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Zusammenfassung
In der vorliegenden Arbeit wurden der Transport und das Choppen hochin-
tensiver, niederenergetischer Ionenstrahlen analytisch, numerisch und expe-
rimentell untersucht. Dabei wurde

• ein neuartiger 257 kHz-Strahlchopper numerisch entwickelt, technisch
ausgelegt und experimentell realisiert,

• eine aus vier Solenoiden bestehende Strahltransport-Sektion numerisch
untersucht, aufgebaut und experimentell in Betrieb genommen,

• ein neuartiges “masseloses” Strahlseparationssystem numerisch unter-
sucht und entwickelt.

Die experimentelle Untersuchung wurde an der sich im Aufbau befindlichen
“Frankfurter Neutronenquelle am Stern-Gerlach-Zentrum” (FRANZ) durch-
geführt. FRANZ ist ausgelegt, um einen gepulsten hochintensiven 2 MeV-
Protonenstrahl für die Neutronenproduktion über die 7Li(p,n)7Be-Reaktion
bereitzustellen. Dazu muss dem 50 mA-Protonenstrahl schon in der Nieder-
energietransportsektion (Low-Energy Beam Transport, LEBT) bei einer Ener-
gie von 120 keV eine Zeitstruktur aufgeprägt werden. Die LEBT-Sektion nach
der Fertigstellung ist in Abb. 1 gezeigt.

Abbildung 1: Übersicht der im Rahmen dieser Arbeit aufgebauten Strahltransportsektion
inklusive des neuen E×B-Choppersystems: Zeichnung (oben) und Foto nach der Fertigstel-
lung (unten).



vi Zusammenfassung

Kurze Pulse mit 50 ns bis 350 ns Länge und einer Wiederholrate von 250 kHz
sind erforderlich. Zur Erzeugung dieser Zeitstruktur wird in der vorliegenden
Arbeit ein neuartiges Chopperkonzept vorgeschlagen und umgesetzt. Darin
wird zum ersten Mal ein gepulstes elektrisches Feld mit einem statischen
magnetischen Feld in einer Wien-Filter-Feldanordnung kombiniert und als
Strahlchopper eingesetzt. Durch die E×B-Feldkonfiguration wird das Tast-
verhältnis für die elektrostatische Strahlablenkung minimiert und somit die
Gefahr von Spannungsdurchbrüchen reduziert und ein störungsfreier Betrieb
ermöglicht. Das Chopperkonzept ist in Abb. 2 illustriert. Es kombiniert die
Vorteile magnetischer Strahlablenkung, d.h. zuverlässiger Ablenkung ohne
das Risiko von Spannungsdurchbrüchen auch bei hohen Strahlintensitäten,
mit den Vorteilen eines elektrischen Kickers, d.h. geringem Leistungsbedarf
auch bei hohen Wiederholraten.

Die Feldkonfiguration führt jedoch zu neuen Herausforderungen. Der Strahl-
puls ist jetzt dem vollen elektrischen und dem vollen magnetischen Feld aus-
gesetzt, was Auswirkungen auf die Strahlqualität haben kann. Gleichzeitig
ist es technisch anspruchsvoll, einen mit 250 kHz gepulsten Wien-Filter für
einen hochintensiven Strahl mit großen Strahldurchmessern zu realisieren.

Die zentrale Fragestellung der vorliegenden Arbeit lautet daher:

F 1: Kann ein neuartiges E×B-Choppersystem mit den geforderten Parame-
tern physikalisch und technisch realisiert werden?

Für die Untersuchung wurde die Hauptfragestellung folgendermaßen unter-
teilt und präzisiert:

F 1a: Wie müssen die elektrischen und magnetischen Felder des Choppers
optimiert werden, um die Strahlqualität (gegeben durch Emittanz, Zy-
lindersymmetrie, geringen Ortsversatz) zu erhalten?

F 1b: Kann das E×B-Konzept technisch umgesetzt werden und können die
erforderlichen Strahlparameter experimentell erreicht werden?

Die umfassende Behandlung des Themas beinhaltet zudem zwei weitere, se-
kundäre Fragestellungen:

F 2: Kann der Strahl effizient von der Ionenquelle zum Chopper und vom
Chopper zum RFQ-Einschusspunkt transportiert werden?

F 3: Kann ein neuartiges Strahlseparationssystem entwickelt werden, das
den durch den Chopper vorausgelenkten Strahl aus dem Transportka-
nal leitet, ohne den Geradeausstrahl negativ zu beeinflussen?

Im Folgenden werden nun die wichtigsten Ergebnisse der Arbeit in Bezug auf
die Fragestellungen zusammengefasst.
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Abbildung 2: Konzept und Hauptkomponenten des E×B-Choppers: Perspektivansicht
(oben) und Schnitt durch die xz-Ebene (unten). Das gepulste elektrische Feld kompensiert
zeitweise das statische Magnetfeld und erzeugt so einen Strahlpuls in Geradeausrichtung.
Hinter dem Choppermagneten ist das statische Strahlseparationssystem, bestehend aus Sep-
tumdipol und Abschirmröhre, zu sehen. Vor und hinter dem Chopper sind die als Fokussier-
elemente eingesetzten Solenoide sichtbar. Abbildung verändert aus [WIESNER u. a. 2010b].

Fragestellung 1a: Strahldynamik und Optimierung der Chopperfel-
der

Um die elektrischen und magnetischen Felder derart zu optimieren und anzu-
passen, dass die Qualität des Protonenstrahls erhalten bleibt, wird zuerst die
Strahldynamik in E×B-Feldern detailliert untersucht. Für eine erste, analy-
tische Abschätzung wird dazu die Theorie der Wien-Filter-Felder auf zeitab-
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hängige Felder erweitert und ein analytischer Ausdruck für die sogenannte
Wien-Fokussierung hergeleitet (Kap. 2).

Als erster Schritt des Chopperdesigns werden Transportsimulationen durch-
geführt, um die Strahleigenschaften im Bereich des Choppers zu bestim-
men. Dann wird die Form der elektrischen Ablenkplatten daran angepasst
(Kap. 3, 4). Dadurch ist der Verlauf des elektrischen Feldes festgelegt, so dass
als nächstes die magnetischen Ablenkkräfte an die elektrischen Ablenkkräf-
te angepasst werden können. Die genaue Untersuchung der Strahldynamik
zeigt dabei, dass es entscheidend ist, die Ablenkkräfte nicht nur global, son-
dern auch lokal anzupassen. Dazu müssen die Ablenkkräfte zuerst longitu-
dinal auf der Strahlachse angepasst werden, indem optimierte magnetische
Abschirmröhren eingesetzt werden und das Polschuhprofil des Dipols longi-
tudinal angepasst wird. Auf diese Weise kann der Strahl das Choppersystem
ohne lokale Abweichung von der Strahlachse und ohne Ortsversatz durchque-
ren (Kap. 4). Zusätzlich ist jedoch eine transversale Anpassung des Polschuh-
profils erforderlich. Dadurch wird der in Wien-Filtern auftretende Fokussier-
effekt gleichmäßig auf beide transversale Ebenen aufgeteilt und zudem die
verbleibenden Feldinhomogenitäten korrigiert. Auf diese Weise wird die Zy-
lindersymmetrie des Strahls erhalten und ein durch die Chopperfelder indu-
ziertes Emittanzwachstum verhindert (Kap. 4). Den Choppermagneten mit
longitudinal und transversal optimierter Polschuhgeometrie zeigt Abb. 3.

Abbildung 3: Choppermagnet mit longitudinal und transversal optimierter Polschuhgeo-
metrie. Der Strahl bewegt sich senkrecht zur Abbildungsebene. Zusätzlich werden vor und
hinter dem Dipol magnetische Abschirmröhren installiert, um die magnetischen und elektri-
schen Ablenkkräfte aneinander anzupassen. Bild aus [WIESNER u. a. 2012].

Nach der Optimierung der statischen Felder, wird als nächster Schritt die
Pulsformung im Chopper sowie die Wirkung des zeitabhängigen elektrischen
Kickerfeldes auf die Strahlqualität untersucht (Kap. 5). Das Ergebnis einer
Simulation mit dem Particle-in-Cell-Code Bender [NOLL u. a. 2011] ist in
Abb. 4 für den 120 keV-Strahl zu sehen. Die zeitliche Entwicklung des Pro-
tonenpulses und der beiden übrigen Strahlfraktionen ist in der xz-Ebene dar-
gestellt. Für die Simulation wurden die optimierten Felder, der gemessene
Hochspannungspuls, die optimierte Blendengeometrie und eine realistische
Quelleneingangsverteilung verwendet.
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Abbildung 4: Zeitliche Entwicklung des Strahlpulses in der xz-Ebene. Für die Simulation
wurde ein Strahlstrom von 50 mA für Protonen (blau) sowie jeweils 5 mA für H+

2 -Ionen (rot)
und H+

3 -Ionen (grün) angenommen. Die Solenoide sind dunkelblau schraffiert und die elek-
trischen Ablenkplatten und die Repeller-Elektroden grün schraffiert dargestellt.



x Zusammenfassung

Den resultierenden Strahlpuls zeigt Abb. 5 (links). Der Puls erfüllt mit 64 ns
Plateaulänge und 320 ns Gesamtlänge am RFQ-Eingang die Anforderungen
für den FRANZ-Betrieb (Kap. 5).
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Abbildung 5: Simulierter Protonenpuls nach dem Chopper. Links: Pulsform nach dem Chop-
per (rot) und am RFQ-Eingang (blau). Die Zeitanforderungen von mindestens 50 ns Plateau-
länge und maximal 350 ns Gesamtlänge sind erfüllt. Rechts: Orts- und Winkelversatz des
Strahlpulses am RFQ-Eingang. Für die relevanten inneren 50 ns ist der maximale Ortsver-
satz kleiner als ±0,3 mm und der maximale Winkelversatz kleiner als ±1,6 mrad. Alle Teil-
chen außerhalb der inneren 250 ns passen nicht in die geometrische RFQ-Akzeptanz, was zu
einer deutlich reduzierten Pulslänge führt.

Eine detaillierte Analyse der Pulseigenschaften, wie sie in Abb. 5 (rechts) dar-
gestellt ist, zeigt zudem, dass die äußeren Anstiegs- und Abstiegsflanken des
Pulses einen Ortsversatz x = 1

N

∑N
i=1 xi größer als 6 mm haben und folglich

nicht in die RFQ-Akzeptanz passen. Daher kann durch einfache transversale
Kollimation die Gesamtpulslänge am RFQ-Eingang auf unter 250 ns verkürzt
werden. Für die relevanten inneren 50 ns kann der x- und y-Ortsversatz auf
unter ±0,3 mm sowie der Winkelversatz auf unter ±1,6 mrad reduziert wer-
den, so dass für die inneren 50 ns keine signifikante Auswirkung auf die RFQ-
Transmission zu erwarten ist (Kap. 5). Im Gegensatz dazu haben die wenigen
H+

2 - und H+
3 -Ionen, die nicht schon vor dem RFQ verloren gehen, einen sehr

hohen Ortsversatz, so dass wie gewünscht kein signifikanter H+
2 - und H+

3 -
Strom in den RFQ injiziert wird (Kap. 5).

Im Vergleich des zentralen 60 ns-Pulsplateaus mit einem kontinuierlichen
Strahl, der durch eine einfache Drift gleicher Länge, aber ohne externe Fel-
der transportiert wird, zeigt sich, dass auch die zeitabhängigen Chopperfel-
der kein zusätzliches Emittanzwachstum, keine signifikante Umverteilung
der Strahlionen und keine Asymmetrie in den transversalen Ebenen erzeu-
gen (Kap. 5). Genaugenommen führen die Wien-Felder sogar zu einer mode-
raten Fokussierung des Protonenstrahls und damit zu einer Verbesserung des
Strahltransports.

Im Ergebnis zeigen die numerischen Untersuchungen, dass die Strahlquali-
tät in E×B-Feldern auch für einen gepulsten, hochintensiven Ionenstrahl er-
halten werden kann, indem die elektrischen und magnetischen Ablenkfelder
sowohl global als auch lokal aufeinander angepasst werden und die Chopper-
geometrie sorgfältig optimiert wird.
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Fragestellung 1b: Technische Auslegung und experimentelle Ergeb-
nisse des Choppersystems

Ausgehend von der durch die Strahldynamikrechnungen optimierten Geome-
trie wurden alle Chopperkomponenten im Rahmen dieser Arbeit technisch
ausgelegt und dann in der Werkstatt des Instituts für Angewandte Physik
(IAP) oder von externen Firmen gefertigt. Der Choppermagnet wird in Abb. 6
gezeigt. Er liefert im Normalbetrieb ein Feld von 70 mT, das ausreicht, um
den Protonenstrahl um 10◦ auszulenken. Nach der Fertigung wurden die si-
mulierten Felder durch Feldmessungen validiert und es wurde gezeigt, dass
der Magnet ohne Sättigungseffekte bis zum Doppelten des im Normalbetrieb
benötigten Stroms betrieben werden kann (Kap. 6.1).

Abbildung 6: Choppermagnet: Zeichnung mit Hauptmaßen (links) und Foto nach der Fer-
tigung (rechts). Der Luftspalt des Magneten ist 11 cm hoch, um Platz für das elektrische
Ablenksystem zu lassen.

Für das in Abb. 7 gezeigte elektrische Ablenksystem war aufgrund der räum-
lichen Beschränkungen im Luftspalt des Magneten ein besonders kompaktes
Design notwendig (Kap. 6.2).

Abbildung 7: Elektrisches Ablenksystem: Übersicht der Hauptkomponenten (links) und Fo-
to der Ablenkplatten in der Vakuumkammer (rechts). Die Platten sind ∆z = 150 mm lang
und ∆y = 80 mm hoch.
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Der Hochspannungspulser, maßgeblich von MÜLLER [2010] am IAP entwi-
ckelt, wurde im Rahmen dieser Arbeit am finalen Chopperaufbau installiert
und betrieben. Dabei wurden Hochspannungspulse mit ±4,9 kV Amplitude
und 257 kHz Wiederholrate bei hoher Langzeitstabilität erreicht (Kap. 6.3).
Das komplette Choppersystem inklusive magnetischem Dipol, elektrischem
Ablenksystem und Hochspannungspulser zeigt Abb. 8.

Abbildung 8: Choppersystem mit magnetischem Dipol, elektrischem Ablenksystem und
Hochspannungspulser: Übersicht (links) und Foto während des Aufbaus an der LEBT-Sektion
von FRANZ (rechts).

Nach dem Aufbau in der LEBT-Sektion wurde der Chopper mit einem
He+-Strahl bei 14 keV Energie erfolgreich in Betrieb genommen (Kap. 8). Eine
Strahlpulsmessung mit einem schnellen Strahltransformator, der zwischen
Solenoid 3 und 4 installiert ist, zeigt Abb. 9. Wiederholraten zwischen 103 kHz
und 257 kHz wurden experimentell erreicht, so dass die Anforderungen für
den FRANZ-Betrieb erfüllt werden.
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Abbildung 9: Gemessene He+-Strahlpulse mit einer Wiederholrate von 103 kHz (links) und
257 kHz (rechts). Das Signal des Strahltransformators ist blau und der Hochspannungspuls
rot dargestellt.

Die gemessenen Strahlpulse haben Anstiegszeiten zwischen (110± 10) ns und
(130± 10) ns. Durch verschiedene Einstellungen des Choppers und der Fokus-
sierelemente können für den He+-Strahl Plateaulängen zwischen (85± 10) ns
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und (120± 10) ns, Halbwertsbreiten zwischen (295± 10) ns und (370± 10) ns
und Gesamtpulslängen zwischen (585± 10) ns und (630± 10) ns realisiert wer-
den (Kap. 8). Die Detailansicht eines gemessenen Strahlpulses nach Korrek-
tur des vom Hochspannungspulser induzierten Untergrundes ist in Abb. 10
zu sehen.
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Abbildung 10: Gemessener Strahlpuls nach Abzug des vom Hochspannungspulser induzier-
ten Untergrundes.

Für die dargestellten Messungen wurde eine relativ große Blende mit 50 mm
Radius verwendet. Durch den Einsatz einer deutlich kleineren Blende mit
20 mm Radius, wie es für den FRANZ-Strahl erforderlich sein wird, wird sich
die Gesamtpulslänge auf unter 350 ns verringern. Da die Anstiegs- und Ab-
stiegsflanken des Strahlpulses zudem einen sehr großen Ortsversatz besitzen,
werden sie nicht in die RFQ-Akzeptanz passen und verloren gehen, so dass die
Pulslänge noch einmal deutlich reduziert wird. Das bedeutet, dass die Anfor-
derungen an die Zeitstruktur des zukünftigen FRANZ-Protonenstrahls mit
mindestens 50 ns Plateaulänge und deutlich unter 350 ns Gesamtlänge erfüllt
werden.

Eine Besonderheit des E×B-Choppers ist die Notwendigkeit, die elektrischen
und magnetischen Felder aufeinander anzupassen. Daher wurde das Verhal-
ten des Systems für verschiedene Wien-Verhältnisse Ex ·B−1y untersucht. Wird
die Amplitude des Hochspannungspulses erhöht, während das B-Feld kon-
stant gehalten wird, verändert sich die Amplitude Imax

BCT und die Plateaubreite
tflattop des gemessenen Strahlpulses. Die Plateaubreite ist dabei als Zeitab-
stand der 98 %-Werte des Strahlpulses definiert. Die gemessene Ladung im
Pulsplateau Qflattop = Imax

BCT · tflattop in Abhängigkeit des mit der Ionengeschwin-
digkeit v0 normierten Wien-Verhältnisses Ex · B−1y /v0 = 1 zeigt Abb. 11. Der
höchste Wert wird nahe des theoretisch erwarteten Wien-Verhältnisses von
eins erreicht. Dies zeigt, dass die elektrischen und magnetischen Ablenkfelder
gut aufeinander angepasst sind und das Verhalten des Choppers den theore-
tischen Erwartungen entspricht.

Heliumstrahlen mit bis zu 3,5 mA Strahlstrom konnten erfolgreich gepulst
und transportiert werden. Der Strahlstrom war dabei durch die zur Verfü-
gung stehende Testionenquelle limitiert. Wie in Abb. 12 gezeigt, entspricht
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Abbildung 11: Gemessene Ladung im Pulsplateau Qflattop = Imax
BCT · tflattop in Abhängigkeit des

normierten Wien-Verhältnisses Ex ·B−1y /v0 für einen 14 keV He+-Strahl. Das Wien-Verhältnis
wurde variiert, indem bei konstantem B-Feld die Amplitude des Hochspannungspulses er-
höht wurde.

die generalisierte Perveanz des gemessenen He+-Strahlpulses bereits der ei-
nes 175 mA Protonenstrahls bei 120 keV Energie und liegt damit deutlich über
dem erforderlichen FRANZ-Designwert (Kap. 8). Im experimentell zugäng-
lichen Strahlstrombereich blieb zudem die gemessene Pulsform stabil. Kei-
ne signifikante Veränderung der Plateaulänge oder der Halbwertsbreite war
feststellbar.
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Abbildung 12: Generalisierte Perveanz des gemessenen Strahlpulses (He+, 14 keV, blau dar-
gestellt) im Vergleich mit dem FRANZ-Designstrahl (H+, 120 keV, rot dargestellt). Der maxi-
mal gemessene Heliumstrom entspricht einem Protonenstrom von 175 mA.

Zusammenfassend kann gesagt werden, dass zum ersten Mal weltweit das
neu entwickelte Prinzip eines E×B-Choppers technisch umgesetzt und expe-
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rimentell bestätigt wurde. Das Choppersystem konnte mit den geforderten
Parametern erfolgreich ausgelegt, gefertigt und experimentell in Betrieb ge-
nommen werden.

Fragestellung 2: Strahltransport

Notwendig für den erfolgreichen Betrieb des Choppers ist ein adäquater
Strahltransport vor und hinter dem Chopper. Daher wurde der Strahltrans-
port sowohl für den kontinuierlichen als auch für den gepulsten Fall mit nu-
merischen und experimentellen Mitteln untersucht.

Die numerische Untersuchung des kontinuierlichen Strahltransports durch
die aus vier Solenoiden bestehende LEBT-Sektion zeigt, dass der hochinten-
sive Protonenstrahl effizient von der Quelle bis zum RFQ transportiert wer-
den kann (Kap. 3). Dabei wurde die optimale Strahlanpassung sowohl für
einen Protonenstrom von Ib = 50 mA als auch für Ib = 150 mA bestimmt.
Zudem wurde für die FRANZ-Designparameter gezeigt, wie der Strahl, aus-
gehend von einer realistischen 50 mA-Ionenquellenverteilung, an die RFQ-
Akzeptanz angepasst werden kann (Kap. 3). Neben der Auslegung der Ionen-
optik im Niederenergiebereich wurden auch die Fokussierelemente für den
Mittelenergiebereich mitentwickelt. Dabei wurde die Feldverteilung der hin-
ter dem Beschleuniger eingesetzten Quadrupol-Tripletts untersucht und op-
timiert (Kap. 3).

Für den Transport des gepulsten 50 mA-Strahls zeigt die numerische Unter-
suchung, dass die Gesamtpulslänge von 320 ns zwischen dem Chopper und
dem 1,5 m dahinterliegenden RFQ um weniger als 1 ns zunimmt (Kap. 5). Bei
einer zu kurzen Pulslänge führen die longitudinalen Raumladungskräfte da-
gegen zu einer deutlichen Vergrößerung der Gesamtpulslänge und zu einer
Verkleinerung des Pulsplateaus. So nimmt die Gesamtpulslänge eines Pro-
tonenpulses, erzeugt von einem idealen Rechteck-Spannungspuls, von 101 ns
auf 109 ns zu, während die 98 %-Plateaulänge von 73 ns nach dem Chopper auf
44 ns vor dem RFQ abnimmt (Kap. 5). Daher ist es vorteilhaft, einen längeren
Protonenpuls im Chopper zu erzeugen und ihn zum RFQ zu transportieren,
wo dann die Gesamtpulslänge durch transversale Kollimation reduziert wer-
den kann.

Nach den numerischen Untersuchungen wurde im Rahmen dieser Arbeit die
gesamte LEBT-Sektion, wie in Abb. 1 gezeigt, eingemessen, aufgebaut und
in Betrieb genommen (Kap. 7). Für die Inbetriebnahme wurde eine Test-
quelle verwendet und mit einem He+-Strahl mit Energien bis zu 20 keV be-
trieben. Zur Validierung der numerischen Simulationcodes und zur Unter-
suchung der Fokussiereigenschaften der Solenoide, wurde zunächst die Pha-
senraumverteilung hinter dem ersten Solenoiden mit einer Schlitz-Gitter-
Emittanzmessanlage gemessen. Sowohl der gemessene Phasenwinkel ϕ in der
xx′-Ebene als auch die gemessene Wölbung κ = x4

x2
2 zeigten sehr gute Über-

einstimmung mit den Simulationen (Kap. 7).

Nach dem Aufbau der gesamten LEBT-Sektion wurde eine Transmission von
(82,7± 0,8) % über eine Länge von fast 3 m für den kontinuierlichen Strahl
gemessen (Kap. 7). Das Ergebnis wurde mit einer Testquelle erreicht, die ur-
sprünglich nicht für diese Anwendung ausgelegt war und daher signifikant
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höhere Divergenzwinkel als die zukünftige FRANZ-Quelle erzeugt. Nach der
Untersuchung des kontinuierlichen Strahls wurde die Transmission auch für
den gepulsten Strahl experimentell bestimmt. Dazu wurde die Amplitude des
Strahlpulses mit einem Strahltransformator zwischen dem dritten und vier-
ten Solenoiden gemessen und mit dem maximalen transmittierten Strom im
Dauerstrichbetrieb, gemessen an der Faradaytasse hinter dem vierten Sole-
noiden, verglichen. Es ergab sich ein Verhältnis von (95,2± 1,6) % und da-
mit praktisch die gleiche Transmission für den gepulsten wie für den konti-
nuierlichen Strahl. Zum Erreichen dieses Ergebnisses musste die Solenoid-
Fokussierstärke entsprechend angepasst werden, da die Raumladungskräf-
te für den gepulsten Strahl durch die drastische Verringerung der Raumla-
dungskompensation zunehmen (Kap. 8).

Zusammenfassend kann man sagen, dass der effiziente Transport von der
Quelle bis zum RFQ sowohl im Dauerstrich- als auch im Pulsbetrieb für den
120 keV-Protonenstrahl numerisch und für den verfügbaren hochperveanten
14 keV-Heliumstrahl experimentell gezeigt werden konnte.

Fragestellung 3: Strahlseparationssystem

Für den späteren Betrieb mit hohen Strahlleistungen ist es sinnvoll, hinter
dem Chopper ein Strahlseparationssystem einzusetzen, das den vom Chop-
permagneten mit 10◦ vorausgelenkten Strahl vollständig aus dem Transport-
kanal leitet und somit die Sekundärteilchenproduktion und die Leistungsde-
position auf der Vakuumkammer reduziert.

Da kein System existierte, das die Anforderungen erfüllte, wurden im Rah-
men dieser Arbeit vier verschiedene Strahlseparationssysteme numerisch
entwickelt und untersucht. Als günstigstes System erwies sich das neuartige
sogenannte Halfpipe Massless Septum, bestehend aus einem magnetischen
Dipol und einer Abschirmröhre mit einem Schlitz in der horizontalen Ebene.
Das optimierte Design zeigt Abb. 13.

Abbildung 13: Strahlseparationssystem für hohe Strahlleistungen: CAD-Modell des Sep-
tummagneten (links) und Rückansicht des Magneten (rechts) mit Abschirmröhre (grün) und
zusätzlichen Polschuhplatten (grau).
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Für das optimierte System konnte ein Hauptdipolfeld von By ≈ 250 mT er-
reicht werden, mit dem der Ablenkwinkel für 120 keV-Protonen von 10◦ auf
90◦ erhöht werden kann. Gleichzeitig reduziert die Abschirmröhre das Rest-
feld auf der Strahlachse auf unter 0,3 mT, wie in Abb. 14 dargestellt. Durch
die effiziente Abschirmung der Strahlachse erhöht sich die RMS-Emittanz des
50 ns-Strahlplateaus nur um 3,9 % im Vergleich zur Simulation ohne Septum-
feld.
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Abbildung 14: Simuliertes Dipolfeld By des Septummagneten mit (blaue Kurve) und ohne
(rote Kurve) Abschirmröhre. Im linken Bild wird der Verlauf in der xy-Ebene in der Mitte
des Magneten in horizontaler Richtung x gezeigt. Das rechte Bild zeigt den Verlauf auf der
Strahlachse in longitudinaler Richtung z. Da die Abschirmröhre das Feld auf der Strahlachse
um mehr als einen Faktor hundert bis in den Submillitesla-Bereich reduziert, werden zwei
unterschiedliche Ordinaten verwendet.

Damit wurde ein Strahlseparationssystem ausgelegt und numerisch opti-
miert, das den vorausgelenkten Strahl effizient aus dem Transportkanal
lenkt, während das Restfeld auf der Strahlachse soweit abgeschirmt ist, dass
die Strahlemittanz nicht signifikant wächst. Die erreichten Ergebnisse zei-
gen, dass ein solches bisher nicht existierendes System prinzipiell zur Strahl-
separation geeignet ist. Das gilt insbesondere für den Hochstromfall, wenn
der Einsatz einer materiellen Trennwand zur Separation der Feldbereiche
zu unerwünschten Strahlverlusten und Sekundärteilchenproduktion führen
kann. Daher erscheint eine technische Umsetzung bis hin zum experimentel-
len Nachweis lohnenswert.

Fazit und Ausblick

In der vorliegenden Arbeit wurde ein neues, nach unserer Kenntnis welt-
weit einmaliges, Choppersystem numerisch ausgelegt und experimentell
in Betrieb genommen. Dabei wird zum ersten Mal ein gepulstes elektri-
sches Feld mit einem statischen magnetischen Feld in einer Wien-Filter-
Feldkonfiguration kombiniert und als Strahlchopper eingesetzt. Strahlpulse
mit Wiederholraten von 257 kHz und Anstiegszeiten von 120 ns konnten expe-
rimentell erreicht werden. Die Anforderungen an den Betrieb in der zukünf-
tigen FRANZ-Anlage konnten damit erfüllt werden. He+-Strahlen mit 14 keV
Energie und einer hohen generalisierten Perveanz von K = 2,73 · 10−3 wurden
erfolgreich gepulst und transportiert. Dies entspricht einem Protonenstrom
von 175 mA bei 120 keV Energie.
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Aufgrund der erreichten Ergebnisse ist die komplette Niederenergiestrahl-
führung von FRANZ, inklusive des Choppers, bereit für den kontinuierli-
chen und für den gepulsten Strahlbetrieb. Darüber hinaus stellt die LEBT-
Sektion einen vielversprechenden Teststand zur Untersuchung niederener-
getischer Ionenstrahlen dar. Der Einsatz magnetischer Linsen erlaubt den
weitgehend raumladungskompensierten Strahltransport, während der Chop-
per kurze Pulse erzeugen kann, die weiter transportiert werden, so dass ihre
longitudinalen und transversalen Eigenschaften untersucht werden können.
Die Pulslänge von wenigen hundert Nanosekunden und die Flugzeit liegen
unterhalb der typischen Aufbauzeiten für Raumladungskompensation durch
Restgasionisation. Dies ermöglicht die Untersuchung des Transportes kurzer,
niederenergetischer Ionenpulse. Dabei können die longitudinalen und trans-
versalen Raumladungseffekte genauso studiert werden wie die Dynamik der
Raumladungskompensation oder Elektroneneffekte in kurzen Pulsen.



