2.49
70.4 21.8 g7 23.0 3.06 0.95

Figure 7.15: A schematic view for the first CH — Cavity showing the corresponding positions

for the calculated values in table 7.2.

Figures 7.16 — 7.17 show the off axis electric field distribution passing the maximum surface
field values in xz (Figure 7.16) — and yz (Figure 7.17) — planes, respectively. The paths,

where these values are calculated, are shown in Figure 7.18.

The maximum values reached 94 MV/m and 88.1 MV/m on third and sixth drift tubes,
respectively. The reason to have the maximum surface field on these positions is mainly due
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to the inclined stems. In case of straight stems, the surface field distribution is similar to the
on axis distribution unless the values are different.

As a consequence, the stems should get a larger straight element close to the drift tubes to
reduces that effect.

In the CST — MWS simulations the drift tubes edges are rounded to have realistic geometry.
Thus the field values on the surfaces can be taken as a good estimation for the field values in
reality.

Another important distribution which is important for the beam dynamics is the electric field
distribution along the path 3 which is parallel to the beam axis and displaced radially by the
aperture radius (path 3, Figure 7.18). This can be seen in Figure 7.19.

The longitudinal electric field distribution along the path AB in gap number 2 of the CH
cavity is shown in Figure 7.20.
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Figure 7.16: Electric field distribution along the curve passing the maximum electric field
values on the drift tubes surfaces in xz - plane. This is path 1 as indicated in Figure 7.18. The
maximum value is located at the right edge of drift number 6 (D6 in Figure 7.15) and it
reached 88.1 MV/m.
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Figure 7.17: Electric field distribution along path 2 as indicated in Figure 7.18. The
maximum value is located at the edge of the third drift tube (D3 in Figure 7.15) and it

reached 94.0 MV/m.
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Figure 7.18: The paths used to calculate the surface electric filed distribution in xz — plane
(path 1), in yz — plane (path 2) and in yz — plane along the path which is parallel to the beam
axis at r = 15 mm (path 3).
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Figure 7.19: Electric field distribution along the line parallel to the beam axis and displaced

radially with a distance equal to the inner drift tube radius = 15 mm.
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Figure 7.20: Longitudinal electric field distribution along the path AB in gap number 2 of the
CH — cavity shown in Figure 7.1.
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CHAPTER 8
CONCLUSION AND OUTLOOK

The results of this study show that the matching of laser — accelerated protons into a

conventional RF drift tube linac is possible.

Laser driven proton beam sources (TNSA) possess attractive features in terms of energy and
proton number per bunch. These interesting features make them attractive to be used as RF

linac injectors at energies as high as 10 Me) or beyond.

With respect to laser — accelerated beams, the high current capability of the CH — DTL cavity
has been investigated. Beam simulations have demonstrated that 10'® protons per bunch can

be accelerated successfully and loss free along the structure.

The high number of particles per bunch and the feature of delivering single bunches to the
experiment are unique. Moreover, the beam power is delivered by the stored energy in the
linac cavities and does not cause a demand for larger RF amplifier, while in case of multi

bunch acceleration the beam power has to be derived additionally by the RF amplifier.

In section 6.4, it was shown that, the maximum number of protons per bunch that can be
accelerated in the first cavity by exploiting about 1% of the stored field energy is 2.02x10"

protons. This corresponds to an equivalent beam current of 10.5 A.

The maximum proton number can be compared with a particle number of 4.3x 10° in the

simulated bunch example in section 6.1.2.

One further aspect is the total number of protons arriving at the linac entrance. These
particles might cause cavity sparking when hitting the wall. Even cavity de-phasing might
occur by a large particle fraction with energies close enough to the accepted energy window.
To reduce the risk of sparking, the intense low energy part of the laser generated pulse should
be cut at the linac entrance by scrapers. Moreover, the inner drift tube contour can be

optimized to reduce the secondary particle emission.