1. Introduction: Time Structures
for High-Intensity Beams

Motivation and Research Context

Particle accelerators are an indispensable tool for researching and probing
nature. More than that, they have become an important field of research
themselves. The quest for higher energies that was initiated in the 1920s with
the first particle accelerators reached a new stage in 2008 with the successful
operation of the Large Hadron Collider (LHC), which has since pushed the
energy frontier to 8 TeV [CERN 2012]. This facilitated discoveries like the
Higgs particle, deepening our understanding of the fundamental structure of
matter [AAD et al. 2012; CHATRCHYAN et al. 2012].

A high experimental sensitivity requires not only high energies but also suffi-
ciently high beam intensities. The rarer the process that is investigated, the
higher the intensity that is required. Usually, the particles under investiga-
tion have to be produced using a primary beam, which is accelerated above
a given energy threshold. In this case, the number of produced secondary
particles, and thus the experimental sensitivity, is directly proportional to the
intensity of the primary beam. This is valid for spallation neutron sources like
SNS [GALAMBOS 2013], CSNS [FU et al. 2013] or ESS [PEGGS 2012] as well
as for the production of antiprotons (FAIR) [KESTER 2012] or neutrinos and
muons (Project X) [HOLMES et al. 2013]. Consequently, all of these facilities
rely on a high-intensity primary beam or, more specifically, on a high-intensity
proton or H− beam.

A major breakthrough in the development of high-intensity ion beams was the
invention of the Radio-Frequency Quadrupole (RFQ) in the 1970s [KAPCHIN-
SKIY and TEPLIAKOV 1970]. Consequently, electrostatic accelerators, which
are challenging to operate at high intensities, could be replaced by modern
injector lines consisting of an ion source and a Low-Energy Beam Transport
(LEBT) section followed by an RFQ and typically a Drift Tube Linac (DTL).
This setup, however, makes it mandatory to transport the beam from the ion
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source to the RFQ and match it into the RFQ acceptance. If high transmis-
sion and high beam quality are required, this becomes a critical task since at
low energies space-charge effects are strong, while particle densities, losses
and emittance growth are high. Therefore, the transport of low-energy, high-
intensity beams is particularly demanding. Moreover, one may even conclude
that for “all [high-current] machines the major challenge is in the low-energy
part, w[h]ere the beam quality is defined” [FERDINAND 2007, 2564].

The issue becomes even more challenging when a certain time structure has
to be imposed on the high-intensity beam. Such time structures are essential
for most accelerators. They might be required for low-loss injection into or
extraction from circular accelerators, or they can reduce the duty cycle and
thus limit the average power deposition for vulnerable machine components
or targets. In addition, the experimental needs themselves can require cer-
tain beam-free time intervals—for example, to define a start time for Time-of-
Flight (TOF) measurements.

To create beam-free time intervals and thus reduce the average beam current,
choppers are required. This is especially relevant for high-current projects,
where beam losses have to be minimized. It is thus not a coincidence that
the chairmen of the international workshop on “High Intensity Secondary
Beams Driven by Protons” emphasize: “Chopping is essential for high power
megawatt scale H− linacs injecting into rings”. Therefore, “an extension of the
current state of the art” is required, even though “the technology is proving
difficult to perfect” [GALAMBOS et al. 2013, 10].

Research Questions and Outline of the Thesis

In this thesis the chopping and transport of low-energy, high-intensity beams
is investigated using analytical, numerical and experimental means. The re-
search is conducted at the site of the future “Frankfurt Neutron Source at the
Stern-Gerlach-Zentrum” (FRANZ), currently under construction at Frank-
furt University. The FRANZ facility will deliver a pulsed high-intensity pro-
ton beam for neutron production. The neutrons will be generated via the
7Li(p,n)7Be reaction using a primary, 50 mA, 2 MeV proton beam with a chal-
lenging time structure. To achieve this, chopping of the high-intensity beam is
required in the LEBT section at 120 keV energy, before injection into the RFQ.
Short pulses with durations of 50 ns to 350 ns have to be shaped at a repetition
rate of 250 kHz.
For this purpose, a novel chopping concept is proposed in this thesis. The
concept combines a pulsed electric field with a static magnetic field in a Wien-
filter type field configuration. This leads to the primary research question
(RQ 1) of this thesis:

RQ 1: Is it physically possible and technically feasible to develop a novel
chopper device, called E×B chopper, with the required parameters?

The E×B field setup minimizes the duty factor of the electrostatic beam deflec-
tion, thus reducing the risk of voltage breakdowns and facilitating the chop-
ping of high-intensity beams with high reliabilities. The concept combines
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the advantages of magnetic deflection, i.e., stable deflection without risks of
voltage breakdown, and of an electric kicker, i.e., operation with low power
consumption even at high repetition rates. The E×B field configuration, how-
ever, poses new challenges. In this setup, the beam pulse, which is shaped
by the chopper, is exposed to the full electric and magnetic fields. This can
negatively influence the beam quality. Furthermore, it is technically demand-
ing to design a combined electric deflection and magnetic dipole system for
a high-intensity beam with large beam diameter. In addition, it is critical to
achieve a sufficiently high voltage pulse to drive the electric field with the re-
quired repetition rate of 250 kHz, which is a high value for a pulsed system
but a low value for a feasible resonant solution, e.g., using a radio-frequency
(rf) cavity for beam deflection. Therefore, the primary research question can
be rephrased by the two following subquestions:

RQ 1a: How can the electric and magnetic field configuration of the chopper
be optimized so that the beam quality (emittance, cylindrical symmetry,
no position offset, etc.) is preserved?

RQ 1b: Can all chopper components be manufactured and operated as
required and can the required beam parameters be experimentally
achieved?

For a comprehensive treatment of the issue, two additional, secondary re-
search questions are of importance:

RQ 2: Can the beam be efficiently transported from the ion source to the
chopper and from the chopper to the RFQ injection point?

RQ 3: Is it possible to design a novel type of beam-separation system that
guides the beam, predeflected by the chopper, out of the transport chan-
nel while having no negative impact on the on-axis beam?

These research questions will be discussed in this thesis according to the fol-
lowing structure.

Chapter 2, Theory, presents the concepts and relations of beam physics rele-
vant for this thesis. This includes the behavior of charged particles in electric
and magnetic fields. Special attention is given to the superposition of perpen-
dicular electric and magnetic fields forming a velocity or Wien filter.

As a basis for the chopper design, Chap. 3, Beam Transport, investigates
the continuous beam transport in front of and behind the chopper (RQ 2).
First, an overview of the FRANZ facility and especially its low- and medium-
energy beam transport sections is given. Then, the results of transport simu-
lations through the four-solenoid LEBT section are presented. In particular,
the beam matching into the chopper and into the RFQ acceptance is discussed
(RQ 2) and the geometric constraints for the chopper system are derived.

Chapters 4 and 5 present numerical studies of the chopper in static and
time-dependent fields (RQ 1a). Before discussing the chopper design itself,
Chap. 4, Chopper Field Optimization, deduces the requirements of the
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chopper from the FRANZ operating parameters and discusses the feasibility
of conventional chopper concepts considering the required time structure. Fol-
lowing this discussion, the novel concept of an E×B chopper is proposed as a
possible solution. Then, the beam dynamics in crossed E and B fields is stud-
ied with static-field approximation (RQ 1a). As a result, the optimized shapes
of the electric and magnetic fields are determined and the requirements for
the high-voltage (HV) pulse generator are derived.
Based on the optimized field configuration, Chap. 5, Pulsed Beam Dynam-
ics, discusses the pulse shaping and the beam dynamics in time-dependent
chopper fields (RQ 1a). The effect of different high-voltage pulse shapes and
amplitudes on the beam as well as different aperture geometries are studied.
Then, the beam dynamics of the additional hydrogen fractions, H+

2 and H+
3 ,

and the effect of compensation and secondary electrons on the ion beam are
discussed. In addition, the longitudinal and transverse pulse properties as
well as the beam transport behind the chopper are examined (RQ 2). As a
result of these chapters, the final geometry and the operating parameters of
the chopper are determined.

On this basis, Chaps. 6 to 8 present the technical design and the experimental
results (RQ 1b). First, Chap. 6, Technical Design, describes the hardware
design and the manufacturing process of the main chopper components. These
include the magnetic dipole, the electric deflection plates, the deflection cham-
ber, the repeller electrodes and the 250 kHz HV pulse generator.
The LEBT section of the future FRANZ facility, installed and commissioned
during this thesis, serves as experimental setup for the presented beam ex-
periments. Chapter 7, Beam Transport Experiments, describes the align-
ment and installation of the LEBT section as well as the available diagnostic
equipment. Then, the dc beam transport experiments using high-perveance
helium beams with energies of up to 20 keV are presented (RQ 2).
Based on the experimental investigation of the dc beam transport, Chap. 8,
Beam Chopping Experiments, presents the experimental performance of
the E×B chopper. Pulse measurements of the helium beam at different rep-
etition rates are presented and the shape of the measured beam pulses is
analyzed (RQ 1b). In addition, the transport of the chopped beam is discussed
(RQ 2). The ions’ time of flight is measured for different beam energies and
compared with the theoretical expectations. The behavior of the E×B system
for mismatched electric and magnetic field levels, i.e., varying Wien ratios, is
examined. Finally, the performance of the chopper for increasing beam cur-
rents, and thus higher generalized perveances, is presented (RQ 1b).

After the analytical, numerical and experimental investigation of the chopper,
Chap. 9, Beam-Separation System, discusses a dedicated beam-separation
system facilitating a future beam power upgrade (RQ 3). The novel Halfpipe
Massless Septum consists of a C-type dipole and a magnetic shielding tube
with a slit in the horizontal plane. The optimized field configurations and the
technical design are described. The effect of the septum leakage field on the
beam transport is examined.

Chapter 10, Conclusion, summarizes the results and main findings of this
thesis with respect to the research questions, followed by the concluding re-
marks.



2. Theoretical Foundations:
Charged Particle Beams in
Electromagnetic Fields

This chapter describes the theoretical foundations of the transport and chop-
ping of high-intensity beams: the fundamentals of beam physics and the be-
havior of charged particle beams in electromagnetic fields.

2.1 Beam Physics and Space-Charge Effects
2.1.1 Phase Space and Emittance
A particle ensemble with a much higher longitudinal than transverse veloc-
ity is called a particle beam. Classical mechanics describes an ensemble of
N point-like particles as one point in the 6N -dimensional phase space. The
phase space is formed by the generalized coordinates qj and the generalized
momenta pj [NOLTING 2004, 116]. The phase-space points behave like an in-
compressible fluid. This implies that the shape of the phase-space volume can
change; however, the absolute value remains constant under certain condi-
tions. This is expressed by Liouville’s theorem [REISER 1994, 62-65; STRUCK-
MEIER 2006, 4].

Given a Hamiltonian systemH(qj, pj, t) of n degrees of freedom, the vol-
ume form dV = dq1 . . . dqndp1 . . . dpn is invariant with respect to canoni-
cal transformations.

Canonical transformations are transformations that preserve the form of the
canonical equations

dqi

dt
=
∂H

∂pi
(2.1)

and

dpi
dt

= −∂H
∂qi

, for i = 1 . . . n. (2.2)
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Since the time evolution of the system itself is a canonical transformation,
the local point density in the 6N -dimensional phase space is time independent
[STRUCKMEIER 2006, 10-11]. Note that in statistical mechanics every point in
the 6N -dimensional phase space represents the same system of N interacting
point-like particles with different initial conditions [NOLTING 2002, 17].

For beam physics, it is more convenient to describe particle distributions in
the 6-dimensional phase space formed by the particles’ positions and mo-
menta. What conditions are required for the 6N -dimensional phase space
to factorize into N copies of the 6-dimensional phase space? Either no inter-
action between the particles takes place (e.g., no space charge exists) or the
interaction force (e.g., the Coulomb force) can be approximated by a smooth
continuous field that acts externally on the particles (and not via binary inter-
particle forces) [STRUCKMEIER 2006, 18-20]. Given these conditions, the local
point density is conserved for the ensemble of N particles. Hence, Liouville’s
theorem applies for the time evolution of a particle beam in the 6-dimensional
phase space, given that there are no binary collisions, no dissipative forces
and no particle losses or charge exchanges [WANGLER 2008, 284-285]. How-
ever, the local point densities in the 2-dimensional subspaces are only con-
served if, in addition, the forces in the three orthogonal directions are not
coupled.

In this thesis a right-handed coordinate system is used where the x axis points
in the horizontal direction, the y axis in the vertical direction and the z axis
in the longitudinal direction along the beam axis. For beam physics, the three
subspaces x-px, y-py and z-pz are of special importance. Instead of the trans-
verse momenta, the slope x′= dx

dz
= vx

vz
= px

pz
=tan θx is commonly used. For much

higher longitudinal than transverse velocities vz � vx the divergence angle
θx is small, so one can use the paraxial approximation tan θx ≈ θx, and hence
obtain x′≈θx. The same relations apply in the y direction.

A particle ensemble in the transverse subspaces x-x′ and y-y′ fills the phase-
space area Ax =

∫ ∫
dx dx′ = εxπ and Ay =

∫ ∫
dy dy′ = εyπ.

The quantity

ε =
A

π
(2.3)

is called emittance. It is a figure of merit for the beam quality and is conserved
under the conditions previously stated.

Since longitudinal acceleration reduces the slope, the emittance decreases for
higher particle velocities. For easier comparison of beams with different ve-
locities, the emittance can be normalized [WANGLER 2008, 287] by

εnorm = βγε (2.4)

with the factor β = vp
c

, the particle velocity vp, the speed of light in vacuum c
and the Lorentz factor γ = 1√

1−β2
.

If the emittance is computed for the complete phase-space density, it is called
100 % emittance. Otherwise, when only certain density levels are considered,
it is called fractional emittance with the fraction explicitly indicated (e.g.,
95 % emittance).
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For the description of real ion beams, it can be beneficial to introduce an emit-
tance definition that considers not only the occupied area in phase space but
also the shape of the particle density distribution [WANGLER 2008, 286]. This
approach is conveniently based on a statistical description using mathemati-
cal moments [STRUCKMEIER 2005, Sec. 4.1].

The first moment of a distribution of N particles with x coordinates xi is

x =
1

N

N∑
i=1

xi (2.5)

and thus is equivalent to the arithmetic mean of the distribution.

The higher moments are commonly defined as

xn =
1

N

N∑
i=1

(xi − x)n. (2.6)

They are called central moments or moments about the mean because they
are centered about the arithmetic mean or first moment of the distribution.
Consequently, the second central moments for a particle distribution in phase
space are given by

x2 =
1

N

N∑
i=1

(xi − x)2, (2.7)

xx′ =
1

N

N∑
i=1

(xi − x)(x′i − x′) (2.8)

and

x′2 =
1

N

N∑
i=1

(x′i − x′)2. (2.9)

Using these expressions, the root mean square (rms) emittance [SACHERER
1971; REISER 1994, 57] is defined as

εrms =

√
x2 x′2 − xx′2. (2.10)

The corresponding unit used in this thesis is mm·mrad. A factor or divisor
π, sometimes added in the literature, is omitted. If not otherwise stated, the
normalized 100 % rms emittance ε rms, norm is used.

Only in Secs. 5.1 and 9.3 will it be convenient to depart from this definition
and use the raw or non-central moments (or ‘moments about zero’) to define
the emittance. The second raw or non-central moments are given by

[
x2
]∗

=
1

N

N∑
i=1

x2i , (2.11)

[
xx′
]∗

=
1

N

N∑
i=1

xi · x′i (2.12)
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and [
x′2
]∗

=
1

N

N∑
i=1

(x′i)
2. (2.13)

Finally, the ‘non-central’ rms emittance ε̃rms is given by

ε̃rms =

√[
x2
]∗ [

x′2
]∗
−
[
xx′
]∗
. (2.14)

In the presence of only linear forces, all particle trajectories in the
2-dimensional subspaces lie on ellipses. Therefore, particle ensembles are
often represented by their surrounding ellipse in transverse or longitudi-
nal phase space. Consistent with Eq. 2.3, the area enclosed by the ellipse
is A = επ. Figure 2.1 shows the phase-space ellipse and the correspond-
ing Courant-Snyder parameters α, β and γ, which determine the shape and
orientation of the ellipse.

Figure 2.1: Phase-space ellipse and ellipse parameters including the phase-space angle ϕ
[WIEDEMANN 2007, 158].

The parameters are correlated by the expression [WIEDEMANN 2007, 158-
159]

γ x2 + 2αxx′ + β x′ 2 = ε. (2.15)

For an arbitrary particle distribution, the Courant-Snyder parameters can be
computed using the second moments [WANGLER 2008, 285]:

αrms = − xx
′

εrms
, (2.16)

βrms =
x2

εrms
, (2.17)

γrms =
x′2

εrms
. (2.18)

From the Courant-Snyder parameters we can calculate the phase-space
angle ϕ of the ellipse [WIEDEMANN 2007, 158] as given in Fig. 2.1 by

tan 2ϕ =
2α

γ − β
. (2.19)
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We will use the phase-space angle in Sec. 7.2 to describe the orientation of
measured and simulated ion distributions in the 2-dimensional phase space.

One should note that Liouville’s theorem does not apply for the rms emit-
tance, since the rms value can increase due to filamentation of the phase-
space area even if the total phase-space area is conserved. Such filamen-
tations are caused by nonlinear forces acting on the particle beam. These
nonlinear forces can result either from external fields, like nonlinear focus-
ing fields, or from the nonlinear self field of the particle distribution [REISER
1994, 467-470].

A model distribution that gives only linear space-charge forces is the
Kapchinsky-Vladimirsky (K-V) distribution [REISER 1994, 341]. Here
the particles uniformly populate the surface of a hyperellipsoid in
the 4-dimensional phase space. This yields uniform densities for all
2-dimensional projections. All nonlinear self forces vanish, so no charge
homogenization and thus no emittance growth will occur. Throughout this
thesis, K-V distributions will be used either when no realistic beam distri-
bution is given or whenever we want to examine the transport behavior of
external components without having to consider intrinsic beam effects.

For the evaluation of beam distributions, the kurtosis κ can be defined as the
fourth moment normalized by the square of the second moment.

κ =
x4

x2
2 . (2.20)

The kurtosis quantifies how flat or peaked a distribution is. A uniform dis-
tribution yields κ = 2, while a parabolic or Gaussian distribution results in
higher values [STRUCKMEIER 2005, Sec. 7.2]. The kurtosis will be used to
describe the simulated ion distributions in Sec. 5.1 and the measured distri-
butions in Sec. 7.2.

2.1.2 Beam Intensity and Space Charge
The beam current Ib is given by the transported charge Q per time t

Ib =
dQ

dt
. (2.21)

Charged particle beams generate electric and magnetic self fields. For the low-
energy beams discussed in this thesis, the effect of the magnetic self field on
the particle movement can be neglected. The effect of the electric self field
or space-charge field, however, is especially relevant for low-energy, high-
current beams. To quantify this effect, the generalized perveance [LAWSON
1958; REISER 1994, 196-197] can be introduced:

K =
q Ib

2πε0mp(βcγ)3
. (2.22)

Here ε0 denotes the vacuum permittivity, mp the mass and q the charge of the
particle.
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The generalized perveance is a dimensionless quantity. The higher the gen-
eralized perveance is, the stronger the effect of the space-charge forces. In
the nonrelativistic approximation, γ equals one and the velocity gained by a
particle after traversing an accelerating voltage Vacc is given by

vp =

√
2 · Vacc

q

mp
. (2.23)

Consequently, the simplified expression for the generalized perveance is

K =
1

4πε0

√
mp

2q

Ib

V
3/2

acc
. (2.24)

The generalized perveance increases linearly with the beam current and de-
creases with higher accelerating voltage as K ∝ V

−3/2
acc .

The repulsive space-charge forces can be compensated by particles with op-
posite charge that are trapped in the beam potential—e.g., electrons for a
positive ion beam. This will be discussed in more detail in Sec. 5.3. This ef-
fectively reduces the generalized perveance by the compensation (or charge-
neutralization) degree fcomp.

The beam quality, especially for high-intensity beams, can deteriorate dur-
ing transport. A quantity that scales the intensity, expressed by the beam
current, with the beam quality, understood as the phase-space area, is the
beam brightness. In textbooks [REISER 1994, 61-62; HINTERBERGER 1997,
102; WILLE 1996, 219-220], different definitions of brightness, sometimes also
called brilliance, are common. For our purposes we define the beam bright-
ness based on the beam current and the normalized rms emittances in the
transverse subspaces by

B =
Ib

εxrms, norm · ε
y
rms, norm

. (2.25)

2.2 Magnetic Beam Deflection
A charged particle beam can be deflected from its trajectory by either mag-
netic or electric fields. The force on a particle with charge q moving with
velocity vp in an electric field ~E and a magnetic field ~B is given by the Lorentz
force

~F = q( ~E + ~vp × ~B). (2.26)

In a static, homogeneous magnetic fieldB, a charged particle follows a circular
path with radius ρ. By equating the magnitudes of the centripetal force and
the magnetic deflection force

mpv
2
p

ρ
= q · vp ·B, (2.27)

one can directly derive the so-called beam rigidity or Bρ-value

Bρ =
mpvp

q
. (2.28)
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From the deflection radius one can calculate the deflection angle αdefl [WIES-
NER 2008, 48] for a particle moving in the longitudinal direction z in a vertical
magnetic field By(z):

αdefl = arcsin

(
q

mpvp

∫
By(z) dz

)
. (2.29)

In a hard-edge approximation [REISER 1994, 231], the magnetic field By(z)
can be described by an equivalent uniform field with maximum B0 and effec-
tive length leff:

leff =
1

B0

∫
By(z) dz. (2.30)

This simplifies Eq. 2.29 to

αdefl = arcsin

(
q

mpvp
B0 · leff

)
. (2.31)

For small deflection angles this expression can be further simplified to
αdefl ≈ sinαdefl = q

mpvp
B0 · leff. This implies that the deflection angle for a given

magnetic field decreases with the particle momentum, mpvp.

The trajectories obtained from the equations of motion for a charged particle
in a static, homogeneous magnetic dipole field By [WIESNER 2008, 13] are
given by

x(t) = x0 + v0
ωcyclo
· cos (ωcyclo · t− α0)− vz0

ωcyclo

y(t) = y0

z(t) = z0 + v0
ωcyclo
· sin (ωcyclo · t− α0) + vx0

ωcyclo

(2.32)

with the starting positions x0, y0 and z0, the starting velocities vx0 =vx(0) and
vz0 = vz(0), the norm of the velocity vector v0 =

√
v2x0 + v2z0, the phase angle

arcsin (vx0
v0

)=α0 and the cyclotron frequency ωcyclo = q
mp
By.

In practice, magnetic dipole fields are commonly generated using iron-
dominated electromagnets. The magnetic induction B0 in a dipole with gap
height hgap excited by coils with N turns at a current Idipole can be analytically
estimated [WILLE 1996, 62] by

B0 = µ0
N · Idipole

hgap
, (2.33)

with the vacuum permeability µ0. In this thesis, since the magnetic field
strength H is rarely used, the terms magnetic induction and magnetic field
are used synonymously for the B field.

In order to derive Eq. 2.33, a high magnetic permeability in the iron was as-
sumed: µr � 1. This implies that no saturation effects occur and the magnetic
resistance in the iron yoke vanishes. Here, the magnetic resistance or mag-
netic reluctance Rm [LUNZE 1988, 226] is defined in analogy to Ohm’s law as

Rm =
Vm

ΦB

, (2.34)

i.e., the ratio of the magnetic voltage Vm =
∫
~H · d~s and the magnetic flux

ΦB =
∫
A
~B · d ~A.
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2.3 Electric Beam Deflection
In a transverse electric field a charged particle follows a parabolic path, anal-
ogous to a point mass with inital horizontal velocity in a uniform gravitational
field. The deflection angle αdefl for a particle with beam energy Wb = q · Vacc
deflected horizontally by the static electric field Ex(z) is given by

tanαdefl =
1

2

q
∫
Ex(z) dz

Wb
=

1

2

∫
Ex(z) dz

Vacc
. (2.35)

For small deflection angles the expression can be simplified using
tanαdefl ≈ αdefl. This implies that the deflection angle in a given electric field
is inversely proportional to the particle energy, rather than to the particle
momentum as in a magnetic field.

As in Eq. 2.30, the effective length leff of an equivalent uniform field with
maximum E0 can be defined as

leff =
1

E0

∫
Ex(z) dz. (2.36)

Using this expression and assuming that the electric field E0 is generated by
a voltage Vdefl between two deflection plates with distance d,

E0 =
Vdefl

d
, (2.37)

we can simplify Eq. 2.35 to

tanαdefl =
1

2

leff

d

Vdefl

Vacc
. (2.38)

2.4 Electric and Magnetic Beam Deflection:
Wien Filter

2.4.1 Wien Filter Properties
The electric field ~E and the magnetic field ~B can be superimposed such that
the resulting deflection force ~Fdefl on a particle with velocity ~vp and charge q is
canceled to zero:∫

~Fdefl dz =

∫
(~Felec + ~Fmag) dz =

∫
q · ( ~E + ~vp × ~B) dz

!
= 0. (2.39)

For a particle with only longitudinal velocity v0

~vp =

 0
0
v0

 (2.40)

traversing a vertical magnetic field

~B =

 0
−By

0

 (2.41)
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and a horizontal electric field

~E =

−Ex0
0

 , (2.42)

the resulting forces are restricted to the horizontal plane with

Fmag = q · v0 ·By (2.43)

and
Felec = −q · Ex. (2.44)

Substituting these forces into Eq. 2.39 gives∫
q · (v0 ·By − Ex) dz

!
= 0 (2.45)

and the Wien condition or Wien ratio, named after Nobel laureate Wilhelm
Wien, can be directly derived:

v0 =

∫
Ex dz∫
By dz

. (2.46)

For a field in the hard-edge approximation (and generally for the same shape
of the magnetic and electric fields) this simplifies to the well-known relation

v0 =
Ex
By

. (2.47)

The expression signifies that particles with velocity v0 traverse the crossed
magnetic and electric fields without deflection [WIEN 1898]. This field con-
figuration is called Wien filter or velocity filter. Wien filters are widely used
as mass separators [SELIGER 1972; CUNA and IOANOVICIU 1983; ANNE and
MUELLER 1992; COUDER et al. 2008], but can also be applied for other pur-
poses like spin rotation [TIOUKINE et al. 2002; STEINER et al. 2007].

2.4.2 Wien Focusing and Velocity Change
If the integral Wien condition 2.45 is fulfilled, the reference particles on the
beam axis can traverse the Wien filter without deflection. This is, however,
not the case for off-axis particles. The reason is that the longitudinal velocity
v0 in the deflection region depends on the electric potential, which varies with
the horizontal position of the particles.

Assuming a linear potential distribution between the plates—i.e., a homo-
geneous electric deflection field Ex—the longitudinal velocity of a positively
charged particle with horizontal position x changes after the fringing field
region [GELFORT 1974] to

vz(x) =

√
2 q (Vacc + Ex · x)

mp
= v0 ·

√
1 +

Ex · x
Vacc

. (2.48)
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Off-axis particles closer to the positively charged plate are longitudinally de-
celerated to the velocity v l, while off-axis particles closer to the negatively
charged plate are accelerated to the velocity vr.

This velocity change has two direct consequences. First, the time of flight
through the Wien filter now depends on the particle’s horizontal position. Sec-
ond, the magnetic deflection force changes according to the particle position:

∣∣∣~v l × ~B0

∣∣∣ < ∣∣∣~v0 × ~B0

∣∣∣ < ∣∣∣~vr × ~B0

∣∣∣ . (2.49)

As the electric and magnetic deflection forces are matched for the reference
velocity v0, the off-axis particles now deviate from their linear trajectory. For
the decelerated ions the electric deflection prevails, while for the accelerated
ions the magnetic deflection is stronger. This leads to a focusing effect in the
horizontal plane. This so-called Wien focusing is illustrated in Fig. 2.2. The
vertical plane is not affected since there is no velocity change as a function of
the vertical position.

Figure 2.2: Illustration of the Wien focusing effect. Off-axis particles closer to the positively
charged plate are longitudinally decelerated to the velocity v l, while off-axis particles closer
to the negatively charged plate are accelerated to the velocity vr. Since the magnetic force
depends on the particle velocity, electric and magnetic deflection forces are mismatched for
the off-axis particles, resulting in a focusing effect in the horizontal plane. Modified from
[WIESNER et al. 2012].

The Wien focusing effect can be estimated analytically. We assume short
fringing fields. This implies that only the longitudinal velocity changes ac-
cording to Eq. 2.48, while the transverse velocity in the fringing field region
remains unaffected.
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The integrated deflection forces for the particles are given by∫
Fdefl(x) dz =

∫
Fmag(x) dz +

∫
Felec(x) dz =

∫
q · vz(x) ·By dz +

∫
q · Ex dz.

(2.50)
Using Eq. 2.48 for the longitudinal velocity change yields∫

Fdefl(x) dz =

∫
q · v0 ·

√
1 +

Ex · x
Vacc

·By dz +

∫
q · Ex dz (2.51)

=

√
1 +

Ex · x
Vacc

·
∫
Fmag(x=0) dz +

∫
Felec(x=0) dz. (2.52)

The electric force remains unaffected, while the magnetic force depends on
the velocity of the particles and thus on their horizontal positions.

For the off-axis particles the deflection force Fdefl leads to a horizontal acceler-
ation ax = Fdefl

mp
, which causes a horizontal velocity change ∆vx = ax ·∆t.

With the definition of the effective field length leff, as used in Eqs. 2.30
and 2.36 for the magnetic and electric fields,∫

Fdefl(x) dz = Fdefl(x) · leff (2.53)

and the time of flight ttof through the deflection field

∆t = ttof =
leff

vz(x)
, (2.54)

the change of the horizontal velocity ∆vx results in

∆vx(x) =

∫
Fdefl(x) dz

mp · vz(x)
. (2.55)

Note that the time of flight in Eq. 2.54 depends on the horizontal position of
the particle.

The deflection force can be substituted using Eq. 2.52:

∆vx(x) =

√
1 + Ex·x

Vacc
·
∫
Fmag(x=0) dz +

∫
Felec(x=0) dz

mp · vz(x)
. (2.56)

With Eq. 2.48 and the relation
∫
Felec(x=0) dz = −

∫
Fmag(x=0) dz, we obtain

the expression for the horizontal kick that the particles receive when travers-
ing the crossed electric and magnetic fields:

∆vx(x) =

∫
Fmag(x=0) dz

mp · v0

1− 1√
1 + Ex·x

Vacc

 . (2.57)

Particles with either a positive or a negative position offset are bent towards
the beam axis, as illustrated before in Fig. 2.2.
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This one-plane focusing effect would lead to an asymmetric beam profile. In
order to compensate for this effect, the magnetic induction B can be adjusted
according to the horizontal position x [SELIGER 1972; IOANOVICIU 1973].
This can be implemented technically by altering the dipole gap height ac-
cordingly [GELFORT 1974]. We will discuss this in more detail in Sec. 4.5.2.

Until now, we have assumed static deflection fields. However, for time-
dependent fields the Wien condition must be modified.

2.4.3 Effective Fields and Wien Condition for Time-
Dependent Electric Fields

Consider a time-dependent electric field E(t). A particle that enters the field
at a certain injection time t0 and leaves the field at texit = t0 + ttof is exposed to
the time-averaged field

Eeff (t0) =
1

ttof

∫ texit

t0

E(t) dt. (2.58)

Only if the electric field does not change significantly during the time of flight
ttof, i.e.,

E(t) ≈ E(t0) = const. ∀ t ∈ [t0, t0+ttof] ,

this effect can be neglected and we obtain

Eeff (t0) ≈ E(t0). (2.59)

Otherwise, as is the case for low-energy ions, the time-of-flight effect remains
relevant. This is illustrated in Fig. 2.3, which shows the effective field Eeff for
protons and He+ ions entering a time-dependent field at the injection time t0.
The original pulse shape of the time-dependent field is shown with a dashed
blue line.

Figure 2.3 (left) shows the effective field for particles exposed to a 100 ns long
rectangular pulse. The flat top length of the effective field decreases for lower
beam velocities—i.e., with increasing time of flight. If the time of flight gets
even longer than the original rectangular pulse, the amplitude decreases. Fig-
ure 2.3 (right) shows the effective field for a pulse consisting of one half-wave
of sine with a frequency of 1 MHz. Again, the amplitude of the effective field
decreases for lower beam energies—i.e., for longer times of flight.

Consequently, the maximum effective field Emax
eff to which the particles are

exposed can be lower than the maximum field Emax of the original pulse:

Emax
eff ≤ Emax. (2.60)

This has to be considered when matching the maxima of the deflection forces
in a Wien filter with a time-dependent electric field. Therefore, we introduce a
factor ftof that corrects the amplitude reduction due to the finite time of flight
in the time-dependent field

ftof =
Emax

eff

Emax . (2.61)
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Figure 2.3: The effective, time-averaged field Eeff for ions with different beam energies enter-
ing a time-dependent field at a certain injection time t0. Eeff is computed for original pulses
with a rectangular (left) and a half-wave sine shape (right). The effective field depends on
the shape of the original pulse (depicted by a dashed blue line) and on the ions’ time of flight
through the deflection field. The time of flight depends on the particle velocity and the field
length: ttof = lfield/vp. Here a field length of lfield = 0.135 m is assumed.

Thus, we obtain the Wien condition in time-dependent electric fields

v0 =

∫
Ex dz · ftof∫
By dz

. (2.62)

For static fields or negligible times of flight, the factor ftof equals one and the
expression is simplified to the Wien condition for static fields (Eq. 2.46).

Having discussed the relevant theoretical foundations for the transport and
chopping of high-intensity beams, we can now start the investigation by ex-
amining the transport and matching of continuous beams.
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3. Continuous Beam Transport
and Transverse Beam
Matching

3.1 The FRANZ Facility: High-Intensity Proton
Beam for Neutron Production

The chopper system and the beam transport sections discussed in this thesis
will be part of the “Frankfurt Neutron Source at the Stern-Gerlach-Zentrum”
(FRANZ) [MEUSEL et al. 2006; WIESNER et al. 2010a; RATZINGER et al.
2011]. It will be installed in the experimental hall of the Institut für Ange-
wandte Physik (IAP) at the science campus of Frankfurt University. FRANZ
is an accelerator-driven neutron source that will deliver neutrons in the en-
ergy range of 1 keV to 500 keV, which are especially suited for nuclear astro-
physics experiments [REIFARTH et al. 2009]. The neutron production via the
7Li(p,n)7Be reaction channel requires a driver linac delivering a 2 MeV pri-
mary proton beam. A schematic view of the facility is given in Fig. 3.1.

Volume Type
Ion Source

Diagnostics
chambers

Chopper
Steerer

Kicker

7Li Target for
Compressor Mode

RFQ IH
CH-

Rebuncher

Multiaperture
Rebuncherf = 2.5 MHz

Bunch
Compressor

Wb=700 keV

Wb=2.03±0.2 MeVWb

 Is
=
≤

120 keV
200 mA

fc 250 kHz=

Final Focus
Rebuncher Target for (p,γ)

7Li Target 
for Activation

Mode

Beam
dump

Wb=2.03±0.2 MeV

Steerer

Figure 3.1: Schematic view of the Frankfurt Neutron Source FRANZ. Modified from
[MEUSEL et al. 2012, 130].



20 3. Continuous Beam Transport

The facility is designed for two different operation modes. The Activation
Mode requires a continuous high-average neutron flux generated by a pri-
mary cw proton beam of several milliampere. In contrast, the Compressor
Mode requires a pulsed beam for the energy-dependent measurements of neu-
tron capture cross-sections using the Time-of-Flight (TOF) method. To ensure
precise capture measurements even for isotopes with small cross sections or
for those only available in small samples, a high intensity of the single pulses
and a high repetition rate are crucial. This demands a high-intensity primary
proton beam with a challenging time structure.

In the Compressor Mode, a high-current beam is generated by an arc dis-
charge driven volume type ion source [VOLK 1993; HOLLINGER 2000]. Since
the ion source cannot be pulsed at the required repetition rate, it will be oper-
ated in dc mode delivering a proton current of 50 mA, with possible upgrades
to 200 mA [SCHWEIZER et al. 2014]. Together with the proton beam, the addi-
tional hydrogen fractions, H+

2 and H+
3 , are extracted. However, by manipulat-

ing the plasma properties, the undesired fractions can be reduced to the 10 %
level [SCHWEIZER et al. 2014]. To reduce the space-charge effects, a relatively
high initial beam energy of 120 keV is chosen.

The Low-Energy Beam Transport (LEBT) line, installed and commissioned
during this thesis, is described in more detail in Sec. 3.3. The transverse
focusing is provided by four solenoids. The first two match the beam into the
chopper, while the remaining two inject the beam into the linac section. In
the Compressor Mode, the chopper, designed and developed during this thesis,
shapes short pulses in the hundred nanosecond range with a repetition rate
of 250 kHz. The requirements regarding the time structure are discussed in
Sec. 4.1.

Downstream of the LEBT, the linac section accelerates the beam from
120 keV to 2 MeV [HEILMANN et al. 2013]. The section consists of a four-
rod RFQ [SCHEMPP 1990] and an Interdigital H-type drift tube linac (IH-
DTL) [RATZINGER 1998] operating at a frequency of frf = 175 MHz. Be-
hind the linac, the Medium-Energy Beam Transport (MEBT) section provides
transverse and longitudinal focusing for the beam using magnetic quadrupole
triplets [WIESNER and RATZINGER 2009] and a crossbar H-mode (CH) re-
buncher cavity [SEIBEL 2013], respectively.

The MEBT matches the beam into the acceptance of the bunch compressor.
The bunch compressor is based on the concept of MOBLEY [1952] and was ex-
tended for high-intensity beams [CHAU et al. 2008]. It consists of a 2.5 MHz
electric kicker [BASTEN 2013], a magnetic ion guiding system [CHAU et al.
2010] and two rf rebuncher cavities [NOLL et al. 2010]. Nine micro bunches,
previously generated in the RFQ bunching section, are kicked onto paths of
different lengths inside the magnetic bending system. Consequently, they ap-
proach each other longitudinally and form a single 1 ns pulse at the neutron
production target. After a certain time of flight the neutrons impinge on the
sample nuclei. Due to the short primary pulse, the start time for the TOF
measurements can be precisely determined. Possible capture events are then
recorded with subnanosecond time resolution using a BaF2 crystal detector
in 4π geometry [SCHMIDT 2008], allowing for the energy-dependent measure-
ment of neutron capture cross-sections.
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Now, following a short introduction, the LEBT section, including the solenoid
lenses, and the MEBT section, including the quadrupole lenses, are presented.

3.2 Low- and Medium-Energy Beam Transport
for FRANZ: Introduction

In the beam transport sections, transverse focusing is required to control the
beam width. For the low-energy part, a solenoid-based, magnetic LEBT line
[WIESNER 2008, 32-33] is chosen. This allows space-charge compensated
beam transport and, when compared with an electrostatic LEBT, is less vul-
nerable to beam losses and not subjected to sparking issues. In contrast to a
quadrupole channel, solenoids have the advantage that they directly preserve
a given cylindrical beam symmetry.

However, a quadrupole doublet, consisting of a focusing-defocusing pair, nor-
mally provides stronger focusing than a solenoid with the same system length
and magnetic tip field [REISER 1994, 115]. This advantage of quadrupoles be-
comes more relevant for higher beam rigidities, i.e., higher beam energies.
Therefore, magnetic quadrupole triplets are chosen for the MEBT section.
Here they provide strong focusing and can restore the cylindrical symmetry
behind the RFQ. Two external quadrupole triplets and one internal triplet,
mounted inside the IH-DTL, are required.

To optimize the beam transport and minimize aberrations, the field distribu-
tions of solenoid and quadrupole lenses must be determined. Therefore, exten-
sive numerical field simulations and measurements were conducted. For the
numerical simulations the commercially available code CST EM Studio (EMS)
is used [CST 2014a]. The measurements were conducted at the Magnet Labo-
ratory at GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt [GSI
2014].

3.3 Low-Energy Beam Transport (LEBT)

3.3.1 Overview of the LEBT Section

Figure 3.2 gives an overview of the complete LEBT section. The beam is gen-
erated in the ion source, visible on the left side. The first two solenoids match
the beam into the chopper system. Then, the chopped beam is matched into
the RFQ by the two subsequent solenoid lenses. A vertically moveable Fara-
day Cup (FC) is installed at Diagnostics Chamber 1. It is employed to measure
the beam current and can be used as a beam stopper up to a beam power of
24 kW. Other diagnostics devices include a fast Beam Current Transformer
(BCT) and a Rotating Beam Tomography Chamber [WAGNER 2013]. In addi-
tion, a second FC is used as beam dump at the end of the low-energy beam
line. It will be replaced once the RFQ is ready for installation. Additional
information about the individual LEBT components is provided in Sec. 7.1,
where the hardware installation is described.
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Figure 3.2: Overview of the LEBT section. All dimensions are given in millimeters.

3.3.2 Solenoid Lenses in the LEBT Section
Two different types of solenoids are used for the LEBT. The main parameters
are given in Tab. 3.1.

Sol Type II Sol Type I

Geometric Length lsol / mm 408 251

Aperture Radius rap / mm 75 50

Maximum Coil Current ISol / A 400 400

Max. Field on Axis B0 / T 0.66 0.78

Table 3.1: Main parameters of the solenoids used in the LEBT section [BRUKER 2007b;
BRUKER 2007a]. Solenoid Type II, with a larger aperture, is used as first solenoid behind the
ion source, while Type I is used for Solenoids 2, 3 and 4.

For the numerical simulations, a cylindrical model of the solenoids,
as shown in Fig. 3.3 (left), is implemented. A mesh resolution of
∆x = ∆y = ∆z < 0.2 mm is used. The field simulations were first presented
in [WIESNER 2008, 27-32] and are extended for this thesis. To validate the
numerical simulations, the field distributions of Solenoid 2, 3 and 4 were
measured with high-precision hall probes at the Magnet Laboratory at GSI
[MAIBERGER 2011], while Solenoid 1, which could not be transferred due to
technical reasons, was measured directly at IAP [MAIBERGER 2012]. Fig-
ure 3.3 (right) shows Solenoid 3 mounted at the Magnet Laboratory at GSI.
The position of the magnet can be controlled within a few tenths of mil-
limeters, while the resolution of the field measurements is ±0.01 % plus an
additional error of ∆B ≈ 5 µT [KLOS and WEIPERT 2011]. A detailed compar-
ison of the measurements and the simulated field distribution can be found
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in [MAIBERGER 2011]. The results relevant for the operation of the LEBT
channel and the validation of the simulated field maps are presented in this
section.

Figure 3.3: Solenoid model used for the numerical field simulations (left) [WIESNER 2008,
28] and Solenoid 3 mounted at the Magnetic Field Measurement Stand at GSI (right).

In general, good agreement between the numerical simulations and the mea-
surements is observed. The simulated integral

∫
B sim
z dz and the integral∫

Bmeas
z dz measured for Solenoid 3 only vary by 0.53 %:∫

B sim
z dz∫

Bmeas
z dz

=
137.20 T mm
136.48 T mm

= 1.0053. (3.1)

Nevertheless, a detailed analysis shows that local deviations of up to 7.5 %
can be found near the iron shielding of the solenoid. They might be caused by
the fact that a standard magnetic steel was used in the simulations because
no hysteresis data for the given solenoid steel was available from the manu-
facturer. The measured and simulated field distributions Bz(z) on the axis of
Solenoid 3 are compared in Fig. 3.4.

Figure 3.4: Comparison of measured and simulated field distributions on the axis of
Solenoid 3: Bz(z) (left) and detail view of the relative deviation (right). The inner region of the
solenoid is illustrated in yellow and the iron shielding in blue. Adapted from [MAIBERGER
2011, 44].
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In the inner region of the solenoid, however, the deviations between the sim-
ulated and measured field distribution are remarkably small. As observed
before, also the discrepancy between the simulated and measured integral
over the complete length is not significant for our purposes. Therefore, the
simulated field maps are validated by the measurements and can serve as the
basis for the beam transport simulation through the LEBT section.

In addition, the measurements show that for the operation of the magnets no
hysteresis effects have to be considered. The remanent magnetization of the
iron is only Br ≈ 475 µT and therefore negligible. In addition, no significant
saturation effects occur up to the maximum operation current of ISol = 400 A.
The deviations from the expected linear correlation between the coil current
and the magnetic field are only in the per mill range. Consequently, during
operation the coil current can be directly scaled to achieve a certain B field.

Due to the manufacturing process, the magnetic properties of solenoids
with identical specification can vary. Therefore, the field distributions of
the three identical Solenoids 2, 3 and 4 were measured and compared.
The integral

∫
Bmeas
z dz of the three solenoids vary by less than 0.01 %

so the focusing strengths are practically identical. Also, the deviations
between the magnetic and the geometric axes are similar for the three
solenoids. In the x direction the deviation between the magnetic and
the geometric axis is γ sol2

x = (−0.42± 0.07) mrad, γ sol3
x = (0.50± 0.12) mrad

and γ sol4
x = (0.35± 0.09) mrad for Solenoid 2, 3 and 4, respectively.

In the y plane the deviation is higher with γ sol2
y = (1.17± 0.02) mrad,

γ sol3
y = (2.56± 0.09) mrad and γ sol4

y = (1.13± 0.03) mrad, but still in the typ-
ical range for real solenoids. However, these values are valid for the center
of the magnet, and are not constant along the axis. Therefore, it is neither
possible nor advisable to correct the deviations by tilting the solenoids.

In conclusion, the field properties of the solenoids used for the LEBT are
within the expectations and within the requirements. In addition, the nu-
merical field simulations are validated by the measurements so that the sim-
ulated 3D field map can be imported into the beam transport codes used in
the present work. Now, we take a look at the transverse focusing devices for
the medium-energy range.

3.4 Medium-Energy Beam Transport (MEBT)

3.4.1 Overview of the MEBT Section

Downstream of the RFQ, the beam enters the IH-DTL. Inside the IH cavity
a magnetic quadrupole triplet is utilized for transverse focusing. After accel-
eration to 2 MeV, the beam is transported to the bunch compressor. In this
Medium-Energy Beam Transport (MEBT) section, two additional quadrupole
triplets are required for transverse focusing between the linac and the bunch
compressor. Figure 3.5 gives an overview of the IH-DTL and the MEBT sec-
tion, including the quadrupole triplets.
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Figure 3.5: Cross-sectional view of the MEBT section and the IH-DTL. The internal
quadrupole triplet and the two external quadrupole triplets are visible. The beam enters
the IH-DTL from the left, where the RFQ is placed. Picture modified from [HEILMANN et al.
2013, 3798]. The dimensions are taken from [RATZINGER and WIESNER 2009] and are given
in millimeters.

3.4.2 Quadrupole Lenses in the MEBT Section
Both the internal as well as the external triplets consist of three normal-
conducting, iron-dominated quadrupole magnets. The main parameters for
the individual magnets are given in Tab. 3.2.

QP Type I QP Type II

Yoke Length lyoke / mm 34 50

Aperture Radius (excluding Vacuum Pipe) rap / mm 15 19

Windings per Coil 15 15

Maximum Coil Current IQP / A 350 500

Required Integrated Field Strength 1
r

∫
B dz / T 2.2 3.1

Table 3.2: Main parameters of the quadrupole magnets used in the MEBT section and the
IH-DTL [RATZINGER and WIESNER 2009]. Three quadrupoles are arranged to a triplet (type
I–II–I).

A quadrupole type I, as modeled for the numerical field simulations, is shown
in Fig. 3.6. Three quadrupoles are arranged to a triplet lens in the order of
I–II–I. Figure 3.7 shows the internal and one of the external triplets after
manufacturing, mounted at the GSI Magnet Laboratory during the magnetic
field measurements. The numerical optimization process of the quadrupoles,
including the field distributions, are described in [WIESNER and RATZINGER
2009], while the technical data and manufacturing details are discussed in
[RATZINGER and WIESNER 2009]. A comparison of the simulations with
the field measurements as well as beam transport simulations through the
quadrupole fields can be found in [CLAESSENS 2013].
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Figure 3.6: Quadrupole model type I used for the numerical field simulations. Modified from
[WIESNER and RATZINGER 2009].

Figure 3.7: External (left) and internal quadrupole triplet (right) mounted at the Magnet
Laboratory at GSI. Photos taken by [CLAESSENS and SCHWARZ 2012].

In the following, beam transport simulations through the LEBT section are
presented. They are required for the design of the chopper system that will
be discussed in the remainder of this thesis.

3.5 Beam Transport Simulations and Beam
Matching

For the design of the chopper system, the beam properties inside the chopper
have to be determined by simulating the beam transport through the LEBT
section. In the following, a proton beam with 120 keV energy and a space-
charge compensation degree of 95 % is assumed. The Lintra code is used,
which is a simulation code for the transport of beams with cylindrical sym-
metry considering partial or full space-charge compensation [POZIMSKI and
MEUSEL 1999].

As previously mentioned, the LEBT section consists of two main parts (or
subsections) that are separated by the chopper system. The first subsection
matches the starting distribution of the ion source into the acceptance of the
chopper. The second subsection matches the chopper output distribution into
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the acceptance of the RFQ. Each section requires two solenoid lenses to inde-
pendently adjust the focal length and the divergence angle of the beam.

3.5.1 Matching into the Chopper System
For the chopper, a drift region with minimal beam radius over a maximum
length is required between the second and third solenoid. To avoid aberra-
tions due to the nonlinear magnetic field distribution, the beam radius at the
beginning of Solenoid 3 should not exceed half of the magnet’s aperture, in
this case 25 mm [WIESNER 2008, 29]. This condition limits the maximum
drift space available for the chopper system.

Different beam matching scenarios in the LEBT section were previously pre-
sented in [WIESNER 2008, 33-38] and extended within this thesis. A system-
atic investigation, based on these results, can be found in [SCHNEIDER 2014].
In the following, two scenarios that are relevant for this thesis are discussed.
On the one hand, simulations with the FRANZ reference beam current of
50 mA are presented. On the other hand, simulations with an upgraded pro-
ton current of 150 mA are shown. Note that for the envelope plots presented
in this chapter (Figs. 3.9, 3.11, 3.13) not the original, but the newer data of
[SCHNEIDER 2014] is plotted for the sake of consistency.

Figure 3.8 shows the ion source starting distributions for the beam trans-
port simulations. In the left panel, the simulated ion source output distribu-
tion for a beam current of 50 mA is given. This distribution was computed
with the IGUN code [BECKER and HERRMANNSFELDT 1992] using realistic
plasma parameters and the given extraction system of the FRANZ ion source
[VOLK 2012]. The beam radius is 2.2 mm and the maximum divergence angle
is 93 mrad. However, the distribution is relatively peaked with a kurtosis of
κx = κy = 2.4, and thus has a significant beam halo.

Figure 3.8: Input distributions for the LEBT simulations. The ion source output distribution
for a proton current of 50 mA (left) was simulated by [VOLK 2012] using the IGUN code. For a
proton current of 150 mA, a KV distribution (right) with realistic beam parameters is numer-
ically generated. Both distributions have cylindrical symmetry so that only the x-x′ plane is
shown.

In the right panel of Fig. 3.8, the input distribution for a proton current of
150 mA is given. A KV distribution with realistic beam parameters and an
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emittance of ε rms, norm = 0.03 mm·mrad is generated. The beam radius is 5 mm
and the maximum divergence angle is 50 mrad.

For a proton current of 50 mA, the simulated 100 % proton envelopes from the
ion source to the end of the chopper are depicted in Fig. 3.9. The first part of
the LEBT section, as introduced in Fig. 3.2, is shown in a schematic, cross-
sectional view. The Solenoids 1 and 2 are indicated in blue and the chopper
region in yellow. The computed solenoid field distributions that are validated
by the measurements (Sec. 3.3.2) are imported into the simulations.
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Figure 3.9: Simulated 100 % proton envelopes in the first LEBT subsection from the ion
source to the end of the chopper for a proton current of 50 mA using the simulated IGUN
starting distribution shown in Fig. 3.8 (left). The solenoid fields are set to Bsol1 = 320 mT and
Bsol2 = 500 mT (red envelope), and Bsol1 = 480 mT and Bsol2 = 600 mT (blue envelope). The
proton beam halo and part of the H+

2 and H+
3 ions are removed at the collimator system in

front of Solenoid 2. The transmission for the proton beam is 96.2 % (red envelope) and 98.0 %
(blue envelope). The assumed space-charge compensation is 95 % before the chopper and 0 %
inside the chopper.

Two matching scenarios are shown. In the first scenario (depicted in red)
the proton beam diverges from the ion source and is set parallel in the first
solenoid. In front of the second solenoid a circular collimator system with
aperture radius rap = 20 mm is employed. This is required to remove the
proton beam halo and to reduce the undesired hydrogen fractions, H+

2 and
H+

3 , before they can damage the chopper components. This yields a proton
transmission of 96.2 %, while 62.5 % of the H+

2 ions and 72.6 % of the H+
3 are

lost before the chopper. After the beam halo has been removed, the second
solenoid matches the beam into the chopper system generating a 80 cm long
drift with a beam radius smaller than 25 mm. The solenoid fields are set to
Bsol1 = 320 mT and Bsol2 = 500 mT. The emittance at the entrance of Solenoid 3
is εxrms, norm =0.054 mm·mrad.

The second scenario (depicted in blue) uses higher solenoid fields. The first
solenoid is set to Bsol1 = 480 mT and the second to Bsol2 = 600 mT. Con-
sequently, the beam is stronger focused and has a focal point in front of
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Solenoid 2. Behind the focal point the beam starts diverging again. At
the collimator system, 2 % of the proton beam is removed. When compared
with the first matching scenario, the other hydrogen fractions have a signif-
icantly higher transmission into the chopper due to the higher focusing field
of Solenoid 1. The losses are reduced to 2.0 % for the H+

2 ions and 37.1 % for
the H+

3 ions. This implies that they will probably get lost inside the chopper,
which leads to undesired power deposition on the chopper components.

Behind the collimator system, the proton beam is softly focused into the chop-
per making similar beam envelopes for both matching scenarios achievable.
Also, the beam radii and the divergence angles at the entrance of the third
solenoid have similar values. In the second scenario, however, the rms emit-
tance εxrms, norm = 0.257 mm·mrad is nearly 5 times larger. Therefore, the first
matching scenario is preferable for the standard operation, while the second
one is a backup solution.

A systematic overview of the beam transmission as a function of the magnetic
field of Solenoid 1 and 2 is given in Fig. 3.10. An initial proton current of
50 mA is transported through the first part of the LEBT section, including the
collimator system, using the input distribution of Fig. 3.8 (left). A realistic
chopper geometry is employed. The transmitted proton current behind the
chopper is depicted. Two regions with high transmission are observed. They
correspond to the two different matching scenarios discussed before. Match-
ing scenario 1 (red envelope in Fig. 3.9) requires lower solenoid fields, while
matching scenario 2 (blue envelope in Fig. 3.9) requires a second focal point
and thus higher focusing fields. The two matching scenarios are chosen using
the criteria of, first, high transmission and, second, low emittance.

Figure 3.10: Simulated transmission from the ion source to the end of the chopper for an
initial proton current of 50 mA as a function of the magnetic field of Solenoid 1 and 2. The
same geometry as in Fig. 3.9 is used for the LEBT and a realistic chopper geometry, including
deflection plates (Fig. 4.7), shortening tubes (Fig. 4.14) and beam-separation system (Fig. 9.6),
is implemented. The two regions with high transmission correspond to the two different
matching scenarios shown in Fig. 3.9. The solenoid settings used to compute the red and blue
envelopes are indicated with a circle in the respective color. Data from [SCHNEIDER 2014].
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For the 150 mA beam, in principle, two equivalent matching scenarios exist.
Figure 3.11 shows the proton beam envelopes for both cases. The input dis-
tribution of Fig. 3.8 (right) is used. The same geometry as for the 50 mA
case is employed but without any collimator system because no beam halo
must be removed. In the first matching scenario (red envelope, Fig. 3.11) the
solenoid fields are set to Bsol1 = 270 mT and Bsol2 = 440 mT. The transmis-
sion for the given KV distribution is 100 % with a chopper output emittance
of εxrms, norm =0.241 mm·mrad. In the second matching scenario (blue envelope,
Fig. 3.11) a focal point is produced behind the first solenoid by setting the
magnetic field to Bsol1 = 490 mT. The again diverging beam is then caught
and refocused by Solenoid 2 with a field of Bsol2 = 540 mT.
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Figure 3.11: Simulated 100 % proton envelopes in the first LEBT subsection from the ion
source to the end of the chopper for a proton current of 150 mA using the KV distribu-
tion shown in Fig. 3.8 (right) as input. The solenoid fields are set to Bsol1 = 270 mT and
Bsol2 = 440 mT (red envelope), and Bsol1 = 490 mT and Bsol2 = 540 mT (blue envelope). The
assumed space-charge compensation is 95 % before the chopper and 0 % inside the chopper.

Again, both matching scenarios generate a similar beam envelope with a rela-
tively small beam radius inside the chopper region. However, since the output
emittance εxrms, norm = 0.969 mm·mrad is four times higher for the second sce-
nario, the first scenario, depicted in red, is again preferable. In comparison
with the envelopes for 50 mA proton current, the beam has a larger radius in
the chopper region due to the higher space-charge forces.

For the initial proton current of 150 mA, the transmission through the first
LEBT subsection and the chopper is plotted in Fig. 3.12 as a function of the
focusing field of Solenoid 1 and 2. The same geometry as for the 50 mA sim-
ulations, shown in Fig. 3.10, is used but without any collimator system. In
the chopper no space-charge compensation is assumed. The generalized per-
veance for the 150 mA proton beam has a high value of 2.34 · 10−3. Never-
theless, it is still possible to match the proton beam into the chopper system
without any losses. The range of solenoid settings that provide full or high
transmission is, however, significantly smaller than in the 50 mA case.
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Figure 3.12: Simulated transmission from the ion source to the end of the chopper for an
initial proton current of 150 mA as a function of the magnetic field of Solenoid 1 and 2. The
same LEBT and chopper geometry as for the 50 mA simulations, shown in Fig. 3.10, is used
but without any collimator system. The two regions with high transmission correspond to the
two different matching scenarios shown in Fig. 3.11. The solenoid settings used to compute
the red and blue envelopes are indicated with a circle in the respective color. Data from
[SCHNEIDER 2014].