131



The total number of accepted particles with energies above 10.5 MeV is estimated to about
5x10°. But they are continuously distributed in rf phase. One main aspect of an rf post-

acceleration experiment will be the rf operation stability under these beam load conditions.

Single bunch proton numbers of around 10 at the linac exit seem within reach. Detailed
simulations from the target along the solenoid and down to the linac entrance were presented,
applying adapted software. Special care was taken on the time steps, especially close to the
target, and on the collective phenomena between electron and proton distributions. The effect

of co — moving electrons on the beam dynamics has been investigated in detail.

The resulting emittance values in all three planes are relatively large at linac injection, due to
the high phase space density at bunch generation which leads to emittance growth along the

transport section.

A CH - linac with high space charge limit and large transverse and longitudinal acceptance
was designed to accept a maximum fraction of the laser generated proton bursts. The high
particle number per bunch requires a high voltage gain per meter along the linac to get
enough longitudinal focusing force. The described example is at the upper technical limit.
The voltage can be reduced by up to 50 % with only a minor increase in emittance growth

and at beam losses below 0.5 %.

Hence, high voltage gains of the order 1 MV are attractive to minimize the beam losses along

the linac. This aspect becomes very important at the low energy end of the rf linac.

Due to well-known transformations of the injected beam emittances along the CH- cavity, it
is aimed to derive parameters of the TNSA generated beam by measuring the beam properties
behind of the CH- cavity. Different CH operation settings may allow solving this interesting
task.

Attractive applications for single bunch operation as delivered naturally by laser driven
systems might occur, involving time of flight techniques or the study of secondary reactions

at low noise level, for instance.

The time averaged beam current at the linac exit may be increased to more interesting values
for certain applications, if advanced laser systems with much higher repetition rates (100 Hz
to several kHz) will become available. On the other hand, conventional injectors consisting of

an ion source, low energy beam transport LEBT and radiofrequency quadrupole RFQ will be
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superior if a high time averaged proton current is needed, as these systems are flexible in the

beam pulse structure up to cw operation.

With respect to the linac development it is intended to realize the first cavity of the proposed
CH - DTL and to demonstrate the acceleration of a laser generated proton bunch with the

LIGHT project.

The first cavity consists of 7 gaps within a total length of about 668 mm. It is operated at 325
MHz and has an effective accelerating field gradient of about 12.6 MV/m.

The study on the surface electric field for this cavity shows, that maximum surface fields of
about 94 MV/m and 88 MV/m on the third and sixth drift tubes are reachable, respectively.
These values are about 5.2 and 4.9 times greater than the Kilpatric limit. However, they

appear very locally only at the drift tube ends.

Further optimization and development is needed in order to optimize the proposed CH -
cavities by using the CST — MicroWave Studio (MWS), and by improving cavity surface
preparation techniques. This concept will lead towards intense single proton bunch
acceleration far above particle numbers reached so far by conventional accelerator

techniques.

This work is connected to the LIGHT project as an advanced option. LIGHT is proposed to
produce a controllable compact laser — proton source with controlled energy and divergence,
which can be injected into a conventional accelerator. It is a collaboration project including
GSI - Helmholtzzentrum fiir Schwerionenforschung GmbH, Technische Universitét
Darmstadt, the newly founded Helmholtz-Institute Jena, the Forschungszentrum Dresden-

Rossendorf and the Institute for applied Sciences at the University of Frankfurt (UF).

Figure 8.1 contains the CH — cavity which will get beam from PHELIX by rotating the target
chamber by 90° counter clockwise. This experiment will allow testing a most direct coupling
of the rf linac with the laser source by using only one compact, pulsed magnetic solenoid for

matching
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Figure 8.1: Overview of the experimental areas Z4 and Z6 at the GSI Helmholtzzentrum fiir
Schwerionenforschung GmbH. The CH — cavity which will get beam from PHELIX by

rotating the target chamber by 90° counter clockwise is indicated (Courtesy of B. Zielbauer).
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