3.5.2 Matching into the RFQ

Next, one has to study how the chopper output distribution can be matched
into the RFQ acceptance. Therefore, we assume a dc proton beam with
the FRANZ reference current of 50 mA. The RFQ acceptance is given by
[SCHEMPP 2012]. The optimized proton beam envelope through the complete
LEBT section is depicted in Fig. 3.13. The first part is identical to the red
envelope in Fig. 3.9. As discussed before, the beam halo (3.8 % of the proton
beam) and the majority of the H+

2 and H+
3 ions are lost at the collimator system

in front of Solenoid 2. The beam is then matched into the RFQ by Solenoid 3
and 4. The focusing fields are set to Bsol3 = 490 mT and Bsol4 = 580 mT. No
space-charge compensation is assumed inside and behind the chopper.

Fig. 3.14 shows the percentage of the beam that can be matched into the RFQ
acceptance as a function of the magnetic fields of the third and fourth solenoid.
This will be discussed in more detail in [SCHNEIDER 2014]. For this thesis,
the main finding is that 99.1 % of the dc beam injected into the chopper can be
matched into the acceptance of the RFQ. This optimum setting, corresponding
with the beam envelope in Fig. 3.13, is indicated by a red circle in Fig. 3.14.

To conclude, the LEBT section can provide efficient transport of high-intensity
beams. The optimized matching scenarios for 50 mA and for 150 mA proton
current show that a chopper length of up to 80 cm is possible. For the refer-
ence current of 50 mA, a continuous beam, starting with a realistic ion source
distribution, can be efficiently matched into the acceptance of the RFQ.
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Figure 3.13: Simulated 100 % proton envelope for the 50 mA proton beam transported
through the complete LEBT section from the ion source (left side) to the RFQ electrodes
(right side). The first part is identical to the red envelope in Fig. 3.9. The simulated IGUN
distribution (Fig. 3.8, left) is used as starting distribution. Zero space-charge compensation
is assumed inside and behind the chopper. The solenoid fields are set to Bsol3 = 490 mT and
Bsol4 = 580 mT.

Figure 3.14: Simulated percentage of the initial 50 mA proton beam that is matched into
the RFQ acceptance as a function of the magnetic fields of Solenoid 3 and 4. The output
distribution of Fig. 3.9 (red envelope) is used as input distribution. The optimum setting, as
depicted in Fig. 3.13, is indicated in red. Data from [SCHNEIDER 2014].

From the beam properties determined in this section, we will now derive the
design of the main chopper components. Before this, however, a brief discus-
sion of the required chopping parameters and concepts is needed.



4. Novel Chopping Concept and
Numerical Investigation of
the E×B Chopper: Field
Optimization and Beam
Dynamics with Static-Field
Approximation

4.1 Chopper Requirements
For energy-dependent measurements of neutron capture cross-sections the
FRANZ facility will be operated in the Compressor Mode using the Time-of-
Flight (TOF) method.

Repetition Rate

The TOF method requires a minimum pulse repetition time of 4 µs given by
the decay time of secondary reactions in the detector material. This corre-
sponds to a maximum repetition rate of 250 kHz. Nevertheless, a lower rep-
etition rate is not desirable because the integral neutron flux at the sample
should be as high as possible in order to achieve short measurement cam-
paigns with sufficient statistics. This means that the optimum pulse repeti-
tion rate for the astrophysical energy-dependent cross section measurements
is equivalent to the maximum possible repetition rate of 250 kHz that is al-
lowed by the TOF method.

This value is a challenge from the accelerator physics point of view. On the
one hand, it is a very high repetition rate for a pulsed system. On the other
hand, the frequency is too low for a feasible resonant solution, e.g., using an
rf cavity for beam deflection.
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Pulse Length

The pulse length that has to be shaped by the LEBT chopper is given by the
acceptance of the bunch compressor [CHAU et al. 2010]. As the bunch com-
pressor merges nine subsequent beam bunches, the minimum pulse length at
the RFQ entrance tmin is given by the time of nine rf buckets at the accelerator
frequency frf = 175 MHz:

tmin = 9 · Trf =
9

frf
=

9

175 MHz
= 51.4 ns. (4.1)

The electric rf kicker at the entrance of the bunch compressor uses a harmonic
oscillation Ekicker(t) = E0 · sin (2πfbc · t) with a frequency of fbc = 2.5 MHz to
kick the nine subsequent bunches on different trajectories [BASTEN 2013].
The harmonic oscillation of the kicker field is depicted in blue in Fig. 4.1. The
oscillation period is Tbc = 1/fbc = 400 ns.
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Figure 4.1: Complete period (left) and detailed view (right) of the kicker field for the FRANZ
bunch compressor. The minimum and maximum pulse length of the chopper derived by the
longitudinal acceptance of the bunch compressor are indicated and the position of the proton
bunch train is illustrated with orange dots.

The dipole chicane behind the kicker has to guide the particles to the neu-
tron production target. The static dipoles only accept bunches with certain
deflection angles corresponding to kicker field strengths that are only reached
within a symmetric time frame of t = ± tmin

2
around the zero-crossing of the

sine function

Ekicker(−tmin/2) < Ekicker(t) < Ekicker(tmin/2). (4.2)

Particles that arrive before or after this time will not fit into the acceptance
of the bunch compressor and get lost. This is true unless the beam pulse is
much longer. Then the particles will be affected by the previous, respectively
the next, sine half wave (see Fig. 4.1, left). Since we have

Ekicker(−tmin/2) = Ekicker(−Tbc/2 + tmin/2)
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and
Ekicker(tmin/2) = Ekicker(Tbc/2− tmin/2),

they will fit again into the acceptance of the dipole chicane and be trans-
ported to the target. This reduces the beam-free time and interferes with
the TOF measurements. Therefore, as illustrated in Fig. 4.1, the maximum
pulse length is given by

tmax = Tbc − 2 · tmin/2 = 400 ns− 51.4 ns = 348.6 ns. (4.3)

This corresponds with a maximum duty cycle of D = 349ns
4µs = 8.7 %.

The time structure has to be generated before the high-intensity beam is in-
jected into the linac. This allows the required accelerating power to be reduced
to an acceptable level. The power Pacc that the RFQ and the subsequent IH
structure would have to deliver in order to accelerate a dc beam current Ib
from 0.12 MeV to 2.0 MeV is given by

Pacc = Ib ·∆Vacc = 50 mA · 1.88 MeV = 94 kW (4.4)

or for an upgraded beam current of 150 mA by

Pacc = Ib ·∆Vacc = 150 mA · 1.88 MeV = 282 kW. (4.5)

The given rf power amplifier is certified to deliver 250 kW of rf power to the
accelerator structures. However, the thermal losses of the cw operated RFQ
and IH structure already sum up to Ptherm = 214 kW, calculated for a beam
current of 140 mA [HEILMANN et al. 2012, 858]. Therefore, beam chopping
behind the linac is not possible. Instead, the chopper has to shape short pulses
in front of the RFQ in the LEBT section.

In this case, the required energy Eacc to accelerate a 50 mA rectangular pulse
of tmax = 350 ns length is reduced to

Eacc = Ib ·∆Vacc · tmax = 32.9 mJ (4.6)

and for a beam current of Ib = 150 mA to

Eacc = Ib ·∆Vacc · tmax = 98.7 mJ. (4.7)

These values are small compared with a typical field energy of 10 J stored in
the accelerator cavities. This implies that the short pulse does not cause any
significant reduction of the cavity amplitude. In addition, the beam-free time
allows the field energy to recover after each pulse.

In conclusion, the required pulse repetition rate for the chopper is 250 kHz,
which is the optimum pulse repetition rate for the astrophysical measure-
ments. The longitudinal acceptance of the bunch compressor leads to a re-
quired macro pulse length of approximately 50 ns minimum and 350 ns max-
imum at the kicker entrance. A flat top of 50 ns is desired to fill all nine rf
buckets homogeneously. The question of how the required time structure can
be generated will be discussed next.
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4.2 Conventional Chopper Concepts
There exist a variety of different concepts to produce a pulsed particle beam,
i.e., to create beam-free time intervals and reduce the average beam current.
Physically, one can distinguish four basic ideas:

1. Directly produce a pulsed beam.

2. Stop the undesired beam fraction.

3. Modify the undesired beam fraction’s properties so that it gets lost.

4. Deflect the undesired beam fraction from the reference axis.

These concepts are certainly interwoven and can technically be implemented
in very different ways. While Concept 1 can be achieved by directly pulsing
the ion source, Concept 2 to 4 are called beam chopping. A beam chopper is a
device that produces a pulsed particle beam by regularly removing undesired
fractions of the beam. This implies that the local charge density remains
constant.

For this thesis the question is: Which of the given concepts and its different
technical implementations are feasible for the pulse requirements deduced
before?

1) First, a pulsed ion beam can be produced directly, without chopping, by op-
erating the ion source in pulsed mode. This is widely used to generate macro
pulses with typical durations of milliseconds and with moderate repetition
rates. For example, the H− ion source of the Spallation Neutron Source (SNS)
in Oak Ridge, TN, USA produces a millisecond long pulse with a repetition
rate of 60 Hz by pulsing the rf of the ion source [WELTON et al. 2004]. In
contrast, the high repetition rate required for the FRANZ facility cannot be
achieved by pulsing the ion source. The plasma of the ion source itself cannot
be pulsed because the plasma build-up time for a stable beam with high pro-
ton fraction is typically higher than the required pulse repetition time of 4 µs.
The other option is to pulse the extraction system. For a high-intensity beam
and high repetition rates, however, this would lead to significant power de-
position on the extraction electrode. Therefore, a pulsed ion source operation
does not seem feasible for the FRANZ parameters [WIESNER 2008, 39-40].

2) Next, the undesired beam fraction can be stopped by mechanically blocking
it or by employing electric fields to reflect it. Mechanical choppers are mainly
used for non-charged particle, e.g., neutrons [COPLEY and COOK 2003; BE-
WLEY et al. 2011] or photons [RENIER et al. 2005]. The most common types
are Disk Choppers [COPLEY 1990; UNRUH et al. 2007] or Fermi Choppers
[ITOH et al. 2012; PETERS et al. 2006]. All mechanical choppers have typical
operation frequencies in the sub-kilohertz range and are not an option for the
FRANZ parameters [WIESNER 2008, 41].

For charged particles, the beam can also be stopped, or rather reflected, by
using electric fields. This is equivalent to charging the center electrode of
an Einzel lens to higher voltage than the accelerating voltage of the beam.
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Consequently, these devices are often called Einzel lens chopper. Successful
tests have recently been conducted at KEK in Tsukuba, Japan [ADACHI et
al. 2011] and at Fermilab in Batavia, IL, USA [LACKEY et al. 2013]. In the
latter case an H− beam with energy of 35 keV was chopped at a repetition
rate of 15 Hz. For these choppers during every pulse the voltage must be
suppressed from a value above the beam accelerating voltage Vacc = Wb/q to
zero or at least to the Einzel lens dc focusing voltage. Therefore, it does not
seem feasible to use this concept to chop a beam with 120 keV energy at a
repetition rate of 250 kHz, like it is required by the FRANZ parameters.

3) Another chopping possibility is to modify the beam properties in a way that
the undesired beam fraction does not fit into the acceptance of subsequent
accelerator components, hence getting lost. For example, the energy of the
undesired beam can be modulated so that it ceases to fit into the longitudinal
acceptance of the RFQ [MORI et al. 2001], or an additional transverse momen-
tum can be superposed on the undesired beam. If this momentum is small
enough not to completely deflect the beam from the axis, but high enough so
that the beam will no longer fit into the transverse acceptance of the RFQ, the
undesired beam fraction will get lost in the RFQ. This concept is employed for
the 50 keV H− beam in the LEBT section of the future China Spallation Neu-
tron Source (CSNS) with an average lost beam power below 12 W [LIU et al.
2011, 4]. Both cases have the advantage that no beam dump and only rela-
tively small fields are needed. However, in this concept the undesired beam is
lost in the RFQ or subsequent accelerator components, which is only practical
for small average beam power. For the FRANZ beam parameters and the re-
quired duty cycle D even in a conservative approach, which assumes that the
undesired beam fraction is lost before acceleration to higher beam energies,
the loss power is given by

P loss = Vacc · Ib · (1−D) = 120 kV · 50 mA · 91.3 % = 5.5 kW. (4.8)

For a proton current of 150 mA the loss power increases to 16.4 kW. These
values would add to the ohmic losses in the accelerator structures. Consider-
ing the already challenging cooling scenario for the FRANZ linac structures
[HEILMANN et al. 2012], this additional power loss would not be acceptable.
Instead a dedicated beam dump, preferentially outside the beamline, is re-
quired.

4) The remaining chopping option is to deflect the undesired beam fraction
out of the beamline. This can be done by electric or by magnetic fields.

Magnetic kickers are commonly used for injection into circular accelerators
[DUCIMETIÈRE et al. 2003] or extraction from them [PAI et al. 2003]. Typical
repetition rates are below 100 Hz. For fast switching times they require a
low inductive design. To achieve the same beam deflection, the required field
energy of a magnetic kicker is substantially higher than the field energy of an
electric kicker [WIESNER 2008, 93]. This is especially relevant for low-energy
beams since the deflection force on a charged particle is velocity-independent
in electric fields, but increases with the particle velocity in magnetic fields.
For 120 keV protons the required magnetic field energy is more than a factor
1000 higher than the corresponding electric field energy. In combination with
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high repetition rates this leads to a high power consumption, such that for
the FRANZ parameters a pulsed magnetic kicker is not a practical option for
beam chopping [WIESNER 2008, 93-95].

Transverse electric kickers are a standard chopper solution in many facilities.
In order to deflect the beam, they temporarily build up an electrostatic field
or employ an oscillating field by using an rf cavity or a resonant circuit. An
improved beam quality can be achieved by superposing a higher harmonic
frequency [POSSELT et al. 1985]. In our case, with a repetition rate of 250 kHz,
rf cavities, or even resonant circuits, are technically challenging due to their
large dimensions [WIESNER 2008, 85].

All non-resonant electric kickers require insulated deflection electrodes or
plates. This bears the risk of sputtering [SIGMUND 1987] as well as spark-
ing and high-voltage breakdowns [WILSON 2001; RE et al. 2001; NOREM et
al. 2005]. These effects appeared, for example, at the positron storage ring
LER (Low Energy Ring) in Stanford, CA, USA [WIENANDS et al. 2008] and at
the LEBT chopper [STAPLES et al. 1999; KELLER et al. 2002] at SNS, where
for a certain time the “most significant technical problem” was “inadequate
chopping quality due to the electrical breakdowns in the electrostatic LEBT”
[ALEKSANDROV et al. 2008, 3532]. This even led to “significant beam down-
time and operational difficulties” for the whole machine [ALEKSANDROV et al.
2007, 1820].

The issue of HV breakdowns becomes decisive for high-intensity beams. While
at low average beam power the SNS choppers operated as designed, “seri-
ous problems with both the LEBT and the MEBT choppers [were encoun-
tered] at higher beam power” [ALEKSANDROV et al. 2008, 3530]. At Stanford,
the kicker using molybdenum electrodes initially “performed well”, but “as
beam currents were increased” vacuum spikes and discharges were observed
[WIENANDS et al. 2008, 2612].

An analytical, numerical and experimental investigation about whether using
an electric or a magnetic chopper system for the FRANZ LEBT, with either a
pulsed kicker or a resonant oscillation, can be found in [WIESNER 2008]. In
brief, the result was that a magnetic kicker with 250 kHz repetition rate would
reliably deflect the beam but would consume too much power. In contrast,
an electric kicker proved to be more feasible but has the disadvantages of
sparking and HV breakdowns, especially with high-intensity applications.

This leads directly to the primary research question of this thesis: Is it phys-
ically possible and technically feasible to combine an electric kicker with a
static magnetic field to form a single chopper device? This concept will be
introduced in the following section.

4.3 Novel E×B Chopper Concept: Static B Field
Meets Pulsed E Field

We call the combination of an electric kicker with a perpendicular static mag-
netic field E×B Chopper [WIESNER et al. 2009a].
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Figure 4.2: Concept and main components of the E×B chopper: perspective view (top) and
cross-sectional view (bottom). Solenoid 2 and 3 of the LEBT section are shown in front of and
behind the chopper. Figure modified from [WIESNER et al. 2010b].

An overview of the chopper system and its main components is given in
Fig. 4.2. The chopper consists of a deflection section and a separation sec-
tion. In the deflection section, the incoming dc beam is continuously deflected
by a static magnetic dipole field. Then a pulsed electric field is employed to
temporarily compensate the magnetic deflection, thus creating a beam pulse
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in the forward direction. The electric field is directed perpendicular to the
ion velocity and to the magnetic field. Therefore, an E×B chopper can be
described as a Wien filter with a pulsed electric field [WIESNER et al. 2012].

In the separation section, a static septum magnet injects the predeflected
beam into the beam dump, while the on-axis beam pulse is shielded from
the deflection field and transported onwards to the RFQ.

The E×B chopper system is designed for high-intensity ion beams. Due to the
E×B field configuration the duty factor for the electrostatic beam deflection is
minimized. This directly reduces the risk of voltage breakdowns. In addition,
the perpendicular magnetic field restricts the mobility of secondary electrons.
Due to the septum system, the beam is securely dumped outside the beam-
line without high power deposition and uncontrolled production of secondary
particles at the slit or other vulnerable beamline components.

The E×B concept combines the advantages of magnetic deflection, i.e., stable
deflection without risks of voltage breakdowns, and of an electric kicker, i.e.,
operation with low power consumption even at high repetition rates. In this
setup, however, the pulsed beam, which is transported onwards to the RFQ,
experiences a full electric and a full magnetic field.
Therefore, a detailed investigation of the beam dynamics in crossed electric
and magnetic fields is required. We start with the discussion of beam match-
ing into the electric deflection system and derive the layout of the deflection
plates.

4.4 Electric Deflection Plates and Matching
into the Deflection System

The electric deflection plates are directly exposed to the beam. Therefore, they
must be geometrically adapted to the beam size. On the one hand, the plates
should be placed as far away from the beam as possible in order to minimize
beam losses. On the other hand, they should be as close as possible to the
beam to guarantee the maximum electric deflection field for a given voltage.

The properties of the proton beam throughout the LEBT section and the op-
timized matching scenarios for different beam currents were determined in
Sec. 3.5. The optimized beam envelopes for 50 mA and 150 mA were depicted
in Figs. 3.9 and 3.11 (red envelopes), respectively.

They are reproduced in Fig. 4.3 for the deflection region of the chopper. The
left frame shows the envelope for a proton beam with the design current of
Ib = 50 mA and the right frame for a proton current of Ib = 150 mA. The
envelope of the beam in forward direction, which is transported onwards to
the RFQ, is plotted in red. The 50 mA beam enters the deflection area with a
beam radius of rb = 7.9 mm, while the 150 mA beam has a considerably larger
radius of rb = 21.7 mm. In addition, the 150 mA beam must be matched into
the chopper with a much higher convergence angle due to the significantly
higher space-charge forces.

For the layout of the deflection plates, not only the envelopes of the beam in
forward direction (depicted in red) but also of the deflected beam (depicted in
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Figure 4.3: Envelopes of the deflected beam (blue) and the beam in forward direction (red)
for the optimized matching scenarios with symmetric deflection plates: beam current of
Ib = 50 mA with center plate distance of d0 = 30 mm (left) and beam current of Ib = 150 mA
with center plate distance of d0 = 50 mm (right).

blue) have to be considered. The deflection of the beam in the horizontal plane
was analytically calculated by solving the equation of motion for charged par-
ticles in a static magnetic field as given in Eq. 2.32.

In order to adapt the plates to the beam envelopes, a curved plate geometry is
preferable. At the same time, it is beneficial for the beam dynamics to use a
plate geometry which preserves both the symmetry in longitudinal direction
and the symmetry in the horizontal plane. A longitudinal symmetry facili-
tates the matching of deflection forces inside a Wien filter, as discussed below
in Sec. 4.5.1. A horizontal symmetry ensures that the center of the plates is
identical to the beam axis. In this case, for symmetrically charged plates, the
beam axis will have zero potential. This implies that the reference particle
on the axis will not experience any longitudinal velocity change. This is espe-
cially important for the beam behavior inside a Wien filter, where the particles
are exposed to a magnetic field and the resulting velocity-dependent forces.

The reference geometry of the deflection plates is indicated in gray color. It
will be presented in more detail in Fig. 4.7. A safety margin between the
plates and the calculated beam envelope of at least 5 mm is assumed for the
beam experiments in order to protect the deflection plates. For a beam current
of Ib = 50 mA this results in a center plate distance of d0 = 30 mm, while this
distance increases to d0 = 50 mm for a beam current of Ib = 150 mA.

This allows the deflection plates to be adapted for different beam matching
scenarios by varying their horizontal distance. However, increasing the dis-
tance d for a given voltage leads to a reduction of the deflection field propor-
tional to 1/d. Figure 4.4 shows the horizontal beam deflection angle αdefl for
varying distances between the deflection plates. For all calculations the refer-
ence plate geometry remains unchanged and the plates are merely moved in
the horizontal plane. The electric field is computed numerically with CST
EMS and the Ex component is integrated longitudinally. From the inte-
gral

∫
Ex dz the beam deflection angle can be calculated analytically using

Eq. 2.35. A beam deflection angle of approximately 10◦ is required for proper
matching into the beam-separation system discussed in Sec. 9.1. For a volt-
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age of Vdefl = ±4 kV this angle is achieved at a plate distance of d0 = 31.3 mm,
while for Vdefl = ±6 kV the distance can be increased to d0 = 38.5 mm.
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Figure 4.4: Beam deflection angle αdefl as a function of the center plate distance for 120 keV
protons and different plate voltages. The design value of αdefl = 10◦ is indicated.

Figure 4.5 shows the dependence of the beam deflection angle on the applied
voltage for different plate configurations. For the symmetric plate configura-
tion, which is matched to the 50 mA beam as shown in Fig. 4.3 (left), a distance
of d0 = 30 mm and a voltage of Vdefl = ±4.74 kV results in a 10◦ deflection angle.
For a distance of d0 = 38 mm a voltage of Vdefl = ±5.86 kV is required.
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Figure 4.5: Beam deflection angle αdefl as a function of the applied deflection voltages for
120 keV protons and for different center plate distances d0 of the symmetric plate shapes as
well as for the asymmetric plate shape adapted to the 150 mA beam matching scenario (see
Fig. 4.6).

If the distance is further increased to d0 = 50 mm, as illustrated in
Fig. 4.3 (right) for the 150 mA beam matching scenario, a high voltage of
Vdefl = ±7.7 kV would be required to achieve 10◦ deflection with a symmetric
plate configuration. To reduce this voltage without decreasing the safety mar-
gin of 5 mm between the beam and the plates, we can abandon the symmetric
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plate shape and use an asymmetric plate geometry that follows the beam en-
velope more closely.

Figure 4.6 shows possible asymmetric deflection plates together with the
beam envelopes for the optimized 150 mA beam matching scenario. The re-
quired voltage is reduced by 20.1 % compared with the symmetric plate con-
figuration. This is depicted in Fig. 4.5 with a dotted cyan-colored line.
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Figure 4.6: Possible asymmetric deflection plates and envelopes of the deflected beam (blue)
as well as the beam in forward direction (red) for a beam current of Ib = 150 mA.

Consequently, the 150 mA beam can be deflected almost 10◦ with voltages of
Vdefl = ±6.0 kV. For proton beams with currents of 50 mA or lower the deflec-
tion angle can be increased to 12.6◦, well above the requirements, even when
using plates that have a horizontally and longitudinally symmetric shape.
Such a symmetric plate configuration is preferable for the beam dynamics, as
discussed before. Therefore, whenever a sufficiently high voltage is available,
symmetric deflection plates should be used. Otherwise, an asymmetric plate
configuration can be used to increase the deflection field.

For the further design of the chopper, the layout of the deflection plates should
be most suitable for the design current of 50 mA and the optimized matching
scenario. However, it should be flexible and robust enough to leave a com-
fortable margin for a future increase of the beam current, for other beam
matching scenarios and for the operation with test beams. Therefore, horizon-
tally and longitudinally symmetric deflection plates were chosen. They have
a length of ldefl = 150 mm. The reference distance between the plates varies
from d0 = 38 mm in the center to dmax

defl = 60 mm at the edges. The distance
should be variable in order to adapt easily to different matching scenarios.
The final geometry is shown in Fig. 4.7.

The deflection plates are well-suited for experiments using low-energy test
beams without a clearly defined beam radius and possibly higher convergence
angles. At the same time, they can be directly used for the FRANZ beam
parameters by simply modifying the plate distance. On the top and bottom of
the deflection plates shims are added for better transverse field homogeneity,
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Figure 4.7: Top view of the deflection plates with main dimensions (left) and perspective
view with upper and lower shims for transverse field homogeneity (right).

as visible in Fig. 4.7 (right). The total height of the plates is 80 mm. The shims
are 10 mm high.

The shims reduce the electric field in the horizontal plane and increase it in
the vertical plane. Figure 4.8 shows this effect. The electric field is numeri-
cally simulated for different horizontal shim widths. The integral of the elec-
tric field

∫
Ex dz|y=0, x=10mm at a horizontal position of x = 10 mm is then cal-

culated and normalized to the integrated field on the beam axis
∫
Ex dz|x,y=0.

This is depicted in red. The values are compared with the normalized inte-
gral of the electric field

∫
Ex dz|x=0, y=10mm at a vertical position of y = 10 mm,

depicted in blue. A value of 1 corresponds to ideal transverse homogeneity.
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The values are normalized to the integral on the beam axis. The best field homogeneity is
achieved using shims with a 5 mm width.

As visible in Fig. 4.8, the optimum value for both planes is reached with shims
of 5 mm width. Using this shim geometry, the integrated field at x = 10 mm
remains only 0.08 % higher than the on-axis value. The consequences for the
beam dynamics will be discussed in Sec. 4.5.2.2.

The electric deflection field Ex(z) on the axis for the reference design is de-
picted in Fig. 4.9. A center plate distance d0 = 38 mm and a deflection voltage
of Vdefl = ±6 kV is used in the simulation. The plates are placed inside a
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grounded metallic vacuum chamber. The distance between the plates and the
inner wall of the vacuum chamber is 10 mm in the longitudinal as well as in
the vertical direction.
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Figure 4.9: Electric field Ex(z) on the axis for the reference plate design with a center plate
distance of d0 = 38 mm and a voltage of Vdefl = ±6 kV.

The maximum electric field is E0 = 314 kV m−1 with an effective length of

leff =
1

E0

∫
Ex(z) dz = 138 mm. (4.9)

However, the total field length, defined as the length between the 1 % field
values, is

ltot = 244.5 mm. (4.10)

In conclusion, the geometry of the deflection plates was derived from the beam
envelopes of both deflected and non-deflected beams. Additional shims are
required for better transverse field homogeneity. For operation with differ-
ent beam matching scenarios and beam currents, the deflection plates should
be moveable in the horizontal plane. Beam currents of up to Ib = 150 mA
with large beam radii require voltages of Vdefl = ±6 kV and adapted plate
geometries. For the FRANZ reference current of Ib = 50 mA, the beam dy-
namics investigations show that symmetric deflection plates with voltages of
Vdefl = ±4.7 kV are feasible. Consequently, the HV pulse generator, which
will be presented in Sec. 6.3, has to deliver a pulsed voltage of at least
Vdefl = ±4.7 kV.

Up to now the geometry of the deflection plates and thus the shape of the
electric field was determined. In order to operate as an E×B chopper, the
magnetic deflection force must now be matched to the electric deflection force.
This implies the question of how does the beam behave in crossed electric
and magnetic fields. In the next section, we start addressing this issue with
the approximation of static deflection fields. First the dynamics of the refer-
ence particles and then the transport of realistic beam distributions will be
discussed.
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4.5 Beam Dynamics in Crossed Electric and
Magnetic Fields

4.5.1 Magnetic Field Shaping for the Reference Particle:
Longitudinal Matching of Deflection Forces

4.5.1.1 Standard Wien Filter Setup (Setup 1)

The first condition to be satisfied in order to compensate the magnetic deflec-
tion and create a beam in the forward direction is the integral Wien condition
given in Eq. 2.45. With this condition being satisfied the integral of the de-
flection forces vanishes and the reference particle will not exit the chopper
with any additional transverse momentum. However, the beam can still lo-
cally gain transverse momentum if the deflection forces are not also locally
matched. Thus, it can deviate from the reference trajectory and leave the
chopper with a position offset.

The geometry of a simple Wien filter setup is shown in Fig. 4.10 (left) in side
view. The setup consists of the electric deflection plates discussed before and
a simple H-type magnetic dipole, which has the same length as the deflec-
tion plates and is excited by two coils with 48 turns each. Electric as well as
magnetic fields were computed in 3D using CST EMS. A false color plot of the
computed By field in the vertical plane is given in Fig. 4.10 (right).

Figure 4.10: Side view of the Standard Wien Filter Setup (Setup 1, left) and computed
By field in the y-z plane (right).

Given the magnetic and electric fields, the deflection forces in the horizontal
plane can be easily calculated using Eqs. 2.43 and 2.44. Figure 4.11 (left)
shows the resulting magnetic, electric and net deflection forces inside the
Standard Wien Filter Setup for the reference particles on the beam axis, i.e.,
protons with 120 keV energy.

The electric deflection force, depicted in blue, is mainly confined inside the
metallic vacuum chamber, while the magnetic force, depicted in green, ex-
tends longitudinally beyond this region. Both forces are matched so that the
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Figure 4.11: Computed deflection forces (left) and horizontal position x and angle x′ (right)
for on-axis particles inside the Standard Wien Filter Setup (Setup 1).

integral Wien condition (Eq. 2.45) is satisfied. However, due to the different
longitudinal shapes the net deflection force ∆Fdefl = |Fmag| − |Felec|, depicted in
orange, varies locally. The magnetic force prevails in the outer regions, while
the electric force prevails in the center between the deflection plates.

Due to the local mismatch between the deflection forces, the particles deviate
from the beam axis and leave the chopper with a net position offset. This
is visible in Fig. 4.11 (right). The horizontal angle and position offsets of
120 keV protons tracked through the chopper fields with CST Particle Studio
(PS) [CST 2014b] are shown. Even with globally matched deflection forces,
the particles temporarily gain deflection angles between x′max = +22.7 mrad
and x′min = −27.9 mrad while traversing the chopper. They obtain a maximum
deviation from the beam axis of up to xmax = 2.1 mm and leave the chopper
with a position offset of xend = −1.1 mm.

Such a position offset poses various difficulties for the onward beam transport:

• In order to avoid beam losses, the effective distance between the deflec-
tion plate has to be increased, resulting in an unwanted decrease of the
electric deflection field.

• The beam can be affected by the poorer field quality in the outer regions,
leading to emittance degradation.

• The transport characteristics of the subsequent solenoid lenses are al-
tered for off-axis beams.

• The matching into the RFQ acceptance is complicated.

In order to avoid these effects, the deflection forces have to be matched not
only globally but also locally along the beam axis by shaping the magnetic
and electric fields. This will be discussed in the following subsections.
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4.5.1.2 Cylindrical Shortening Tube Setup (Setup 2)

For a better local matching of the deflection forces the magnetic field level
must be reduced in the outer regions. This can be achieved by introduc-
ing tubes made of magnetic material to shield the outer regions. A setup
using cylindrical shortening tubes (Setup 2) is shown in Fig. 4.12. Tubes
made of magnetic Steel-1010 with a length of l tube = 6.7 cm, an inner radius of
rtube = 2.9 cm and a thickness of d tube = 1.6 cm are used to compute the mag-
netic field. A false color plot of the By field is given in Fig. 4.12 (right). When
compared with Setup 1 in Fig. 4.10, one can observe a lower field level in the
outer regions and an effective shortening of the magnetic fringing field.

Figure 4.12: Side view of the Cylindrical Shortening Tube Setup (Setup 2, left) and computed
By field in the y-z plane (right).

For a quantitative evaluation, the electric, magnetic and net deflection forces
for Setup 2 are depicted in Fig. 4.13 (left). As expected, the matching is im-
proved in the outer regions where the tubes are installed. This significantly
reduces the maximum horizontal particle position throughout the chopper
to xmax = 0.22 mm and the maximum angle to x′max = |x′min| = |−3.9 mrad|, as
shown in Fig. 4.13 (right).
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Figure 4.13: Computed deflection forces (left) and horizontal position x and angle x′ (right)
for on-axis particles inside the Cylindrical Shortening Tube Setup (Setup 2).
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4.5.1.3 Conical Shortening Tube Setup (Setup 3)

This effect can be further improved by optimizing the shape and size of the
shielding tubes. Fig. 4.14 shows the setup using optimized conical tubes, as
well as the computed By field in the vertical plane. The conically shaped tubes
used for the numeric field simulation have the same length as the cylindrically
shaped tubes, but the inner radius varies from rmin

tube = 3.1 cm to rmax
tube = 4.8 cm

and the thickness varies from dmin
tube = 1.6 cm to dmax

tube = 2.7 cm.

Figure 4.14: Side view of the Conical Shortening Tube Setup (Setup 3, left) and computed
By field in the y-z plane (right).

Figure 4.15 (left) depicts the magnetic, electric and net deflection forces for the
setup. In the inner region a force mismatch is still visible, while the forces in
the outer regions are now matched very accurately. The maximum net deflec-
tion force in the region outside the magnet’s yoke is reduced by 70 % compared
with Setup 2 with cylindrical shortening tubes and by 91.2 % compared with
the original Setup 1.
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Figure 4.15: Computed deflection forces (left) and horizontal position x and angle x′ (right)
for on-axis particles inside the Conical Shortening Tube Setup (Setup 3).

This setup further reduces the position and angle offset, as plotted in Fig. 4.15
(right). The maximum horizontal offset throughout the chopper is now xmax =
0.16 mm and the maximum angle x′max = |x′min| = |−1.3 mrad|.
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An even better matching in the outer regions would require reducing the in-
ner diameter of the tubes. This is, however, not a feasible option since it would
increase undesired beam losses at the tubes. The better option for overall im-
provement is to enhance the matching inside the deflector region by shaping
the pole contour of the magnetic dipole. This will be described in the following
subsection.

4.5.1.4 Conical Shortening Tube and Shimmed Pole Setup (Setup 4)

The magnetic dipole field can be shaped by shimming the pole profile. The
chopper magnet with shimmed poles and conical shortening tubes is shown in
Fig. 4.16, along with the computed By field in the vertical plane.

Figure 4.16: Cross-sectional side view of the Conical Shortening Tube and Shimmed Pole
Setup (Setup 4, left) and computed By field in the y-z plane (right).

With the optimized, shimmed pole profile the deflection forces in the center
are now significantly better matched. Figure 4.17 (left) shows the longitu-
dinally matched deflection forces. The maximum net deflection force in the
inner region is reduced by 82.8 % when compared to Setup 3 without shimmed
poles.

As shown in Fig. 4.17 (right), the maximum absolute angle gained while
traversing the chopper is reduced to below −0.5 mrad, compared with
−27.9 mrad for the non-optimized Setup 1. The maximum position deviation
along the chopper is reduced to 0.12 mm, compared with 2.1 mm for Setup 1.
The position offset at the chopper exit is reduced from −1.1 mm in Setup 1 to
0.12 mm. These values are in the range of the mesh resolution used for the
field simulations. So a further field optimization, although possible in princi-
ple, is neither appropriate nor required for the given application.

The final longitudinally optimized setup is illustrated in Fig. 4.18. The conical
shortening tubes, discussed before, are depicted in cyan and the longitudinally
optimized pole profile in blue.
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Figure 4.17: Computed deflection forces (left) and horizontal position x and angle x′ (right)
for on-axis particles inside the Conical Shortening Tube and Shimmed Pole Setup (Setup 4).

Figure 4.18: Cross-sectional view of the chopper region for Setup 4 with conical shortening
tubes (shown in cyan) and longitudinally optimized pole contour (shown in blue, like the
dipole yoke). The copper-colored deflection plates are shown in between the dipole gap inside
the vacuum chamber. The beam travels from left to right.

4.5.1.5 Conclusion: Longitudinal Matching of Deflection Forces

In order to optimize the beam dynamics for the reference particle, electric and
magnetic deflection fields have to be matched accurately. For better compari-
son, the proton trajectories and angles throughout the chopper are plotted in
Fig. 4.19 for all four setups discussed before.

For each setup, the maximum absolute values for the horizontal positions
and angles throughout the chopper system are summarized in Fig. 4.20 (left).
The maximum net deflection forces inside and outside the deflection region
are shown in Fig. 4.20 (right). All parameters were significantly improved
by the longitudinal field optimization. From Setup 1 to Setup 4 the maximum
position is reduced by 94.4 % and the maximum angle by 98.3 %. The maximum
net deflection force decreases by 95.9 %. In the particle tracking simulations
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Figure 4.19: Comparison of computed horizontal positions (left) and angles (right) for on-
axis particles for different field setups. Setup 1 represents the Standard Wien Filter Setup,
Setup 2 the Cylindrical Shortening Tube Setup, Setup 3 the Conical Shortening Tube Setup
and Setup 4 the Conical Shortening Tube and Shimmed Pole Setup.

Figure 4.20: Longitudinal matching of magnetic and electric deflection forces from Setup 1
to 4: reduction of maximum position and angle values (left) and reduction of maximum net
deflection forces inside and outside the deflection region (right).

the position offset resulting from the mismatch of the deflection forces can be
reduced to the 100 µm level.

The most significant single effect is the introduction of magnetic shielding
tubes to shorten the magnetic field in Setup 2. This implies that the matching
of deflection forces is not very sensitive to minor changes in the size or shape
of the tubes or the pole contour, which is beneficial for the future technical
and experimental implementation.

By introducing shielding tubes the magnetic flux is redirected from the beam
axis into the tubes. In addition, the pole contour can only be modified by re-
moving material, thus increasing the effective dipole gap, as visible in the
yoke profile in Fig. 4.18. A reduction of the gap is not possible because the
minimum gap height is given by the deflection plates and the required vac-
uum chamber. In order to compensate these effects and achieve the same
magnetic field integral as before, the coil current has to be increased from
Idipole = 36.2 A for Setup 1 to 53.5 A for Setup 2 with cylindrical tubes, then
to 56.7 A for Setup 3 with conical tubes, and finally to 63.2 A for Setup 4 with



4.5. Beam Dynamics in Crossed Electric and Magnetic Fields 53

conical tubes and shimmed poles. This has to be considered for the technical
design which is presented in Sec. 6.1.

It can be concluded that it is possible to longitudinally match the electric and
magnetic deflection forces on the beam axis for a Wien-filter field setup by
introducing optimized magnetic shortening tubes and shimming the dipole
profile adequately [WIESNER et al. 2012].

This investigation is valid for the reference particles on the beam axis or a
pencil beam with insignificant transverse dimensions. For the low-energy,
high-intensity beam investigated in this thesis, this is not a valid assumption.
Therefore, the effects of crossed electric and magnetic fields on a realistic ion
beam with significant transverse dimensions will be discussed in the following
subsection.

4.5.2 Magnetic Field Shaping for Realistic Beams: Trans-
verse Matching of Deflection Forces

4.5.2.1 Multi-Particle Investigations of the Longitudinally Matched
Case

First, we study the transport behavior of a realistic beam input distribution
with significant beam radius through the deflection fields that are longitudi-
nally matched for the reference particle on the beam axis.

A convergent proton beam with an energy of Wb = 120 keV, a beam current of
Ib = 50 mA and a K-V input distribution was transported through the chopper
system with static electric and magnetic fields. For the numerical simulations
we use a Particle-in-Cell (PIC) Code [HARLOW et al. 1956; DAWSON 1983;
HOCKNEY and EASTWOOD 1992; BATYGIN 2005; SHIRKOV 2006] named Ben-
der [NOLL et al. 2011]. Figure 4.21 shows the results of the transport simu-
lations through the non-optimized Standard Wien Filter Setup (Setup 1) and
the longitudinally optimized Setup 4. The longitudinal development of the
beam is shown in the horizontal plane.

Figure 4.21: Beam (green) and trajectory of the reference particle (red) in the horizontal
plane inside the chopper system for the Standard Wien Filter Setup (Setup 1, left) and for the
Conical Shortening Tube and Shimmed Pole Setup (Setup 4, right).

In the non-optimized setup one can observe the transverse deviation of the
beam superposed with the convergent beam movement. For comparison, the
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trajectories of the reference particle, as already shown in Figs. 4.11 (right)
and 4.17 (right), are depicted in red.

The phase-space distribution of the beam after traversing the non-optimized
setup is given in Fig. 4.22 (left). In the vertical plane the static chopper fields
act like a simple drift. The beam is neither displaced nor focused. In contrast,
the averaged particle position in the horizontal plane shows a total beam po-
sition offset of x = 1

N

∑N
i=1 xi = 1.1 mm. This is consistent with the position

offset of the reference particle in Fig. 4.11 (right).

Figure 4.22: Simulated phase-space distribution for a 50 mA, 120 keV proton beam in the
x-x′ plane (red) and y-y′ plane (blue) behind the non-optimized Standard Wien Filter Setup
(Setup 1, left) and behind the Conical Shortening Tube and Shimmed Pole Setup (Setup 4,
right). In the longitudinally non-optimized case (left), the beam has a position offset of
x̄ = 1.1 mm and is asymmetrically focused for positive x values. In addition, the phase-space
distributions in the transverse subplanes are tilted against each other. In the longitudinally
optimized case (right), the position offset has vanished, but the phase-space distributions re-
main tilted against each other and the loss of the initial cylindrical beam symmetry persists.

In addition, the multi-particle investigations reveal two new consequences of
the beam transport through static E×B fields: 1) The two phase-space dis-
tributions in the transverse subplanes are tilted against each other, which
corresponds to a loss of the symmetry between the two transverse planes.
2) The horizontal beam radius is clearly smaller for positive x values than for
negative x values, which corresponds to a loss of symmetry in the horizontal
plane.

The next question is how the longitudinal optimization of the deflection forces
affect the beam transport. After introducing conical shortening tubes and op-
timizing the longitudinal pole contour (Setup 4), the beam transport through
the chopper is more stable, as already demonstrated in Fig. 4.21 (right). No
deviation from the beam axis is observed. The phase-space distributions at
the chopper exit for the longitudinally optimized Setup 4 are depicted in
Fig. 4.22 (right). The total beam position offset is reduced to x̄ < 0.1 mm,
but the phase-space distributions remain tilted against each other and the
loss of the initial cylindrical beam symmetry persists. Also, the absolute val-
ues of xmax and xmin still differ by more than 2.5 mm. This signifies that the
loss of horizontal symmetry is not reduced by the longitudinal matching of
the deflection forces.
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This loss of symmetry might surprise at first glance because all active ele-
ments of the chopper system possess perfect symmetry in the horizontal plane
with respect to the beam axis. This is valid for the deflection plates, short-
ening tubes and the dipole magnet. So why does the beam loose its initial
symmetry when transported through the system? To answer this question it
is necessary to take a closer look at higher-order effects in a Wien Filter with
realistic field configurations.

4.5.2.2 Higher-Order Effects in a Real Wien Filter

For a better understanding, single particles with different position offsets are
tracked through the longitudinally optimized Wien-filter fields of Setup 4. The
results of tracking simulations with CST PS are depicted in Fig. 4.23 for the
horizontal plane.
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Figure 4.23: Simulated single particle trajectories for 120 keV protons through the longitudi-
nally optimized Wien filter (Setup 4) in the horizontal plane. The asymmetric focusing effect
is apparent.

The center particle traverses the chopper without any significant deviation,
as shown before in section 4.5.1.4. In contrast, the particles on the left side
(with positive x values) are bent towards the beam axis, while the particles on
the right side (with negative x values) seem nearly unaffected by the Wien-
filter fields. This asymmetric focusing results from the superposition of two
independent effects: the effect of realistic, inhomogeneous deflection fields
and the Wien focusing effect.

Effects of Realistic Field Distributions on the Beam Dynamics

For real geometries there are inevitable deviations from an ideal homoge-
neous field distribution. In a typical field distribution, the magnetic field
increases vertically, towards the magnet’s pole, and decreases horizontally.
In contrast, the electric field increases horizontally, towards the deflection
plates, and decreases vertically. This effect can be minimized, e.g., by in-
stalling shims at the deflection plates, as shown in Figs. 4.7 and 4.8, but for
typical cases, especially for large apertures, it will not vanish completely.
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Let us first take a look on the electric field. For the longitudinally optimized
Setup 4 the Ex component in the horizontal center plane is given in Fig. 4.24.
Along the beam axis, the electric field Ex reaches its highest value in the cen-
ter. In horizontal direction, however, the field increases towards the deflection
plates.

Figure 4.24: Simulated horizontal component Ex of the electric field in the horizontal plane
and the illustrated effect on the particle trajectories.

For a quantitative comparison the integral
∫
Felec dz is calculated for different

horizontal positions x. Figure 4.25 depicts the result in red. The values are
normalized to the axis value at x=0 mm.
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Figure 4.25: Normalized integrated deflection forces as function of the horizontal position x
for the longitudinally optimized Wien filter (Setup 4). The electric deflection force, depicted
in red, increases for larger x values, while the magnetic deflection force, depicted in blue,
decreases.
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Due to the use of shims the electric field shows good homogeneity with rela-
tive deviation of 0.7 % from the axis value at x= 17.5 mm, which is as close as
2.5 mm to the deflection plate. Nevertheless, the electric field still noticeably
increases towards the deflection plates. The effect of the remaining inhomo-
geneous field distribution on the particle trajectory is illustrated qualitatively
in Fig. 4.24 using colored arrows. Electric and magnetic deflection forces are
matched on the beam axis, so that the center particle (depicted in green) does
not deviate from the beam axis∫

Felec dz

∣∣∣∣
x=0mm

=

∫
Fmag dz

∣∣∣∣
x=0mm

. (4.11)

In contrast, the outer particles on the right (red arrow) as well as on the left
side (blue arrow) are closer to the deflection plates and see more electric field∫

Felec dz

∣∣∣∣
x=±15mm

>

∫
Felec dz

∣∣∣∣
x=0mm

. (4.12)

Therefore, the electric deflection prevails and the outer particles are bent in
direction of the electric force, in this case to the right side.

The next question is: what effect does the magnetic field have on the beam? A
false color plot of the vertical dipole component By, computed with CST EMS,
is shown in Fig. 4.26.

Figure 4.26: Simulated vertical component By of the magnetic field in the horizontal plane
and illustrated effect on the particle trajectories. The cross-section of the shortening tubes
discussed before is visible in red.

Along the beam axis, the magnetic field By is highest in the center of the
dipole. In the horizontal direction the field is notably homogeneous in the
center region, but decreases, especially in the fringing field region, towards
larger |x|-values. This reduces the normalized integral

∫
Fmag dz for these val-

ues, as depicted in Fig. 4.25 in blue. The integral drops to 98.8 % at x=17.5 mm
when compared with the axis value.
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This implies that the off-axis particles on both sides are exposed to less mag-
netic field than the particles on the beam axis∫

Fmag dz

∣∣∣∣
x=±15mm

<

∫
Fmag dz

∣∣∣∣
x=0mm

. (4.13)

Consequently, the electric deflection prevails for the off-axis particles. This
causes an additional deflection in direction of the electric force, which is illus-
trated in Fig. 4.26 using colored arrows.

Given matched forces on the beam axis, both field inhomogeneities, the higher
electric field as well as the lower magnetic field for the off-axis particles, bend
the off-axis particles in the direction of the electric force, in this case to the
right side. This effect can be analytically estimated. We start with Eq. 2.55,
which was derived in Sec. 2.4.2, for the horizontal velocity change in a Wien
filter

∆vx(x) =

∫
Fdefl(x) dz

mp · vz(x)
=

∫
Fmag(x) dz +

∫
Felec(x) dz

mp · vz(x)
.

The expression can be expanded in order to normalize the integrals to their
axis value

∆vx(x) =
1

mp · vz(x)

( ∫
Fmag(x) dz∫

Fmag(x=0) dz
+

∫
Felec(x) dz∫

Fmag(x=0) dz

)
·
∫
Fmag(x=0) dz

(4.14)

Since the forces are matched on the axis, we have∫
Fmag(x=0) dz = −

∫
Felec(x=0) dz (4.15)

and can rewrite Eq. 4.14 as

∆vx(x) =
1

mp · vz(x)

( ∫
Fmag(x) dz∫

Fmag(x=0) dz
−

∫
Felec(x) dz∫

Felec(x=0) dz

)
·
∫
Fmag(x=0) dz.

(4.16)

This term vanishes for on-axis particles, but results in a horizontal kick for
off-axis particles due to the inhomogeneous fields.

For a quantitative evaluation of the inhomogeneity effect we use the inte-
grated deflection forces depicted in Fig. 4.25. For particles with a horizontal
position of x = ±15 mm we have∫

Fmag(x) dz∫
Fmag(x=0) dz

= 0.991

and ∫
Felec(x) dz∫

Felec(x=0) dz
= 1.0037.

These values can now be entered into Eq. 4.16. First, we assume a constant
time of flight through the fields, i.e., constant longitudinal velocity vz(x) = v0,
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for all particles. Subsequently, we get a symmetric velocity change in the
horizontal plane of ∆vx(x = ±15 mm) = −10.7 km/s, which corresponds to a
deflection angle of −2.24 mrad for particles entering the chopper at x = 15 mm
as well as at x = −15 mm.

As the next level of approximation, we now consider that the time of flight
through the Wien filter depends on the particle position (Eq. 2.54). This is a
direct consequence of the position-dependent change of the longitudinal veloc-
ity (Eq. 2.48).

In our case, protons that enter the field at position x = 15 mm are decelerated
to

Wb|x=15mm = e · (Vacc + Ēx · x) (4.17)
= 120 keV + e · (−2.68 · 105 V m−1 · 15 mm) (4.18)
= 120 keV− 4.0 keV = 116 keV, (4.19)

where the value for the averaged field Ēx is taken from the 3D field
simulation. The lower velocity vz(x=15mm) < v0 increases the time of
flight, which leads to a slightly larger inhomogeneous-field effect angle of
αinhom = −2.32 mrad.

In contrast, protons entering the field at x = −15 mm are accelerated to

Wb|x=−15mm = e · (Vacc + Ēx · x) (4.20)
= 120 keV + e · (−2.68 · 105 V m−1) · (−15 mm) (4.21)
= 120 keV + 4.0 keV = 124 keV. (4.22)

The higher velocity vz(x=−15mm) > v0 leads to a shorter time of flight,
which results in a slightly smaller inhomogeneous-field effect angle of
αinhom = −2.17 mrad.

However, the velocity change affects not only the time of flight but also the
strength of the magnetic force itself. Until now, we assumed that the mag-
netic force for all particles is Fmag = q · v0 · By and only changes due to inho-
mogeneities in the B field. Hence, we neglected that the magnetic force also
varies because the off-axis particles change their longitudinal velocity as a
function of their horizontal position: vz(x) 6= v0 ∀x 6= 0.

We now consider this effect as our final approximation. This brings us to the
so-called Wien focusing.

Wien Focusing

The Wien focusing effect was introduced in section 2.4.2. It causes the hor-
izontal focusing of a beam in crossed electric and magnetic fields, while the
beam is unaffected in the vertical plane. An analytical expression was de-
rived in Eq. 2.57. For the electric field values previously used in Eqs. 4.18 and
4.21, we receive an analytical focusing angle of αwien = −3.05 mrad for parti-
cles starting at x = 15 mm and of αwien = 2.90 mrad for particles starting at
x = −15 mm.
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The superposition of both effects, the Wien focusing and the effect of inhomo-
geneous fields discussed before, is illustrated in Fig. 4.27. For particles on
the left side (positive x values) both effects superpose constructively, while for
particles on the right side (negative x values) the effects superpose destruc-
tively. This leads to the asymmetric focusing visible in the particle tracking
calculations of Fig. 4.23 and in the PIC simulations of Fig. 4.22.

Figure 4.27: Illustration of the asymmetric focusing in a real Wien filter due to inhomoge-
neous field distributions and the Wien focusing effect.

For a quantitative statement, we add the analytical values for both effects.
According to these values, particles entering the Wien filter at x = 15 mm are
deflected by a total angle of

αtot,ana = αinhom + αwien = −2.3 mrad− 3.1 mrad = −5.4 mrad. (4.23)

This is very close to the result of the tracking simulations with realistic 3D
fields, where we obtain αtot,sim = −5.0 mrad.

For particles starting at x = −15 mm we get an analytical value of

αtot,ana = αinhom + αwien = −2.2 mrad + 2.9 mrad = 0.7 mrad. (4.24)

In the simulations the particle receives a nearly identical kick of
αtot,sim = 0.75 mrad. Recall the tracking calculations of Fig. 4.23 for an il-
lustration of the particle trajectories.

To summarize, we can say that the results of the analytical calculation and
the numerical simulations are in good agreement. This is quite remarkable
because the analytical calculation derived before assumes—in contrast to the
simulations—short fringing fields and uses a thin lens approach which sup-
poses that the particle does not change its horizontal position while travelling
through the Wien filter. Therefore, we can conclude that using the concepts
and analytical understanding derived before we are capable of sufficiently
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describing the static beam transport through crossed electric and magnetic
fields. This is true even for non-pencil beams and realistic field distributions.

Based on these results, we can now discuss how the deflection fields in the
transverse planes must be shaped in order to provide an optimized beam
transport.

4.5.2.3 Tilted Poles, Vertical Focusing and Field Homogenization in
the Horizontal Plane

To control both of the effects previously discussed, the pole contour of the
magnetic dipole has to be modified not only longitudinally but also trans-
versely. Two types of modifications are required. First, the poles can be tilted
[SELIGER 1972; IOANOVICIU 1973]. This generates a horizontal field compo-
nent Bx which results in a vertical focusing force Fy. In a first approximation
the poles can be simply tilted by a certain angle. A more accurate result is
achieved by a pole contour that directly compensates the velocity change of
the off-axis particles, given by Eq. 2.48.

Assuming a linear dependence of gap height and magnetic induction
(Eq. 2.33), the analytic pole contour for a dipole with gap height hgap can
be calculated by

y(x) =
1

2
hgap ·

1√
1− b · Ex

Vacc
· x

(4.25)

with the longitudinal acceleration voltage Vacc and the electric deflection field
Ex [GELFORT 1974]. In addition, we introduce the parameter b, which equals
one in the ideal case and has to be fitted for non-ideal cases like high gap
heights. Two dipoles with and without horizontally tilted poles are illustrated
in Fig. 4.28. The focusing effect can be partially or completely shifted from
the horizontal to the vertical plane by varying the degree of tilt.

Figure 4.28: Magnetic dipole without (left) and with (right) horizontally tilted poles to con-
trol the Wien focusing in both transverse planes. Depending on the tilting degree the focusing
effect can be partially or completely shifted from the horizontal to the vertical plane. The
beam travels perpendicular to the plane shown.

The second modification compensates for the inhomogeneous deflection fields
by increasing the magnetic field for off-axis particles. This can be achieved by
superimposing a parabolic pole shape, as shown in Fig. 4.29 (left).
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Figure 4.29: Left frame: magnetic dipole with parabolic pole shape to increase the magnetic
field for the off-axis particles. Right frame: final dipole with longitudinally and transversely
(tilted pole and parabolic shape) optimized pole contour (Setup 5) [WIESNER et al. 2012]. The
beam travels perpendicular to the plane shown.

After both modifications, the analytical pole contour for the dipole is given by

y(x) =
1

2
hgap ·

1√
1− b · Ex

Vacc
· x
− c · x2. (4.26)

The parameters b and c have to be adapted for the particular cases. The final
transversely and longitudinally optimized pole shape (Setup 5) is presented
in Fig. 4.29 (right). To study the effect of this field configuration on the beam,
we transport the same input distribution as used for the simulations shown
in Fig. 4.22 through the optimized fields. Figure 4.30 shows the resulting
transverse phase-space distributions at the chopper exit.

Figure 4.30: Simulated phase-space distributions for a 50 mA, 120 keV proton beam in the
x-x′ plane (red) and y-y′ plane (blue) behind the chopper system with transversely and longi-
tudinally optimized pole contour (Setup 5). No position offset is observed and the cylindrical
asymmetry is significantly reduced.

No position offset is visible due to the longitudinal matching of the deflection
forces discussed before. In addition, the transverse matching significantly re-
duces the cylindrical asymmetry when compared with Fig. 4.22. In the trans-
versely non-matched setup discussed before, the chopper only functioned as
a simple drift in the vertical plane. In the new setup an additional vertical
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focusing effect can be observed. In the case shown we even have a slightly
stronger focusing in the vertical than in the horizontal plane.

For a quantitative evaluation, the Courant-Snyder parameters (Fig. 2.1) of the
phase-space distributions in both transverse subspaces can be compared. For
this purpose, the Courant-Snyder parameters α, β and γ are calculated in the
horizontal plane (x-x′ plane) as well as in the vertical plane (y-y′ plane) using
Eqs. 2.16 to 2.18 and compared with each other. The percentage deviations
between the parameters in both planes are shown in Fig. 4.31 for different
chopper field setups. For comparison, the deviations for a beam transported
through a simple drift are also given.

Figure 4.31: Deviation of Courant-Snyder parameters between the x-x′ plane and the
y-y′ plane for different chopper field setups. Setup 1 represents the Standard Wien Filter
Setup, Setup 4 the longitudinally matched case and Setup 5 the longitudinally and trans-
versely matched case.

For the optimized Setup 5, the deviation of the Courant-Snyder parameters,
and thus the cylindrical asymmetry, is significantly reduced. The largest rel-
ative deviation remains for parameter β, as one would expect because of the
slightly stronger focusing in the vertical plane.

The rms emittance behind the chopper remains remarkably constant for all
discussed setups. However, a small decrease from εxrms, norm = 0.054 mm·mrad
for Setup 4 to εxrms, norm = 0.052 mm·mrad for the optimized Setup 5 is ob-
servable. This is even slightly lower than the simulation result for a simple
drift with the same input distribution, which gives εxrms, norm =0.053 mm·mrad.
Therefore, we can conclude that no additional emittance growth is observed
when the beam is transported through the optimized magnetic and electric
fields of the chopper. Nevertheless, to obtain the same deflection angle with
the transversely optimized pole contour, the dipole current has to be increased
from 63.2 A for Setup 4 to 68.7 A for Setup 5.

Until now, we assumed static E×B fields. We discussed how an efficient beam
transport can be achieved by longitudinal and transverse matching of the elec-
tric and magnetic deflection forces. We obtained an optimized field setup that
preserves the emittance and the cylindrical symmetry. Based on this field
configuration, we can now study the pulse shaping and the beam behavior in
time-dependent chopper fields.
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5. Numerical Investigation of
the E×B Chopper: Pulse
Shaping and Beam Dynamics
in Time-Dependent Fields

In the following sections, the pulse-shaping and chopping behavior of the sys-
tem as well as the transport behavior of the beam in static magnetic and
time-dependent electric fields is presented.

5.1 Pulse Shaping and Beam Dynamics for the
Proton Beam

5.1.1 Pulse Properties and Emittance Growth
The numerically simulated ion source distribution (Fig. 3.8, left) for a proton
beam with an energy of Wb = 120 keV and a beam current of Ib = 50 mA
is transported from the ion source to the chopper using the Lintra code.
This gives us the input distribution to simulate the pulse shaping in time-
dependent chopper fields, as depicted in Fig. 5.1.

For all chopper simulations presented in this chapter, unless otherwise stated,
the PIC Code Bender [NOLL et al. 2011] is used. First, we assume a pure pro-
ton beam without additional hydrogen fractions and zero space-charge com-
pensation in and behind the chopper. The magnetic field of the optimized
Setup 5 (Fig. 4.29, right) and the electric field of the optimized deflection
plates (Fig. 4.7) are imported into the 3D simulation.

The beam is statically deflected by the magnetic field. Then the electric field
is pulsed using a realistic, measured HV pulse as input data. The shape of
the measured HV pulse will be presented in detail later in Fig. 6.24. Unless
otherwise stated, the beam pulse is shaped at a circular aperture with radius



66 5. Beam Dynamics in Time-Dependent Fields

Figure 5.1: Input distribution for the chopper simulations. The distribution has cylindrical
symmetry so that only the x-x′ plane is shown.

rap = 20 mm. The distance from the end of the deflection plates to the aperture
is 546 mm. This gives a total chopper length of 800 mm. An overview of the
geometry used for the chopper simulations is given in Fig. 5.2.

Figure 5.2: Overview of the geometry used for the chopper simulations. A cross-sectional
view in the z-x plane is shown. All dimensions are given in millimeters.

Figure 5.3 shows the result of the simulation. The proton pulse shape behind
the chopper is depicted. A flat top of 64 ns and a maximum pulse length of
336 ns is achieved. This is in excellent agreement with the time requirements
for the chopper pulse that were discussed in Sec. 4.1. The rise time, defined
as the time in which the beam current rises from 10 % to 90 % of its maximum
value, is trise = 84 ns. Note that the fall time of the beam pulse tfall = 118 ns is
longer than the rise time, which results from a small asymmetry in the input
voltage pulse.
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Figure 5.3: Simulated proton pulse shape behind the chopper. A realistic, measured HV
pulse is used as input data. The time requirements of Sec. 4.1 are fulfilled.

Next, we examine the phase-space distribution for the chopped beam. Fig-
ure 5.4 shows a density plot of the chopper output distribution in both trans-
verse planes. Since the beam is deflected in the horizontal plane and enters
the aperture from positive x coordinates, we can observe a left-right asymme-
try in the x-x′ plane. This is obviously not the case for the y-y′ plane.

Figure 5.4: Simulated transverse phase-space distributions behind the chopper for the com-
plete proton pulse of Fig. 5.3.

The distributions of Fig. 5.4 are the superposition of the complete beam pulse,
including rise and fall times. Consequently, we have to take a look at separate
time slices of the beam pulse in order to obtain a more accurate evaluation of
the phase-space properties. Figure 5.5 shows the beam distribution behind
the chopper in real space for different time slices. The plotted time slice is
indicated in every subfigure. The circular aperture with radius rap = 20 mm
used in the simulation is shown in black.

For illustration, the beam during the rise time is depicted in blue, during the
flat top in red and during the fall time in orange. During the rise time, the
beam enters the aperture from the right side (positive x values). During the
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Figure 5.5: Phase-space distribution in the x-y plane for different time slices of the chopper
pulse. The rise time is depicted in blue, the flat top in red and the fall time in orange. The
circular aperture with rap = 20 mm is shown in black.

flat top, the beam, depicted in red, is perfectly matched to the aperture. No
position offset is observed. Then, during the fall time, the beam sweeps back
to the right side.

Now we can examine the same time slices in the x-x′ plane. The phase-space
distributions are shown in Fig. 5.6. The same color code as in Fig. 5.5 is
used. The superposition of all these slices would give the complete phase-
space distribution as plotted before in Fig. 5.4 (left).

Figure 5.6: Phase-space distribution in the x-x′ plane for different time slices of the chopper
pulse. The same color code as in Fig. 5.5 is used with the rise time depicted in blue, the flat
top in red and the fall time in orange.

For the flat top, depicted in red, the asymmetry in the x-x′ plane vanishes
and the distribution is centered on the beam axis. Neither a position nor an
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angle offset is visible. This indicates that the deflection forces are accurately
matched as discussed in Sec. 4.5.

Now, we can compare this with the phase-space distributions in the y-y′ plane
depicted in Fig. 5.7. Since the beam is not deflected in the vertical plane, the
distributions are symmetrical for all time slices. Since we have a round beam,
only particles with small y values can traverse the circular aperture during
the rise and fall times. Consequently, the vertical phase-space distribution is
truncated for the rise and fall times.

Figure 5.7: Phase-space distribution in the y-y′ plane for different time slices of the chopper
pulse. The same color code as in Figs. 5.5 and 5.6 is used with the rise time depicted in blue,
the flat top in red and the fall time in orange.

One can note that the distribution for the beam flat top, depicted in red, is not
only symmetrical in the transverse subspaces themselves, as just discussed.
In addition, the flat top distributions in both the x-x′ plane and y-y′ plane are
practically identical. This shows that the matching of the deflection forces,
discussed in Chap. 4 in a static-field approximation, is also valid when a time-
dependent kicker field with the right amplitude is applied.

Nevertheless, the position and angle offsets of the beam are now varying
throughout the beam pulse. The offsets of different time slices of the chopper
pulse directly behind the aperture are shown in Fig. 5.8. The maximum x off-
sets of nearly 20 mm are given by the aperture radius. In the pulse center, the
integrals of the deflection fields are matched and the offsets in the x-x′ plane
are reduced to a minimum. Within the central 50 ns region the maximum
x offsets are below ±0.6 mm and the maximum x′ offsets are 0.8 mrad and
−1.3 mrad. There are practically no offsets in the y and y′ planes. The level of
the x and x′ offsets can be shifted by varying the amplitude of the HV pulse,
but their shape cannot be altered since it depends on the primary HV pulse.
Note that in this simulation no solenoid focusing field is included.

Up to now, we can conclude that the flat top of the chopped beam has mini-
mal position and angle offsets and preserves the cylindrical symmetry of the
beam. Next, we have to see how the emittance of the chopped beam evolves.
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Figure 5.8: Simulated position and angle offsets of the beam pulse behind the chopper. The
maximum x offsets in the central 50 ns region are below ±0.6 mm and the maximum x′ offsets
are 0.8 mrad and −1.3 mrad. There are practically no offsets in the y and y′ plane.

Apparently, the emittance is not constant during the beam pulse. Figure 5.9
shows the transverse emittances behind the chopper as a function of time. For
comparison, the beam current, as already depicted in Fig. 5.3, is replotted.
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Figure 5.9: Simulated beam current and transverse emittances behind the chopper. The
emittance values are calculated using the definition of the ‘non-central’ rms emittance ε̃rms
(Eq. 2.14).

To compute the emittances, the pulse is sliced and for every individual beam
slice the ‘non-central’ rms emittance ε̃rms is calculated using Eq. 2.14. This is
the standard definition of the rms emittance with the exception that the first
moments are set to zero. Otherwise, we would obtain an artificial dependence
of the emittance on the length and number of particles of every slice and the
emittance would not measure the beam quality.
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For the rise and fall times the ‘non-central’ emittance ε̃rms is low in the
y-y′ plane but high in the x-x′ plane. Both emittances converge for the flat
top of the chopped pulse. In this region, where the first moments of the par-
ticle distribution are close to zero, the standard rms emittance and the ‘non-
central’ rms emittance are virtually identical.

As a measure for the achieved ion intensity per emittance, we defined the
beam brightness B in Eq. 2.25 as the beam current divided by the product of
x and y rms emittances. In this case, we use the ‘non-central’ rms emittances
that were shown in Fig. 5.9 to calculate the brightness. The result is depicted
in Fig. 5.10. The beam current is replotted in blue.
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Figure 5.10: Simulated beam current and brightness behind the chopper. The time slice with
maximum brightness is somewhat smaller than the flat top of the transmitted beam current.
The ‘non-central’ rms emittance is used for the brightness calculation.

We observe that the time slice with maximum brightness is somewhat smaller
than the flat top of the transmitted beam current. It still lies, however, within
the longitudinal requirements of the bunch compressor. This implies that the
kicker at the entrance of the bunch compressor is best synchronized to the
center of the flat top of the chopped pulse, where the maximum brightness is
achieved.

The remaining question is how the beam properties are affected by the chop-
ping process. This is investigated by comparing the chopped beam with a dc
beam that is transported through a drift of the same length as the chopper
but without an aperture and without any external electric or magnetic fields.
The Lintra code is used. Zero space-charge compensation and the same input
distribution are assumed.

The result of the dc transport is then compared with the 60 ns flat top of
the chopper simulation previously presented. Recall that the chopper sim-
ulation includes the static magnetic field and the time-dependent electric
field. Table 5.1 summarizes the key results. For both cases we observe an
emittance growth from ε in

rms, norm = 0.04 mm·mrad (Fig. 5.1) to approximately
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DC Beam Flat Top of Chopped Beam (60 ns)

Beam Current Ib / mA 50 50

εxrms, norm /mm·mrad 0.113 0.108

ε yrms, norm /mm·mrad 0.113 0.105

Kurtosis κx 1.95 1.87

Kurtosis κy 1.94 1.87

Max. Position xmax (ymax) / mm 22.4 (22.4) 19.9 (19.7)

Max. Angle x′max (y′max) / mrad 43.7 (43.7) 38.1 (38.0)

Simulation Code Lintra Bender

Table 5.1: Comparison of simulated key parameters of a dc beam and the 60 ns flat top of
the chopped beam. No additional emittance growth caused by the chopper fields is observed.
For the dc beam the transport through a drift with full space charge was simulated. For
the chopper simulation the numerically computed magnetic and electric fields were employed
and the electric field was ramped up using the measured HV pulse as input data. The proton
energy is 120 keV.

ε out
rms, norm =0.11 mm·mrad due to nonlinearities in the self field of the ion beam

and in the solenoid focusing field. However, we can observe that no additional
emittance growth is caused by the chopper fields and the time-dependent
kicker field. The rms emittance value is even slightly lower for the chopped
beam. Note that the standard rms emittance of the complete 60 ns flat top is
nearly identical to the flat top values of the ‘non-central’ rms emittance ε̃rms
in Fig. 5.9. This implies that the chopped beam has no significant position or
angle offset.

If the parameters for the chopped beam in the x and y plane are compared,
one can observe that the maximum particle positions and the maximum an-
gles of the chopper output distribution as well as the kurtosis κ and the rms
emittance are similar in both planes. This shows that there is no significant
asymmetry between the two transverse planes, even though the beam has tra-
versed the pulsed Wien-filter fields. In addition, the kurtosis of the dc beam
and the chopped beam is similar, indicating that there is no significant per-
turbation of the ion distribution from the chopper fields. As a matter of fact,
we can even observe a small focusing effect for the chopped beam when we
compare the maximum positions and angles with the dc case. This can be
explained by the focusing effect of the Wien filter discussed in Sec. 4.5.2.

In summary, the PIC simulations of the chopper show that the emittance
growth in the chopper can be controlled and reduced to the same level as in a
simple drift. No offset, no asymmetry and no significant ion redistribution is
caused by the chopper. The chopped beam can even benefit from the moderate
focusing properties of the Wien filter.

The next question is how the beam pulse evolves behind the chopper.
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5.1.2 Longitudinal Pulse Properties and Pulsed Beam
Transport

To study the transport behavior of the pulsed beam, a proton pulse with
120 keV energy and 50 mA beam current is shaped in the chopper and trans-
ported onwards through the second part of the LEBT section using the Bender
code. Zero space-charge compensation is assumed. The simulated ion source
distribution (Fig. 3.8, left), which is transported to the chopper using the Ben-
der code, is used as input distribution. The numerically computed 3D field dis-
tributions of the electric deflection plates, the chopper dipole and Solenoids 3
and 4 are imported into the beam simulation. The transport of all three hy-
drogen fractions is simulated together, even though in this section only the
results for protons are presented. The behavior of the additional hydrogen
fractions will be discussed separately in Sec. 5.2.

Figure 5.13 (p. 75) shows the pulse shaping and the time evolution of the pro-
ton beam pulse for accurately matched deflection forces in the x-z plane. Until
t = 100 ns the beam is statically deflected by the magnetic field. Then the HV
pulse rises and starts compensating the magnetic deflection. Full compensa-
tion is reached at t = 400 ns, thus creating a proton pulse in the forward direc-
tion. The pulse is shaped at a circular aperture with rap = 20 mm. Solenoids 3
and 4 focus the beam pulse in order to match it into the acceptance of the
RFQ. The RFQ injection point, 30 cm behind solenoid 4, is indicated in red. At
t = 700 ns the first part of the pulse, corresponding to the rise time, reaches
the RFQ entrance. Due to its significant position offset, it does not match into
the RFQ acceptance and will be lost. Note that the rise and fall times of the
beam pulse are rotated by the solenoids. Thus, the position offsets in the pos-
itive x direction at the aperture are transformed into offsets in the negative
x direction at the RFQ injection point. The flat top of the pulse reaches the
RFQ without any significant position offset at t = 800 ns.

The position and angle offsets of the beam pulse at the RFQ entrance are
shown in Fig. 5.11. For the central 50 ns flat top of the pulse, the maximum po-
sition deviations in both x and y directions are below ±0.3 mm. The maximum
angle offsets for x′ and y′ are below ±1.6 mrad. However, all pulse fractions
outside the central 250 ns have position offsets larger than 6 mm and thus will
not match into the geometric acceptance of the RFQ, which is±3 mm. This im-
plies that at the RFQ entrance the proton pulse will have a flat top of at least
50 ns and a maximum length of 250 ns, probably even shorter. Consequently,
the requirements of Sec. 4.1 regarding the time structure are also fulfilled at
the RFQ injection point.

Figure 5.12 shows the beam pulse at the RFQ entrance in comparison with
the original beam pulse at the entrance of Solenoid 3. The distance traveled
by the pulse is 1.534 m. We observe a small reduction of the flat top length but
no relevant increase of the total pulse length. One should note that a flat top
length of 50 ns and a total pulse length of 325 ns corresponds to a pulse length
in real space of 0.24 m for the flat top and 1.56 m for the total pulse. The latter
is practically identical to the distance traversed by the chopped beam. For sig-
nificantly shorter beam pulses we might observe a deterioration of the pulse
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Figure 5.11: Simulated position and angle offsets of the chopped beam at the RFQ entrance.
For the central 50 ns flat top, the maximum position deviations are below ±0.3 mm. The
maximum angle offsets are below ±1.6 mrad. All particles outside the central 250 ns will not
match into the geometric acceptance of the RFQ.

amplitude due to the longitudinal space-charge forces, as discussed below in
Sec. 5.1.5.
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Figure 5.12: Simulated shape of the 50 mA proton pulse at the entrance of Solenoid 3 directly
behind the chopper (red line) and at the RFQ entrance 1.5 m downstream (blue dots). No
relevant increase of the pulse length is observed.

An analytical estimate shows that for a 50 mA, 320 ns pulse the increase of
the pulse length at a distance of 1.5 m is below 1 ns, which is negligible in our
case. The maximum energy change of the front and back particles can reach
±1.6 %. There is, however, no significant increase of the energy spread for the
particles in the center of the pulse.

In all simulations in this chapter, unless otherwise stated, the magnetic field
is set to B0 = 65.6 mT, yielding an integrated field of

∫
By dz = 8.433 T mm
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Figure 5.13: Simulated time evolution of the proton beam pulse in the x-z plane using the
measured voltage pulse as input. The levels of the electric and magnetic deflection forces are
well-matched with a normalized Wien ratio of practically one. The solenoids are shown in
blue. The electric deflection plates and the repeller electrodes are depicted in green.
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and a beam deflection angle of 9.7◦. In order to compensate the magnetic
deflection, the amplitude of the measured HV pulse must be matched to the
given magnetic field level. To obtain the optimum value, we systematically
vary the voltage amplitude in the beam simulations. The minimal position
offset of the pulse flat top at the RFQ entrance, as previously depicted in
Fig. 5.11, is achieved with a voltage amplitude of V0 = ±5.6 kV and thus an
integrated electric field of

∫
Ex dz = 40.3 kV. For the given 50 mA beam, this

voltage could be significantly reduced by simply decreasing the plate distance
while keeping the electric field level, as discussed in Sec. 4.4.

For the given magnetic and electric field levels, we can use Eq. 2.62 to calcu-
late the numerically obtained Wien ratio∫

Ex dz · ftof∫
By dz

=
40.3 kV · 99.6 %

8.433 T mm
= 4.7924 · 106 m s−1. (5.1)

This numerically determined value is in good agreement with the theoreti-
cally derived condition for 120 keV protons, which is∫

Ex dz · ftof∫
By dz

!
= v0 =

√
2 · Vacc

e

mp
= 4.7947 · 106 m s−1. (5.2)

Consequently, if we normalize the numerically found value to the the-
oretical value, we obtain a normalized Wien ratio of practically one:
Ex ·B−1y / v0 = 0.9995 ≈ 1.

Recall that the correction factor ftof in Eq. 5.1 considers the finite time of flight
through a time-dependent electric field, which can lead to a reduction of the
effective field level as given by Eq. 2.58. For 120 keV protons the factor is close
to one: ftof = 0.996. For lower energies it becomes more relevant. We will
discuss this later for the measured beam pulses (Sec. 8.6.1) and also illustrate
the effective pulse shape (Fig. 8.13).

The results presented in this section are obtained with an accurately matched
voltage amplitude. If this is not the case, the pulse properties change qualita-
tively. This will be discussed in the following section.

5.1.3 Pulse Shaping and Variation of the Wien Ratio
If the deflection field levels are globally mismatched, i.e., the integral of the
electric deflection force is much higher or lower than the integral of the mag-
netic force, the pulse-shaping behavior of the chopper changes. In order to
illustrate this behavior, we vary the HV pulse amplitude in the simulations,
while the magnetic field level remains unchanged. This corresponds to a vari-
ation of the Wien ratio.

Figure 5.14 shows the simulated time evolution of the proton beam pulse for
mismatched E×B fields with a normalized Wien ratio of Ex ·B−1y / v0 = 0.75.
This implies that the electric field is too low and the magnetic deflection can-
not be fully compensated. Even the particles exposed to the maximum electric
field are not bent to the beam axis. Consequently, only the edge particles can
traverse the aperture, as visible in Fig. 5.14 at t = 500 ns. The other particles



5.1. Pulse Shaping and Beam Dynamics for the Proton Beam 77

Figure 5.14: Simulated time evolution of the proton beam pulse in the x-z plane using the
measured voltage pulse as input. The levels of the electric and magnetic deflection forces are
mismatched with a low normalized Wien ratio of Ex · B−1y / v0 = 0.75. The electric field is too
low to compensate for the magnetic deflection, resulting in a shorter beam pulse.
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Figure 5.15: Simulated time evolution of the proton beam pulse in the x-z plane using the
measured voltage pulse as input. The levels of the electric and magnetic deflection forces
are mismatched with a high normalized Wien ratio of Ex · B−1y / v0 = 1.6. The electric field
overcompensates for the magnetic deflection, resulting in a double-peak pulse.



5.1. Pulse Shaping and Beam Dynamics for the Proton Beam 79

are lost at the wall. As a result a shorter beam pulse with lower intensity is
generated. The total pulse length in this case is less than 200 ns.

The shape of different proton pulses simulated with normalized Wien ratios
smaller than one is given in Fig. 5.16 (left). For comparison the well-matched
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Figure 5.16: Proton pulse shape at the RFQ entrance for different normalized Wien ratios.
Left frame: Wien ratios smaller than one (i.e., the electric field is too low). Right frame: Wien
ratios higher than one (i.e., the electric field is too high).

case with a normalized Wien ratio of one is depicted in blue. The smaller the
Wien ratio, the shorter the pulse length and the lower the beam intensity.

What happens, however, if the electric field is too strong? Figure 5.15 shows
the time evolution of the proton beam pulse for mismatched fields with a high
normalized Wien ratio of Ex · B−1y / v0 = 1.6. In this case the magnetic deflec-
tion is overcompensated. The beam is completely swept to the other side, as
observable at t = 500 ns, and a first beam pulse is generated. When the elec-
tric field decreases and the beam sweeps back to the left side, a second pulse
is shaped, as visible at t = 620 ns and t = 700 ns.

The shapes of different proton pulses generated with normalized Wien ratios
higher than one are depicted in Fig. 5.16 (right). For Wien ratios slightly
higher than the optimum value, the total pulse length increases, while the
beam current at the pulse center decreases. For much higher Wien ratios, two
independent pulses evolve. Their distance increases for higher electric fields,
while the center of the two pulses remains nearly identical. With this setup
we can use the E×B configuration to shape two consecutive beam pulses with
less intensity and shorter pulse length.

However, not only the deflection fields have to be matched accurately. The
geometry of the aperture must also be matched to the beam size. This will be
discussed in the following subsection.

5.1.4 Transverse Beam Shaping by Horizontal Slits
Horizontal slits or a circular aperture are used to shape the beam pulse. Their
geometry influences the pulse length and the rise and fall times of the pulse.
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We assume a round beam with radius rb sweeping over horizontal slits as
illustrated in Fig. 5.17.

Figure 5.17: Conditions for partial and total beam transmission through horizontal slits
[WIESNER 2008, 54]. The beam is depicted in red.

Given these conditions, we achieve total transmission through a slit with hor-
izontal width ∆xslit if the horizontal beam position at the slit is below

∆xtot =
∆xslit

2
− rb. (5.3)

A partial transmission, however, is reached as long as the horizontal beam
position is smaller than

∆xpar =
∆xslit

2
+ rb. (5.4)

The time during which the beam spot covers the distance ∆xtot gives the flat
top length tflattop of the beam pulse. The time during which the beam spot cov-
ers the distance ∆xpar gives the rise and fall times of the beam pulse [WIES-
NER 2008, 46, 54-56]. This implies that for a given HV pulse the length of
the beam pulse can be influenced by changing the beam radius, i.e., using a
different matching scenario, or by adapting the slit width or aperture radius.

The results of various beam simulations with different aperture radii are
given in Fig. 5.18. The shape of the proton pulse directly behind the chop-
per is depicted. The measured HV pulse is used as input for the simulations
and a circular aperture is implemented. Compared with horizontal slits, a cir-
cular aperture removes unwanted beam fractions, like the proton beam halo
or additional hydrogen beam fractions, more efficiently.

Since the aperture radii of 15 mm and 17 mm are smaller than the beam ra-
dius of rb = 18.7 mm, only partial transmission occurs. This is illustrated
in Fig. 5.19. The beam distribution behind the chopper is depicted in real
space for different aperture sizes. The circular aperture with radius rap used
in each of the simulation is shown in black. For the given beam radius, full
transmission is reached with an aperture radius of rap = 19 mm, but the flat



5.1. Pulse Shaping and Beam Dynamics for the Proton Beam 81

 0

 10

 20

 30

 40

 50

 300  350  400  450  500  550  600  650  700  750  800

P
ro

to
n 

C
ur

re
nt

 I
b 

/ m
A

Time / ns

/
v
a
r
i
a
t
i
o
n
_
b
l
e
n
d
e
/
.
.
.

rap = 15 mm
rap = 16 mm
rap = 17 mm
rap = 18 mm
rap = 19 mm
rap = 20 mm
rap = 22 mm
rap = 25 mm

Figure 5.18: Simulated proton pulse shape directly behind the chopper for different aperture
radii. For the given beam radius, the optimum aperture radius is rap = 20 mm (depicted in
blue).

top length of the beam pulse is still below the required 50 ns. Therefore, in or-
der to achieve a longer flat top length tflattop, we have to increase the aperture
radius. This corresponds to increasing ∆xtot in Fig. 5.17. The optimum aper-
ture radius for the given beam is rap = 20 mm. Larger apertures increase the
flat top length and the total pulse length unnecessarily, as visible in Fig. 5.18.

Figure 5.19: Chopper output distribution in the x-y plane for different aperture sizes. The
aperture radius rap is shown in black. The same color code as in Fig. 5.18 is used. For the
given beam radius, the optimum aperture radius is rap = 20 mm (depicted in blue).

In summary, to achieve the required time structure, the beam radius at the
aperture has to be controlled and the aperture radius has to be matched to
the beam radius. Next, we examine what influence the shape of the primary
HV pulse has on the shape of the proton beam pulse.
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5.1.5 Effect of the Primary HV Pulse Shape
The shape of the beam pulse is closely linked to the shape of the primary HV
pulse. The ideal case would be a rectangular HV pulse. However, due to the
finite time of flight of the particles through the field, even an ideal HV pulse
generates a beam pulse with rise and fall times.

For the given plate geometry, the electric field, as depicted in Fig. 4.9, has a
total length of ltot = 244.5 mm (Eq. 4.10). The time of flight of 120 keV protons
through this field is

ttof =
ltot

vz
=

0.2445 m
4.79 · 106 m s−1

= 51 ns. (5.5)

If the HV pulse duration is shorter than the time of flight, the particles are
not exposed to the full electric field (Sec. 2.4.3). This effect is illustrated in
Fig. 5.20. On the left side the rectangular HV pulses used for the beam
simulations are depicted. The corresponding effective fields computed with
Eq. 2.58 are shown on the right side. The same color code is used.
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Figure 5.20: Rectangular HV pulse shapes used for the PIC simulations (left) and the corre-
sponding effective fields computed with Eq. 2.58 for 120 keV protons (right).

As said before, when the original pulse is shorter than the time of flight, in this
case ttof = 51 ns, the amplitude of the effective field is reduced. For original
pulses longer than 51 ns, the flat top length of the effective field increases
accordingly. Note that the effective field has rise and fall times, even though
the original HV pulse does not.

During the rise and fall times of the effective field the magnetic deflection
is only partially compensated. Consequently, for a finite beam radius, this
causes rise and fall times of the beam pulse. This is observable in Fig. 5.21.
The results of different PIC simulations using the rectangular HV pulses of
Fig. 5.20 as input are shown. On the left side the proton pulse directly behind
the aperture is depicted.

For primary HV pulses shorter than 30 ns there is practically no transmission,
since the amplitude of the effective field is too low. For HV pulse lengths
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Figure 5.21: Proton pulse shape directly behind the chopper (left) and at the RFQ entrance
1.5 m downstream (right) simulated for rectangular HV pulses with different durations.

between 30 ns and 50 ns, i.e., below the time of flight, the full beam intensity
is not reached because the magnetic deflection is not fully compensated. For
longer HV pulse lengths, the flat top of the beam pulse increases accordingly.

Therefore, in order to achieve a flat top of tflattop = 50 ns for the beam pulse
directly behind the aperture, the primary HV pulse must have a duration thv
of at least

thv = tflattop + ttof = 101 ns. (5.6)

Nevertheless, the pulse shape might not be stable due to longitudinal space-
charge effects. These effects can lead to a degradation of the flat top length
and to an increase of the total pulse length. This is shown in Fig. 5.21 (right).
The proton pulse shape at the RFQ entrance, 1.5 m behind the chopper, is
depicted. Only for primary HV pulses with durations of 80 ns or longer, the
full beam current of 50 mA is achieved at the RFQ entrance. If the pulse
shaped by the chopper is too short, it is not possible to transport it to the RFQ
without losing intensity. For example, the flat top length of the proton pulse
shaped with a 120 ns long primary HV pulse (Fig. 5.21, green) decreases from
73 ns directly behind the chopper (Fig. 5.21, left) to 44 ns at the RFQ entrance
(Fig. 5.21, right), while the total pulse length increases from 101 ns to 109 ns.
Recall that for the longer beam pulse generated with the realistic HV pulse, no
relevant increase of the pulse length was observed (Fig. 5.12). This signifies
that in our case it is beneficial for the longitudinal pulse properties to shape
a somewhat longer beam pulse in the chopper and transport it to the RFQ.

Even though we use an ideal rectangular HV pulse as input, the beam pulses
in Fig. 5.21 (left) have rise and fall times of about 15 ns. For the given setup,
those are the minimum achievable rise and fall times of the beam pulse. How-
ever, if the HV pulse itself has significant rise and fall times, the total rise and
fall times of the beam pulse increase. Figure 5.22 shows different primary HV
pulse shapes (left frame) and the resulting proton pulse shapes (right frame).
The beam pulses generated by the measured HV pulse or by the long trape-
zoidal pulse have rise and fall times longer than 100 ns. The beam pulse length
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is no longer dominated by the finite time of flight, but by the rise and fall times
of the HV pulses themselves. Note that the fall time for the beam pulse using
the measured HV pulse is longer than its rise time due to the asymmetric
shape of the primary HV pulse.
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Figure 5.22: Simulated proton pulse shape at the RFQ entrance (right) for different primary
HV pulses (left) as input. The following HV pulses are used: 120 ns-long rectangular HV
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300 ns (magenta) and measured HV pulse (blue).

We can now compare the simulated x offsets of the different proton pulses be-
hind the chopper. The horizontal position offset x directly behind the chopper
for different primary HV pulses is depicted in Fig 5.23. The same color code
as before is used.
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For the idealized pulses the x offset in the pulse center becomes practically
zero. For the measured pulse no perfect flat line is achievable due to the
sine-like shape of the primary HV pulse. Therefore, the electric field for the
measured HV pulse has to be slightly higher than for the rectangular and the
trapezoidal HV pulses. For the latter, a normalized Wien ratio of Ex ·B−1y / v0 =
0.9974 is used, and for the measured HV pulse, as previously discussed, a ratio
of Ex ·B−1y / v0 = 0.9995 ≈ 1 is used. This is the best possible match for the real
pulse shape. The closer the real HV pulse shape approaches the ideal flat top,
the more the position offset will be reduced.

In this section, the pulse shaping and the transport behavior of the proton
beam were presented. Next, the behavior of the other hydrogen fractions will
be discussed.

5.2 Beam Dynamics of Additional Hydrogen
Fractions

The proton source developed for FRANZ [SCHWEIZER et al. 2014] does not
only produce the desired species but also two additional hydrogen fractions,
H+

2 ions and H+
3 ions. This was considered for all PIC simulations presented

in Sec. 5.1.2 and below. However, up to now the contribution of these fractions
was not explicitly shown. To study their behavior, an ion beam consisting of
all three hydrogen fractions and using the simulated ion source distribution
(Fig. 3.8, left) as input is transported from the ion source to the entrance of
the chopper system. These distributions are then used as input distributions
for the chopper simulations using the Bender code. A proton input current of
Ip = 50 mA plus an H+

2 current of IH2 = 5 mA and an H+
3 current of IH3 = 5 mA

is assumed with zero space-charge compensation. This current for the addi-
tional hydrogen fractions is a worst-case assumption. Later, a high percent-
age of these fractions will be removed by a collimator system before they are
injected into the chopper.

Figure 5.24 shows the time evolution of all three hydrogen beam fractions.
Protons are depicted in blue, H+

2 ions in red and H+
3 ions in dark green. The

deflection forces are matched for the proton beam. Note that it is the same
simulation shown before in Fig. 5.13, but now all beam fractions are depicted.

All three fractions have the same charge and thus the same energy. However,
due to their higher mass, H+

2 ions and H+
3 ions are slower than protons with

the same energy.

While protons with 120 keV energy have a velocity of

vp =

√
2 · Vacc

e

mp
= 4.79 · 106 m s−1, (5.7)

the H+
2 ions have a velocity of

vH2 =

√
2 · Vacc

e

2mp
=

vp√
2

= 3.39 · 106 m s−1 (5.8)
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Figure 5.24: Simulated time evolution of all three hydrogen beam fractions in the x-z plane
using the measured voltage pulse as input. The levels of the electric and magnetic deflection
forces are matched for the proton beam. Protons are depicted in blue, H+

2 ions in red and H+
3

ions in dark green.
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and the H+
3 ions a velocity of

vH3 =

√
2 · Vacc

e

3mp
=

vp√
3

= 2.77 · 106 m s−1. (5.9)

Here we neglected the electron mass, so that mH3 = 3mp and mH2 = 2mp.

Nevertheless, the momentum of the additional fractions is higher than the
momentum of the proton pp. For H+

2 ions we obtain

pH2 = mH2 · vH2 = 2mp
vp√

2
=
√

2 · pp (5.10)

and for H+
3 ions

pH3 = mH3 · vH3 = 3mp
vp√

3
=
√

3 · pp. (5.11)

Hence, in a magnetic field the protons, which have the smallest momentum,
are deflected the most, followed by the H+

2 ions, and finally the H+
3 ions, which

have the largest momentum. This is visible in Fig. 5.24 at t = 100 ns when
only the static magnetic field deflects the particles so that the three beam
fractions are separated by their momentum.

When the electric field increases, the E×B fields act as a Wien or velocity filter
optimized for the proton velocity. The normalized Wien ratio for the proton
beam is practically one: Ex ·B−1y / vp ≈ 1. However, the normalized Wien ratio
for the H+

2 ions is Ex ·B−1y / vH2 = 1.41 and for the H+
3 ions Ex ·B−1y / vH3 = 1.73.

This implies that the chopper fields are mismatched for the slower hydrogen
fractions. Consequently, during the rise and fall times of the HV pulse, the
H+

2 and H+
3 ions are swept over the aperture, thus producing two peaks for

each fraction. This can be compared to the case of the proton beam traversing
mismatched fields with too high normalized Wien ratios, as presented before
in Fig. 5.16 (right).

The ion current for all three fractions at the entrance of the RFQ is shown in
Figure 5.25. The proton fraction, which has the highest velocity, is the first to
arrive at the RFQ entrance. The proton pulse has the full intensity of 50 mA.
The current of the other two fractions is much lower. Therefore, a zoomed-in
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Figure 5.25: Ion current for all three hydrogen beam fractions at the RFQ entrance: complete
view (left) and zoomed-in view (right).
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view of the ion current is given in Fig. 5.25 (right). The peak currents for the
H+

2 and H+
3 ions are about 2 mA and 1.5 mA, respectively. This corresponds to

a peak transmission of 30 % to 40 %.

Nevertheless, both the H+
2 and H+

3 ions have very significant position offsets
at the RFQ injection point. This is shown in Fig. 5.26. The horizontal position
offset x is depicted for all fractions. The geometric RFQ aperture of ±3 mm
is indicated in orange. The H+

2 and H+
3 ions have position offsets of up to

20 mm and 40 mm, respectively. This signifies that the vast majority of these
fractions will not match into the RFQ aperture and will get lost even before
injection into the RFQ. This implies that there is no significant additional
thermal load due to losses of H+

2 and H+
3 ions inside the RFQ. This load will

be reduced even more by installing a collimator system in front of Solenoid 2,
as discussed before.
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Figure 5.26: Position offsets in x for all three hydrogen beam fractions at the RFQ entrance.
The geometric RFQ acceptance of ±3 mm is indicated in orange. The main part of the H+

2 and
H+

3 fractions have high position offsets and thus will not match into the RFQ acceptance.

In conclusion, a high percentage of the H+
2 and H+

3 ions that are injected into
the chopper are lost before the RFQ. In addition, the transmitted ions have
very high position offsets, so that no significant current will be injected into
the RFQ.

Last but not least, we have to take a look on the effect that electrons have on
the transport of the proton beam.

5.3 Electron Effects

The ion beam produces electrons due to ionization of residual gas molecules.
These electrons can be trapped in the positive beam potential and effectively
compensate the repulsive space-charge forces of the ion beam.
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For a particle beam traveling with velocity vp through a background gas with
density ngas, the build-up time for the space-charge compensation τcomp is given
by

τcomp =
1

ngas σi vp
(5.12)

with the ionization cross section σi for the production of electron-ion pairs
[REISER 1994, 274]. Using Eq. 5.12 we can estimate the compensa-
tion build-up time for the LEBT section. For a residual gas pressure
of Pgas = 1 · 10−6 mbar = 1 · 10−4 Pa, the ideal gas law yields a density of
ngas = 2.5 · 1016 m−3. Assuming an ionization cross section of σi ≈ 2 · 10−20 m2

for 120 keV protons in H2 gas [RUDD et al. 1983, 3253], we obtain

τcomp = 1/
(
2.5 · 1016 m−3 · 2 · 10−20 m2 · 4.79 · 106 m s−1

)
= 418 µs. (5.13)

Since the beam pulse only has a flight time of 320 ns from the chopper to
the RFQ entrance, we can expect no significant space-charge compensation
through residual gas ionization for the pulsed beam. Nevertheless, in the
chopper system secondary electrons are also produced by particles interact-
ing with the metallic walls. The Secondary Electron Yield (SEY) depends on
a variety of parameters including the energy and species of the impacting
particle, the incident angle, the material composition and surface properties
[FURMAN and PIVI 2002; STOLTZ et al. 2003].

First, we will discuss the necessity of preserving the space-charge compensa-
tion for the dc beam by using repeller electrodes and second, the interaction
of secondary electrons with the chopped beam.

5.3.1 Compensation Electrons and Repeller Electrodes
In the presence of a dc ion beam, electrons are trapped in the positive beam
potential and compensate the repulsive space-charge forces. However, if a
positive voltage higher than the beam potential is applied to one of the de-
flection plates, the compensation electrons are pulled out of the beam and
accelerated towards the deflection plate. This leads to an undesired power
deposition on the plates. In addition, the impacting electrons can produce
secondary electrons. This process can eventually cause voltage breakdowns.
Another consequence of the applied external electric field is the decompen-
sation of the beam. The external field locally pulls the electrons out of the
beam. This local decompensation leads to a global decompensation due to the
longitudinal mobility of the electrons.

To counteract these effects, so-called repeller electrodes are required. They
are installed in front of and behind the chopper and biased with a sufficiently
high negative voltage. This way the electrons can be repelled from the deflec-
tion area. In our case, the space in front of and behind the deflection plates
is very limited. Therefore, it is not possible to insert additional cylindrical
electrodes between the deflection chamber and the magnetic shortening tubes
that are required to shape the magnetic field. To make a virtue out of ne-
cessity, the metallic shortening tubes (Sec. 4.5.1.3) themselves are used as
repeller electrodes.
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In order to effectively repel the electrons, the externally applied negative volt-
age has to exceed the positive space-charge potential of the beam. The beam
potential can be calculated analytically for certain model charge distributions
[POZIMSKI 1990, 13]. For a homogeneous charge density distribution, the
beam potential as a function of the radial distance is given by

Φb(r) =
Ib

4πε0 · vp

(
1 + 2 ln

(
rD

rb

)
− r2

r2b

)
. (5.14)

Here a round beam with radius rb inside an infinitely long cylindrical tube
with radius rD is assumed.

For a beam current of Ib = 50 mA and a proton velocity vp = 4.79 · 106 m s−1,
a beam potential on the axis of nearly Φ axis

b = 400 V is reached for a beam
with radius rb = 10 mm inside a beam pipe with radius rD = 100 mm. For
higher beam currents the beam potential increases linearly. Consequently, for
Ib = 150 mA the beam potential raises to Φ axis

b = 1200 V. In order to repel the
electrons from the deflection area, we have to apply an external—negative—
voltage Vrepell that is higher than the positive beam potential.

To reach the required repeller voltage V axis
repell on the axis, a higher voltage must

be applied to the repeller electrodes because the voltage decreases in the ra-
dial direction due to the finite length of the repeller electrodes. To determine
this value for the optimized geometry of the shortening tubes introduced in
Sec. 4.5.1.3, electrostatic simulations with CST EMS were conducted. The
result is depicted in Fig. 5.27.
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Figure 5.27: Simulated electric potential on the beam axis for an applied repeller volt-
age of Vrepell = −500 V using the optimized geometry for the shortening tubes introduced
in Sec. 4.5.1.3. A value of V axis

repell = −400 V is reached on the beam axis, enough to compensate
the positive space-charge potential of a 50 mA, 120 keV proton beam.

The shortening tubes, which are used as repeller electrodes, are indicated in
pink. The deflector region is indicated in yellow. For the given geometry a
voltage of Vrepell = −500 V has to be applied on the repeller electrodes in or-
der to compensate the positive beam potential of Φ axis

b = +400 V for a proton
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current of Ib = 50 mA. For a beam current of Ib = 150 mA, a repeller voltage
of Vrepell = −1.5 kV would be required. Because of different beam pipe geome-
tries in front of and behind the repeller electrodes, the longitudinal potential
distribution is slightly asymmetric.

The repeller electrodes act like electrostatic or Einzel lenses [REISER 1994,
90]. However, since they are operated with a relatively low voltage, only a
small focusing effect occurs. In particle tracking simulations using the realis-
tic field distributions and a voltage of Vrepell = −2.0 kV, the focusing effect of
both repeller electrodes on a parallel beam with initial radius of rb = 15 mm
is less than 0.6 mrad.

5.3.2 Secondary Electrons and Emittance Growth

The effect of secondary electrons on the beam dynamics is very complex. The
correct tracking of electrons in the presence of a positive beam potential su-
perposed by external magnetic and electric fields requires advanced computa-
tional methods and computation time. It deserves a dedicated research study.
Therefore, the investigations in this section, rather than claiming quantita-
tive accuracy, are understood as qualitative approximations in order to illus-
trate possible effects when chopping and transporting ion beams in the pres-
ence of secondary electrons.

Figure 5.28 shows the pulse shaping for a 120 keV, 150 mA proton beam con-
sidering the production of secondary electrons. For the simulation a PIC code
developed by JOSHI [2010] was used. Repeller electrodes are installed in front
of and behind the chopper, as discussed before. Consequently, the proton beam
enters the chopper without any compensation electrons.

At t = 196 ns we can observe how the beam is statically deflected by the chop-
per magnet and then bent outside the transport line by a second dipole, which
is located between the chopper magnet and the third solenoid. This beam-
separation system will be described in Chap. 9. At t = 392 ns and t = 416 ns
the voltage pulse compensates the magnetic deflection. The beam (depicted in
blue) hits the wall of the vacuum chamber and produces secondary electrons
(depicted in magenta). A SEY of one is assumed. The electrons are pulled
into the positive beam potential as visible at t = 428 ns. Then, at t = 458 ns,
they are stopped by the negative potential of the repeller electrodes and re-
pelled from the deflection area. A certain fraction of the secondary electrons
are transported downstream in the positive beam potential. Finally, the HV
pulse declines and the proton beam sweeps back into its original position.

The resulting proton and electron current directly behind the aperture is
shown in Fig. 5.29. In this case a normalized Wien ratio of Ex · B−1y / v0 = 0.91
was used so that the magnetic deflection is only partially compensated and a
shorter proton pulse is generated. For the given simulation setup, a dynamic
space-charge compensation of 10 % to 30 % is achieved behind the aperture
through the secondary electrons. Recall that the time of flight of the proton
pulse is too short to reach space-charge compensation through residual gas
ionization.
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Figure 5.28: Simulated time evolution of the proton beam pulse including secondary elec-
trons in the x-z plane using the measured voltage pulse as input. Protons are depicted in
blue. Secondary electrons that are produced at the wall of the vacuum chamber are shown in
magenta.
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Figure 5.29: Simulated proton and electron current directly behind the chopper using the
measured voltage pulse as input data. Adapted from [WIESNER et al. 2010b].

Before concluding the chapter, we compare the behavior of the proton pulse
with and without the presence of secondary and compensation electrons. The
results of additional beam simulations using a PIC code developed by DROBA
[2008] are given in Fig. 5.30. A 120 keV, 160 mA proton beam is deflected
by a 30 cm-long magnetic kicker that oscillates with an amplitude of 100 mT.
The beam current is recorded behind a slit located 30 cm behind the kicker
[WIESNER 2008, 59].

Figure 5.30: Proton pulse shape behind a magnetic kicker system: simulated with the pres-
ence of secondary and compensation electrons (blue) and without (red) [WIESNER et al. 2008,
3623].

Two beam pulses are depicted. The first one, depicted in red, is simulated
without any electrons. In the second simulation the proton beam enters the
kicker with a space-charge compensation of 85 %. In addition, secondary elec-
trons are produced by the protons impacting the walls of the vacuum chamber.
A moderate SEY of 0.85 is assumed for the impacting protons. The production
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of tertiary electrons by impacting secondary electrons is neglected. In contrast
to the simulation shown in Fig. 5.28, no repeller electrodes are used.

The presence of electrons in the system partially compensates the positive
space-charge forces of the proton beam. Thus, the beam radius at the slit
position is significantly smaller than in the simulations without electrons.
This increases the flat top length from 32 ns without electrons to 56 ns with
electrons, while the total pulse length remains constant [WIESNER 2008, 63-
64].

However, the electron distribution is far from homogeneous and gener-
ates a non-linear space-charge field that acts on the proton beam. This
can lead to emittance degradation. In the given simulations the rms
emittance of the complete pulse increases in both transverse subplanes
when the electron effects are considered. For the flat top of the beam
pulse the x emittance decreases from εxrms, norm =0.73 mm·mrad without elec-
trons to εxrms, norm =0.66 mm·mrad with electrons. At the same time, the
y emittance increases from ε yrms, norm =0.37 mm·mrad without electrons to
ε yrms, norm =0.54 mm·mrad with electrons [WIESNER 2008, 60-62]. This illus-
trates that the electron effects have to be considered and, whenever possible,
controlled when transporting and chopping ion beams in the low-energy sec-
tion.



6. Technical Design and
Manufacturing of the E×B
Chopper

After investigating the beam dynamics in the chopper system and numerically
optimizing the field distributions, the next challenge is the technical design
and manufacturing of all chopper components. The results are summarized
in this chapter.

6.1 Design and Manufacturing of the Chopper
Dipole Magnet

The first key component of the chopper system is the magnetic dipole. It
statically predeflects the beam to create beam-free time intervals between the
pulses.

6.1.1 Yoke and Geometric Design
As the beam dynamics investigations have shown, a compact size and mod-
erate fields are required. For better horizontal symmetry an H-type dipole is
chosen. A relatively high gap height is needed, so that the electric deflector
can fit. The geometric key parameters of the chopper magnet are summarized
in Tab. 6.1.

Geometric Parameters

Yoke Length 150 mm

Length incl. Coils 244 mm

Gap Height 110 mm

Table 6.1: Geometric parameters of the chopper dipole.
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The size of the magnet was optimized within the given geometric constraints
in a way that only moderate magnetic flux densities are reached in the yoke
and saturation effects in the material are avoided. Figure 6.1 shows a CAD
drawing of the final dipole magnet and a photograph of the magnet after it
was manufactured. The main dimensions are indicated.

Figure 6.1: CAD drawing of the chopper magnet (left) and photograph of the magnet after it
was manufactured (right).

For different beam matching scenarios, the magnetic deflection force has to
be matched to the electric force (Sec. 4.5). Therefore, the pole plates are ex-
changeable to allow for the implementation of different pole contours. In or-
der to ensure easier access to the deflection plates and the vacuum chamber
located in the magnet gap, the yoke is divided into an upper and a lower part.

6.1.2 Coil and Cooling Design
In the standard operation, the chopper dipole requires an integrated magnetic
induction of

∫
By dz = 8.9 T mm to compensate the pulsed electric field. In

order to facilitate higher deflection fields for a future upgrade, the dipole is
designed to operate not only in the Standard Operation Mode but also in a
Maximum Field Operation Mode reaching

∫
By dz = 18.2 T mm and thus more

than twice the magnetic induction.

Which excitation field is required to achieve these values? For a simple dipole
without shortening tubes (Setup 1, Sec. 4.5.1.1), the numerical field simu-
lations yield N · I sim

dipole = 3476 A−turns. This differs only by 0.2 % from the
analytical value of N ·I ana

dipole = 3470 A−turns, calculated using Eq. 2.33. For the
longitudinally and transversely optimized Setup 5 (Fig. 4.29, right), which in-
cludes shortening tubes and shims, the magnetic circuit is too complex to be
calculated analytically. The numerical field simulations (Sec. 4.5.2.3) showed
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that for this setup a significantly higher excitation of N · Idipole = 6597 A−turns
is needed in order to compensate the field reduction caused by the geometric
changes (shortening tubes, modified pole profile).

Having determined the required excitation, the coil and the cooling parame-
ters have to be specified. The dipole is excited by two coils mounted on the
poles. These coils are wound from a solid copper conductor with a central
water-cooling channel and insulated using epoxy resin. The number of turns
for the coil have to be chosen carefully. On the one hand, the more turns
used, the lower the required coil current: N ∝ I−1. On the other hand, the
more turns used, the longer the coil and the higher the ohmic resistance:
R ∝ lcoil ∝ N . For the present dipole, N = 48 turns per coil is chosen.
The optimized coil parameters including the conductor geometry are shown
in Tab. 6.2.

Coil Parameters

Number of Turns N per Coil 48

Conductor Size 6 mm× 6 mm

Cooling Channel Diameter d 4 mm

Conductor Area Acon 23.4 mm2

Estimated Total Length per Coil lcoil 42.3 m

Measured Resistance R at 23 ◦C (2 coils) 73 mΩ

Table 6.2: Coil parameters of the chopper magnet.

With 48 turns per coils, the required excitation field is reached with a cur-
rent of Idipole = 68.7 A for the Standard Operation Mode and with a current of
Idipole = 140 A for the Maximum Field Mode. This leads to a current density,
defined as

j =
Idipole

Acon
, (6.1)

of j = 2.9 A mm−2 for the Standard Operation Mode and j = 6.0 A mm−2 for
the Maximum Field Mode. These are reasonable values, well below the max-
imum recommended value of j = 10 A mm−2, but still above j = 1.5 A mm−2,
which requires water cooling [TANABE 2005, 112-113]. The required magnetic
field properties and the optimized values of the electric system are given in
Tab. 6.3.

The optimization of the electric operation parameters implies an appropri-
ate design of the cooling system because choosing the right conductor size and
cooling channel diameter is critical to both the electric properties and the cool-
ing efficiency. The effective conductor area determines the ohmic resistance
and thus, for a given current, the total power consumption Pcoils = RI2. In-
creasing the cooling channel diameter d for a given conductor size reduces the
effective conductor area. Therefore, the ohmic resistance, the current density
and the power dissipation increases. At the same time, however, the cooling
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Operation Mode Standard Max. Field

Integrated Field
∫
By dz / T mm 8.9 18.2

Excitation Field N · Idipole / A−turns 6597 13 440

Max. Field on Axis B0 / mT 69.3 141.3

Current Idipole / A 68.7 140

Current Density j / A mm−2 2.9 6.0

DC Voltage Drop U / V 4.6 9.4

Dissipated Power (2 coils) Pcoils / W 317 1320

Table 6.3: Required magnetic field properties and optimized electric operation parameters of
the chopper magnet.

efficiency increases because the pressure drop diminishes with ∆p ∝ d−5 and
the water volume flow rate

qw = vw · Acool = vw
πd2

4
, (6.2)

increases with qw ∝ d2 for water flowing at a velocity vw inside a cooling chan-
nel area Acool [TANABE 2005, 126].

A high water volume flow rate qw is important to transport the heat out of
the system and reduce the temperature rise ∆T of the cooling water [TANABE
2005, 120]. Nevertheless, the design has to ensure that the water flow velocity
does not exceed vw ≈ 4 m s−1 to avoid vibrations and cavitation [TANABE 2005,
118].

Last but not least, the flow velocity and the cooling channel diameter are also
relevant for an effective heat transfer from the conductor to the cooling fluid.
Therefore, a turbulent behavior of the cooling fluid is desired and should be
ensured by the coil design. The different flow regimes are characterized by
the non-dimensional Reynolds number Re [TANABE 2005, 114]. The Reynolds
number depends on the flow velocity and the cooling channel diameter and is
defined by

Re =
vwd

ν
(6.3)

with the kinematic viscosity of the water ν. For Re < 2000 the fluid flows
laminarly. For Re > 4000, which is the case for our design, turbulent flow
occurs as desired.

The main cooling parameters, including a comparison of the calculated and
measured values, are shown in Tab. 6.4. The cooling channels of both coils are
connected in parallel in order to minimize the pressure drop, while the electric
connection is in series in order to ensure the same coil current. When com-
paring the measurements conducted by the manufacturer [DANFYSIK 2011]
with the analytical calculations, one can observe that the analytical values
represent a worst-case assumption. They underestimate the volume flow rate
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Material Parameters used for Cooling Circuit Calculation

Roughness (Copper) ε 1.5 · 10−3 mm

Kinematic Viscosity (Water) ν 1.13 · 10−6 m2 s−1

Specific Heat Capacity (Water) cp 4.19 kJ kg−1 K−1

Cooling Parameters - Max. Field Mode Calculation Measurement

Pressure Drop ∆p 3 bar 3 bar

Flow Velocity vw 1.2 m s−1 –

Reynolds Number Re 4971 –

Volume Flow Rate qw 0.9 l min−1 1.5 l min−1

Temperature Rise ∆T 10.2 ◦C 6.0 ◦C

Table 6.4: Cooling parameters of the chopper magnet for the Maximum Field Mode with
Idipole = 140 A.

through the system and overestimate the temperature rise. A measured tem-
perature rise of only 6.0 ◦C in Maximum Field Mode with Idipole = 140 A indi-
cates a reliable coil and cooling design, which ensures stable conditions for the
beam experiments and even allows a further increase of the dipole current.

6.1.3 Manufacturing of the Chopper Magnet

The technical design of the dipole required several changes to the model used
in the numerical simulations. This included using a new yoke material, the
reduction of the yoke width, a technically feasible coil geometry as well as the
introduction of various holes for screws and pins. To check the influence of
these changes, field simulations were conducted with CST EMS using a coil
current of Idipole = 130 A. The choice of a more economical yoke material called
XC06 instead of the standard Steel-1010 reduced the integral

∫
By dz by one

percent. All other changes caused only minor reductions of 0.15 % in total so
that the technical design could be concluded.

The magnet was then manufactured by the company Danfysik. A support
frame for the chopper magnet was designed and manufactured in-house. The
whole system is horizontally and vertically moveable and tiltable. A pho-
tograph of the manufactured magnet mounted on the support frame in the
LEBT section is shown in Fig. 6.2. After production, field measurements were
taken and compared with the 3D field simulations. They are presented in the
following subsection.

6.1.4 Magnetic Field Measurements and Comparison
with Numerical Simulations

The magnetic field measurements of the chopper dipole were taken by the
manufacturer with plain pole plates and without shortening tubes. The ex-
citation curve of the chopper dipole for the field maxima on the beam axis is
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Figure 6.2: Chopper dipole mounted on the support frame.

depicted in Fig. 6.3 (left). For an ideal magnet, the relation between the exci-
tation current and the resulting magnetic induction should be strictly linear.
For real iron-dominated magnets, saturation and hysteresis effects for up and
down ramping of the current occur. In our case, for an excitation current of
Idipole = 60 A, the magnetic induction during ramping down Bdown = 67.97 mT
is 0.43 mT or 0.6 % higher than during ramping up. This has to be considered
when operating the magnet.

Figure 6.3: Excitation curves for the chopper dipole: magnetic induction B (left) and B/Idipole
(right) as a function of the coil current Idipole. Only small deviations from the ideal curves can
be observed and no significant saturation effects are visible.

For a more detailed view, the ratio of magnetic induction per coil current
B/Idipole is plotted in Fig. 6.3 (right). This ratio should be constant for an
ideal magnet. For a real magnet, the ratio decreases for higher current due
to saturation in the material and shows a hysteresis effect for up and down
ramping of the current. For the chopper dipole, only small deviations from
the ideal curve can be observed and no significant saturation effects are vis-
ible. All required field levels can be reached by adjusting the dipole current
accordingly.
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Next, the B field profile along the beam axis is compared with the simulations.
The chopper dipole without shims and shortening tubes, as shown in Fig. 6.4
(right), is simulated with CST EMS. A false color plot of the simulated By

component in the horizontal plane is shown in Fig. 6.4 (left). The field is
evaluated along the beam axis, shown with a red line.

Figure 6.4: Simulated field map of the chopper dipole in the horizontal center plane (left)
and measurement path along the beam axis (right).

The measured and simulated profile of the By component is depicted in
Fig. 6.5. A measured maximum field of B0 = 145.63 mT is achieved in the
dipole center with a coil current of Idipole = 130 A. The simulated field maxi-
mum is only 0.5 % higher. In addition, the shapes of the measured and simu-
lated curves show good agreement. The differences could probably be further
reduced if more detailed hysteresis data of the magnetic steel were available
for the numerical simulations.

Figure 6.5: Measurement and unnormalized simulation of theBy field profile along the beam

axis (left) and deviation between measurement and normalized simulation values Bmeas
y −Bsim

y

Bmeas
y

in the inner region for the By component (right).

To compare the shape of both curves more accurately, the simulated data is
normalized to the measured field maximum. The deviation between measure-
ment and normalized simulation data Bmeas

y −Bsim
y

Bmeas
y

in the inner region near the
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field maximum is shown in Fig. 6.5 (right). The maximum deviation in this
region is below 0.4 %, which is fully acceptable for our requirements.

Especially sensitive for field errors is the region near the pole edges. A false
color plot of the simulated By component at y =−46 mm is shown in Fig. 6.6
(left). In contrast to the field distribution in the center plane (Fig. 6.4), the
maximum field values are now reached at the pole edges and not in the mag-
net center.

Figure 6.6: Simulated field map of the chopper dipole in the horizontal plane at y=−46 mm
(left) and measurement path at y=−46 mm, i.e., 9 mm above the pole (right).

The field was measured in the longitudinal direction at y = 46 mm and
y=−46 mm, i.e., 9 mm below and 9 mm above the poles. The measurement
path for y=−46 mm is shown in Fig. 6.6 (right). The result for a coil current
of Idipole =130 A is depicted in Fig. 6.7.

Figure 6.7: Measured and simulated B field profiles near the pole edges.

The field maxima near the pole edges at z=±70 mm are clearly visible. There
is not only good agreement between the measured fields of the upper and
the lower curve, but also between the shape of the measured and simulated
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curves. Deviations Bmeas
y −Bsim

y

Bmeas
y

of about 2 % near the field maxima and 0.4 % in
the center pole region from−50 mm to 50 mm are reached without normalizing
the simulated data to the maximum of the measured data.

In conclusion, due to the robust design of the dipole, no significant saturation
of the material is observed up to more than twice the standard operation cur-
rent. The simulated 3D field maps used for the beam transport simulations
are validated by the measurements.

6.2 Design and Manufacturing of the Electric
Deflection System

The second main component of the chopper is the electric deflection system. It
temporarily compensates the magnetic deflection in order to create a pulsed
beam in the forward direction. The main parameters are summarized in
Tab. 6.5.

Parameters of Electric Deflector

Length of Deflection Plates 15 cm

Height of Deflection Plates 8 cm

Required Pulsed Voltage Vdefl ±4.7 kV

Table 6.5: Main parameters of electric deflection system.

An especially compact design for the whole electric deflection system is essen-
tial. Vertically, the magnet’s gap restricts the height of the system. Horizon-
tally, the return yoke of the magnet and the vacuum HV feedthroughs restrict
the width. And longitudinally, the shortening tubes restrict the total length.

6.2.1 Deflection Chamber
The first component of the electric deflection system is the vacuum cham-
ber for the deflection plates. A non-magnetic steel is needed to minimize the
influence of the chamber material on the magnetic field. To estimate this in-
fluence, magnetic field simulations of a vacuum chamber inside a dipole gap
of hgap = 110 mm are conducted. A chamber with top and bottom plates of
5 mm thickness and a constant magnetic permeability µr for the chamber ma-
terial is assumed for the simulations. The resulting integrated magnetic field∫
By dz is plotted in Fig. 6.8 as a function of the magnetic permeability of the

chamber material. The values are normalized to the idealized case of a per-
fectly non-magnetic material with µr = 1.

It was found that even a small magnetic permeability of µr = 1.3, a typical
value for standard stainless steel, can increase the integrated magnetic in-
duction

∫
By dz by 2.5 %. A value of µr = 2 leads to an increase of 5.7 %. The

insertion of a magnetic material in the dipole gap can be interpreted as an ef-
fective reduction of the dipole gap that decreases the total magnetic resistance
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Figure 6.8: Influence of the magnetic permeability of the deflection chamber on the normal-
ized integral of the magnetic field in the dipole gap.

of the setup and hence increases the magnetic field (Eq. 2.34). For values of
µr > 20 an additional effect occurs. The magnetic flux is now redirected from
the dipole gap to the outer walls of the vacuum chamber on the right and left
sides. This leads to a significant field drop inside the dipole gap.

If the changes in the magnetic field were homogeneous and well known, the
coil current of the dipole could simply be readjusted. However, the magnetic
properties of standard stainless steel are usually not certified. In addition,
if the material is welded, the heat deposition during the welding process can
locally and unpredictably change the magnetization of the material. Conse-
quently, a special non-magnetic steel (Steel 1.4435) with certified µr < 1.1 was
chosen for the deflection chamber in order to minimize the influence of the
chamber material on the dipole field.

First, a prototype chamber made of individual 5 mm thick steel plates was
designed and manufactured. The steel plates after milling and the prototype
chamber after welding are shown in Fig. 6.9.

Figure 6.9: Steel plates for the manufacturing of the prototype deflection chamber (left) and
prototype deflection chamber after welding mounted at the Vacuum Test Stand (right). The
chamber is ∆z = 180 mm long. The width is ∆x = 160 mm and the height, including the top
cover, is ∆y = 110 mm.

Magnetic measurements using a hall probe showed that the remanent field
at the welding seam was one order of magnitude lower than at comparable
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vacuum chambers welded from standard stainless steel. However, the weld-
ing of the only 5 mm thick steel plates caused small geometric distortions and
imperfections of the prototype chamber.

In addition, prototype deflection plates with a mounting system were designed
and manufactured. Flat deflection plates with an 80 mm height and a 150 mm
length were used. The prototype chamber with mounted plates is shown in
Fig. 6.10. The prototype was necessary to test the insulation techniques and
HV feedthroughs and to commission the HV pulse generator, which will be
presented in Sec. 6.3, under realistic conditions. In particular, the parasitic
capacitances and inductances of the chamber and HV feedthroughs had to be
tested, measured and optimized.

Figure 6.10: Prototype deflection plates mounted in the vacuum chamber.

Based on these results, the final vacuum chamber, as shown in Fig. 6.11, was
designed and manufactured. To guarantee a high non-magnetic quality and
to avoid possible geometric imperfections from the welding process, the final
vacuum chamber was not welded from several steel plates, but milled from
one single piece of steel. The results of this non-standard procedure, though
time-consuming, proved to be highly rewarding. In addition, the flange config-
uration was adapted to allow the installation of a flexible, water-cooled plate
mounting system. Both sides provide two CF16 flanges for the HV support
and one CF63 flange for the plate mounting.

Figure 6.11: Final deflection chamber in top view (left) and side view (right). The chamber
is ∆z = 180 mm long, ∆x = 170 mm wide and, including the top cover, ∆y = 110 mm high.
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6.2.2 Deflection Plates
The optimized geometry of the deflection plates was previously derived from
the beam properties (Sec. 4.4, Fig. 4.7). The plates are curved to guarantee op-
timum beam matching through the deflection system. The final plates, milled
from solid copper, are shown in Fig. 6.12. The upper and lower shims for
enhanced field homogeneity are visible. On the back side the central water-
cooling hole, the vacuum-sealing surfaces and the boreholes for the electric
connections and screws can be seen.

Figure 6.12: Deflection plates after fabrication. The plates are ∆z = 150 mm long and ∆y =
80 mm high.

The deflection plates are mounted on cylindrical insulating rods. The rods
are made of PEEK, a vacuum-compatible and heat-resistant thermoplastic.
Figure 6.13 (right) shows the front and back view of the rods. In the center,
two channels for the water cooling are visible. The remaining holes are used
for screws and pins in order to fix the deflection plates. On the outer sur-
face a meander structure, as shown in Fig. 6.13 (left), is used to increase the
insulators’ protection against sputtering.

Figure 6.13: Insulating rods for plate mounting: top view (left) as well as front and back
view (right). The rods are ∆x = 147.4 mm long with a diameter of d = 60 mm.

The insulating rods and the deflection plates need a flexible mounting so that
they can be horizontally moved. This so-called translator is required to posi-
tion the deflection plates for different beam matching scenarios without hav-
ing to dismantle the whole system, as discussed in Sec. 4.4. In addition, dur-
ing longer runs in dc operation mode, when the plates are not used, they can
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be moved away from the beam axis in order to protect them and to reduce
the sputter rate. The reference distance between the center of the plates is
d0 = 38 mm. Using the translator, this distance can be varied from d0 = 20 mm
to d0 = 80 mm.

For the translator, no standard solution is possible because a very compact
design is required due to the geometric restrictions inside the dipole gap. A
drawing of the deflection plates mounted on the vacuum chamber including
the horizontal translator is shown in Fig. 6.14.

Figure 6.14: Drawing of deflection plates, mounting system and horizontal translator fixed
to the vacuum chamber.

The optimized translator before and after assembly is shown in Fig. 6.15. In
the left frame the bellow and the guiding bars are visible. The bellow is welded
at the front and back plates, which possess a CF63 flange geometry but are
shortened at the top and bottom to fit in the dipole gap.

Figure 6.15: Horizontal translator and mounting system for the deflection plates: bellow and
guiding bars before assembly (left), deflection plate fixed to horizontal translator (center) and
fixed to vacuum chamber (right). The translator is moved by the brass-colored handwheel.
The entrance and exit for the cooling water are visible in blue.
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The assembled translator fixed to one of the deflection plates is shown in
Fig. 6.15 (center) and the vacuum chamber including one translator and de-
flection plate is shown in Fig. 6.15 (right).

After installation, the HV stability of the deflection plates was tested under
realistic vacuum conditions. None of the plates suffered from voltage break-
downs, even at static voltages of Vdefl = ±12.4 kV, limited by the available
power supplies and well above the requirements of Vdefl = ±5.0 kV.

6.2.3 Repeller Electrodes and Insulator Flanges
Negatively biased electrodes in front of and behind the deflection chamber are
required to repel electrons from the deflection area, as discussed in Sec. 5.3.
For the given geometry, a voltage of Vrepell = −500 V must be applied in or-
der to compensate the positive beam potential of a 50 mA proton beam with
a homogeneous ion distribution (Sec. 5.3). For non-homogeneous ion density
distributions, the beam potential on the axis increases [POZIMSKI 1990, 13].
Additionally, a safety margin is required for reliable operation. The final re-
peller electrodes are therefore designed to operate with up to Vrepell = −5.0 kV,
corresponding to ten times the required value for the design current.

Since the magnetic shortening tubes are used as repeller electrodes, insulator
flanges are required in front of and behind the tubes. The insulator flanges
are made from PEEK. A drawing of the repeller electrodes and the insulating
flanges mounted on the vacuum chamber is shown in Fig. 6.16.

Figure 6.16: Drawing of repeller electrodes and insulating flanges mounted on the vacuum
chamber.

The repeller electrodes are manufactured from magnetic steel following the
geometry of the optimized shortening tubes of Sec. 4.5.1.3, including some
minor, technically required changes. The tubes themselves have a length of
l tube = 68 mm plus an overhang of an additional 2.5 mm for an integrated ring
that collimates the beam and protects the insulators from sputtering effects.
The side and back views of a manufactured repeller electrode are shown in
Fig. 6.17.

The repeller electrodes and the insulating flanges after installation at the
Vacuum Test Stand are shown in Fig. 6.18. A special metal clamp, visible on
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Figure 6.17: Side view (left) and back view (right) of a magnetic shortening tube used as
a repeller electrode. The tube has a length of l tube = 68 mm. The inner radius varies from
rmin

tube = 31 mm to rmax
tube = 47.9 mm. The collimation and sputter-protection ring has an inner

radius of rcoll = 27 mm.

the right side, minimizes the risk of possible misalignment during the instal-
lation process. For vacuum testing, the deflection chamber was closed with
blank flanges. One can observe that the standard CF63 flange is higher than
the deflection chamber and would not fit into the dipole gap, so the customized
translator system presented in subsection 6.2.2 is required.

Figure 6.18: Repeller electrodes and final deflection chamber at the Vacuum Test Stand.

During final in situ HV tests at the FRANZ beamline under realistic vacuum
conditions, a static repeller voltage of Vrepell = −5 kV could be applied without
voltage breakdown, well above the required −500 V.

In summary, all components of the electric deflection system were designed
and customized in-house. A compact design was crucial due to the constraints
of the Wien-filter geometry. All active electric components operate above the
requirements. The parasitic inductances and capacitances of the system had
to be considered during the design process in order to comply with the require-
ments of the HV pulse generator, which will be presented in the following
subsection.
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6.3 Design and Manufacturing of the Fast HV
Pulse Generator

A crucial component to meet the demanding requirements regarding the time
structure is the HV pulse generator. Since no HV pulse generator that fulfilled
our requirements was commercially available, the device had to be developed
in-house, mainly by MÜLLER [2010]. Different setups were developed until
the requirements could be met.

All setups employ fast transistor technology in the primary circuit and a
transformer core providing the high voltage for the secondary circuit. Two
identical pulses with negative and positive voltage amplitudes are required
to charge the deflection plates symmetrically. The electric requirements are
summarized in Tab. 6.6. The key challenge is to achieve the repetition rate of
250 kHz.

High-Voltage Pulse Generator

Pulse Repetition Rate 250 kHz

Voltage Amplitudes Vdefl ±4.7 kV

Table 6.6: Electric requirements of the HV pulse generator.

6.3.1 First Setup: Coaxial IGBT Switch Setup
First, two insulated-gate bipolar transistors (IGBT) [ZACH 2010, 690] from
Toshiba were operated in push-pull configuration. The scheme of the setup
is shown in Fig. 6.19. When triggered, the IGBT opens and discharges the
capacitor through the primary winding. The pulse is then transformed to
high voltage using a metglas nanocrystalline tape wound core from Hitachi
Metals [WIESNER et al. 2008].

Figure 6.19: First setup for the HV pulse generator: scheme of coaxial IGBT switch setup
[WIESNER et al. 2008, 3624].

A solid copper vessel was used as primary winding to reduce the primary
current density and allow more effective cooling. The metglas core inside the
copper vessel is visible in Fig. 6.20 (left).
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Figure 6.20: First setup for the HV pulse generator: nanocrystalline tape wound transformer
core operated with single IGBT switches [WIESNER et al. 2009a, 1501] (left) and correspond-
ing measurement [WIESNER et al. 2008, 3624] (right).

With this setup, a high pulse amplitude of V0 = 15 kV was reached with a total
pulse length of 1.3 µs. Nevertheless, the repetition rate was limited to 10 kHz
due to the switch properties and high power deposition [WIESNER 2008]. The
corresponding measurement is reproduced in Fig. 6.20 (right).

6.3.2 Second Setup: Coaxial Parallel MOSFET Switch Ar-
ray

For the second setup, a parallel switch array was designed. The same trans-
former core and the same copper vessel as in the first setup were used. This
time, however, the IGBTs were replaced by metal-oxide-semiconductor field-
effect transistors (MOSFET) [ZACH 2010, 668]. MOSFETs are majority car-
rier devices without minority carrier injection [BARKHORDARIAN, 3], which
facilitates high switching speed. When compared with IGBTs, MOSFETs can,
generally speaking, switch lower currents but with higher repetition rates
[ANDERSON 2006, 542].

For the operation as a high-voltage pulse generator, a special switch array
was developed. Four sets of ten MOSFET power transistors are installed in a
coaxial setup around the copper vessel, which is used as the primary winding.
The coaxial setup provides a better distribution of the primary current, the
dissipated power and the magnetomotive force in the transformer core. Four
MOSFET switches are arranged in a parallel circuit and triggered simulta-
neously to reduce the individual current in the switches. Ten arrays of four
switches are triggered consecutively to reduce the individual repetition rate
for each transistor (cf. [WIESNER et al. 2009a, 1501-1502]).

The parallel transistor array with the copper vessel enclosing the transformer
core is shown in Fig. 6.21 (left). In the center, the main capacitor with
C = 3.3 mF is visible. The customized controller unit is mounted on top of the
capacitor. On the outside, the Cool MOS Power Transistors from Infineon are
installed. They have a small Drain-Source On-Resistance of RDS(on) = 70 mΩ.

For an (ideal) transformer, the primary power equals the secondary power:

Vprim · Iprim = Vsec · Isec. (6.4)
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Figure 6.21: Second setup for the HV pulse generator: coaxial parallelized MOSFET switch
array [WIESNER et al. 2009a, 1502] (left) and corresponding measurement (right).

This implies that for short pulses a high primary power is required to en-
sure a sufficiently high secondary current Isec to charge the capacitance fast
enough, so that the full voltage Vsec is reached before the primary pulse starts
to decline. In our case each MOSFET is operated with a primary voltage of
Vprim = 300 V and a temporary current of 30 A.

The device operates with the required global repetition rate of 250 kHz, and
voltage amplitudes of more than Vdefl = 5 kV are achieved. A measured volt-
age pulse is reproduced in Fig. 6.21 (right). One can observe strong post-pulse
oscillations. They are caused by the parasitic capacitance of the MOSFET
switches. A detailed discussion of parasitic capacitances in MOSFETs can be
found in [BARKHORDARIAN, 4]. For the parallel setup, the intrinsic capaci-
tances of all MOSFETs sum up. The total parasitic capacitance is no longer
negligible for the operation at high frequencies and leads to post-pulse oscil-
lations that would impede clean beam chopping.

Therefore, based on the previous experiences, an advanced setup was devel-
oped employing fast MOSFETs but introducing a new transformer core and
avoiding the parallel setup.

6.3.3 Final HV Pulse Generator Setup
Overview

The primary circuit of the final HV pulse generator is based on commercially
available transmitter equipment from Thomson. It consists of fast MOSFET
switches in a push-pull configuration combined with a controller unit which
was developed in-house to shape the required time structure [MÜLLER 2010].
The secondary circuit had to be customized for high-voltage applications. A
ferrite core from Thomson with improved transformation properties for the
required frequency range is used. Four primary windings and 50 secondary
windings are wrapped around the core.

The main components of the final HV pulse generator are shown in Fig. 6.22.
On the high-voltage side, two resistors with R = 4.7 kΩ each are connected
in parallel. To avoid post-pulse oscillations, special low-inductance resistors
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Figure 6.22: Main components of the final HV pulse generator. Modified from [WIESNER
et al. 2010b].

with L = 44 µH each are used. Fast diodes are employed to block the post-
pulse oscillations with the opposite sign. Two sets of six diodes are connected
in series. The schematic circuit diagram of the pulse generator is reproduced
in Fig. 6.23.

Figure 6.23: Circuit diagram of the final HV pulse generator [MÜLLER 2010].

Electric Properties and HV Pulse Measurements

Voltage pulses of±5.8 kV are achieved with a repetition rate of 257 kHz [WIES-
NER et al. 2009b]. A measurement of the positive and negative voltage pulses
is shown in Fig. 6.24.

The repetition rate is adjustable between 103 kHz and 257 kHz using the
customized controller unit. The exact values for the chopper repetition
rates have to be integer divisors of the master clock’s frequency, which is
fmaster = 87.5 MHz. The pulse amplitude decreases slightly with higher rep-
etition rate, so the primary voltage must be readjusted after changing the
repetition rate [DINTER 2013, 37].

For the shown measurement, a primary voltage of Vprim = 300 V was applied
and an external HV capacitor with Cload = 40 pF was used. For the final setup



114 6. Technical Design and Manufacturing

Figure 6.24: Final HV pulse generator: voltage pulse measurement [WIESNER et al. 2010b].

of the electric deflection system, all components (deflection plates, cables and
the HV feedthrough) were designed to have accumulated capacitances below
40 pF. Nevertheless, parasitic capacitances and inductances lead to a reduc-
tion of the pulse amplitude and an increase of the pulse width for the final
setup. A voltage pulse measured in situ at the LEBT section with the final
electric deflection system installed is depicted in Fig. 6.25. For comparison
the pulse measured with the external capacitor Cload = 40 pF is shown in blue.
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Figure 6.25: Measured voltage pulses with external capacitive load of Cload = 40 pF (blue
pulse) and in-situ measurement with the final electric deflection system and the correspond-
ing parasitic capacitances and inductances (red pulse).

The amplitude decreases from 5.8 kV to 4.9 kV, while the Full Width at
Half Maximum (FWHM) of the pulse increases from 328 ns to 450 ns.
At the same time the required, average primary power rises from
Pprim = 300 V · 2.45 A = 0.74 kW to Pprim = 300 V · 7.66 A = 2.30 kW. For both
pulses the fall time is slightly larger than the rise time due to discharge
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effects. The negative voltage values for the blue pulse are a measurement
artifact resulting from an imperfect HV probe.

The repetition rate and voltage amplitude that were achieved in situ fully
meet the requirements for the chopper system, as derived from the beam dy-
namics and summarized in Tab. 6.6. The values are sufficient to chop the
high-intensity proton beam with the FRANZ operation parameters. In ad-
dition, a future upgrade of the pulse generator seems feasible. Since sig-
nificantly higher amplitudes and shorter pulse widths were already demon-
strated with external capacitors, no conceptual changes seem necessary. Pos-
sible upgrade measures include: increasing the primary voltage, which is lim-
ited to 300 V at present, adapting the resistor in the secondary circuit to the
higher capacitive load, evaluating the reduction margin for the parasitic ca-
pacitances and inductances and finally, adapting the turn ratio.

To ensure stable operation, long-term runs of the pulse generator were con-
ducted. The pulse remained remarkably stable during nonstop operation
for 12 days. With the repetition rate of 257 kHz this accumulates to nearly
2.7 · 1011 pulses. In the meantime no service had to be provided to the pulse
generator. The pulse amplitude varied about ±0.4 % during this period [DIN-
TER 2013, 59]. However, a more detailed analysis showed a slow shift of the
amplitude rather than a continuous jitter. The shift is presumably caused
by external factors like temperature and can be easily corrected by using the
control system [WAGNER 2011] to continuously adapt the primary voltage.

Installation and Shielding

The high-voltage pulse generator must be installed as close as possible to the
deflection chamber so that parasitic capacitances do not increase unnecessar-
ily. A support frame was designed to allow the pulse generator to be mounted
directly above the beamline, as shown in Fig. 6.26.

Figure 6.26: HV pulse generator installed above the chopper dipole: drawing (left) and pho-
tograph (right).

In order to minimize the rf noise level produced by the pulse generator, ad-
equate shielding is required. The whole pulse generator is shielded using a
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metal housing. In addition, the connection cables to the deflection chamber
are shielded using copper pipes with an inner diameter of 32 mm. The pulse
generator with and without shielding can be seen in Fig. 6.27. It is mounted
above the deflection section. The third solenoid of the LEBT section and the
chopper dipole are partially visible at the bottom. The shielding efficiently
reduces the rf noise. For a HV pulse amplitude of Vdefl = ±1.6 kV, the noise-
generated rms-amplitude, measured directly next to the pulse generator, is
reduced from 2.3 V m−1 to 0.05 V m−1 [DINTER 2013, 65].

Figure 6.27: Photographs of the HV pulse generator installed above the LEBT section: open
(left) and with cover (right).

In summary, different setups for the high-voltage pulse generator were devel-
oped and tested. The final setup uses fast MOSFET technology in the pri-
mary circuit, while the high voltage is provided in the secondary circuit using
a ferrite transformer core. It fully meets the requirements for chopping the
proton beam with the FRANZ parameters. Repetition rates of 257 kHz and
high-voltage amplitudes of ±4.9 kV are achieved in situ. Higher amplitudes
of up to 6.0 kV were achieved with external capacitors and seem feasible after
minor upgrades of the pulse generator. Excellent pulse stability is observed in
long-term tests. The pulse generator is installed directly above the deflection
section and is completely shielded to reduce the rf noise.

With all components designed and manufactured, the E×B chopper and the
LEBT section were assembled and installed at the site of the future FRANZ
facility. The experimental results are presented in the following two chapters
starting with the beam transport measurements.



7. Experimental Results: Beam
Transport Measurements

7.1 Experimental Setup: Installation of the
Chopper and LEBT Section

The Low-Energy Beam Transport (LEBT) line, including the E×B chopper
system, was installed and commissioned during this thesis. It is designed as
low-energy transport channel for the future FRANZ facility, but also serves
as a test stand for the transport and chopping experiments presented in this
and the subsequent chapter. An overview was given in Fig. 3.2. Now the
installation of the hardware components and the experimental results are
described.

7.1.1 Alignment and Assembly

All beamline components must be aligned with respect to the beam axis
that has been defined beforehand. Whenever possible, optical alignment
techniques using a telescope and high-precision targets were applied.
With this technique, precisions of ∆x = ∆y < 0.5 mm for the position and
∆x′ = ∆y′ < 0.05 mrad for the angle offset were reached for these components.
The components where no targets could be fixed, such as the deflection cham-
ber and the chopper dipole, were aligned using a FARO Gage [FARO 2013].
For such a purpose, special alignment surfaces had been previously milled
onto the magnet’s yoke.

A top view of the LEBT section after alignment and mechanical assembly is
shown in Fig. 7.1. The total length from the last electrode of the ion source
to the end of the fourth solenoid is 3692.5 mm. Next, the complete vacuum
system had to be installed and put into operation.
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Figure 7.1: Top view of the LEBT section: drawing (top) and photograph after installation
(bottom).

7.1.2 Vacuum System

Figure 7.2 gives an overview of the vacuum system as installed in the low-
energy section. The prevacuum system consists of two rotary vane pumps
from Pfeiffer Vacuum with pumping speeds for nitrogen gas of 70 m3 h−1 and
36 m3 h−1, respectively. Zeolite traps are used to impede oil diffusion from
the rotary vane pumps into the vacuum chambers. The main vacuum system
is based on two turbomolecular pumps from Pfeiffer Vacuum with pumping
speeds for nitrogen of 1900 l s−1 and 1250 l s−1. They are installed at the Diag-
nostics Chambers 1 and 2, respectively. The high pumping power is needed
due to the gas flow from the volume type ion source.

A gate valve between the first diagnostics chamber and the second solenoid
can be used to separate the first part of the beamline from the rest. This
allows the ion source to be serviced without venting the complete beamline.
In case the beamline is intentionally or accidentally vented, an automatic
argon venting system is employed to minimize adsorption of air molecules



7.1. Experimental Setup: Installation of the Chopper and LEBT Section 119

Figure 7.2: Installed LEBT section with main vacuum components.

at the surfaces of the vacuum chambers and pipes. The residual gas pres-
sure is measured with three full range vacuum gauges distributed along the
beamline and recorded by the control system developed by [WAGNER 2011].
With the given equipment, residual gas pressures between 3 · 10−7 mbar and
8 · 10−8 mbar are reached along the beamline. This is significantly lower than
the required value of 1 · 10−6 mbar and opens the possibility to insert buffer
gases to influence the composition of the residual gas.

7.1.3 Diagnostics

To measure the pulsed and the dc beam, appropriate diagnostics are required.
An overview of the installed devices is given in Fig. 7.3. Directly behind
the first solenoid, a moveable high-power Faraday Cup (FC) with secondary
electron suppression is used to measure the beam current and, whenever re-
quired, stop the beam. It is developed for a beam power of up to 24 kW. An-
other FC allows beam current measurements at the end of the LEBT. It will
be removed when the RFQ is ready for installation. In addition, the particle
loss current can be recorded at the electrically insulated repeller electrodes,
which are installed in front of and behind the chopper.

The beam pulses shaped by the chopper can be measured using a fast Beam
Current Transformer (BCT) from Bergoz Instrumentation that is installed be-
tween Solenoids 3 and 4 [BERGOZ 2010]. Another non-destructive device is
the Rotating Beam Tomography Chamber developed especially for this beam-
line [WAGNER 2013]. In addition, both diagnostics chambers provide various
vacuum ports for further upgrades of the diagnostics system.
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Figure 7.3: Diagnostics installed in the LEBT section. An additional Faraday Cup is used as
beam dump behind the last solenoid (not visible).

7.1.4 Test Ion Source
In order to investigate the transport characteristics of the LEBT section, an
ion beam with adequate properties is required. First, it should have low beam
power without the risk of damaging machine components by high power de-
position during commissioning. At the same time, it should provide a single
charge state and only one beam fraction in order to avoid superposition of dif-
ferent beam signals. In addition, a beam with small emittance but moderate
beam current is desirable in order to study the transport characteristics of the
beamline in the space-charge dominated regime [WANGLER 2008, 298].

Therefore, a low-energy helium beam, generated by a filament-driven volume
type ion source [VOLK 1993; HOLLINGER 2000], is chosen for the transport
and chopping experiments presented in this thesis. The given ion source
has previously been employed for beam experiments at IAP [GROSS 2000;
MEUSEL 2005; JOSHI 2009]. An overview of the ion source is given in [JOSHI
2009, 38]. This type of ion source is characterized by a low ion temperature
associated with a small beam emittance. When operated with helium gas at
low arc voltages, it produces only the single charge state He+ [GROSS 2000,
56]. In our case, the beam energy can be increased up to 20 keV. This signifies
that the helium ions already have a momentum equivalent to two thirds of
the future 120 keV proton beam. This has to be considered for the focusing
performance of the magnetic solenoid lenses.

As the first step, the beam behavior in front of and behind the first solenoid is
investigated.

7.2 Emittance and Kurtosis Measurements
After installation and commissioning of the ion source, the phase-space dis-
tribution was measured directly behind the source using a slit-grid device.
Then, the first solenoid of the LEBT section was installed and commissioned,
and the phase-space distribution was measured behind the solenoid. This al-
lowed us to determine the starting distribution of the ion source, which is the
basis for subsequent transport simulations of the helium beam.
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Figure 7.4 shows the experimental setup and the slit-grid device. The distance
between ion source and slit-grid device is 783 mm. The solenoid in between has
a length of 408 mm. The properties of the slit-grid device are summarized in
[MEUSEL 2005, 45] and [LOTZ 2011, 22].

Figure 7.4: Experimental setup to measure the phase-space distribution behind Solenoid 1
using a slit-grid emittance measurement device.

The measured phase-space distributions in the x-x′ plane for different
solenoid currents are presented in Fig. 7.5. A helium beam with 10 keV en-
ergy and a beam current of 0.9 mA is used. The measurements are compared
with simulations conducted with the Lintra code. For these simulations, a
space-charge compensation of 85 % is assumed and the computed 3D field map
of the first solenoid is implemented.

The measured normalized rms emittances vary between εmeas
rms, norm =

0.086 mm·mrad for ISol1 =150 A and εmeas
rms, norm =0.02 mm·mrad for ISol1 =180 A,

while the simulations give results around ε sim
rms, norm =0.074 mm·mrad [LOTZ

2011, 44]. The simulated values are notably higher than the measured val-
ues. One reason for this is that angles higher than 110 mrad in phase space,
which have a significant contribution to the rms emittance, are truncated in
the measurement due to the limited acceptance of the given slit-grid device.
Nevertheless, other effects like space-charge-compensation levels or the in-
fluence of the solenoid field on the plasma inside the ion source presumedly
contribute to this result as well.

Therefore, in order to evaluate the focusing performance of the first solenoid,
and to validate the numerical transport codes, the phase-space angle ϕ, as
defined in Fig. 2.1, is computed. In this definition, a phase-space angle of 90◦

corresponds to a focal point or beam waist, and an angle of 180◦ to a parallel
beam. The phase-space angle ϕ can be directly computed from the measured
as well as from the simulated Courant-Snyder parameters using Eq. 2.19.
In addition, the phase-space angle can be calculated analytically using the
transfer matrices for solenoids and for a drift without space charge together
with a hard-edge approximation for the field distribution [LOTZ 2011, 10-11].
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Figure 7.5: Comparison of measured and simulated phase-space distributions behind
Solenoid 1 in the x-x′ plane for different solenoid currents. Adapted from [LOTZ 2011, 42].

The measured as well as the simulated and analytically calculated values are
depicted in Fig. 7.6.

One can observe a good agreement between analytical calculations, numerical
simulations and measurements. The maximum deviation between the high-
resolution measurement and the simulation is 4.5◦ or 5 mT [LOTZ 2011, 49].
These results show that the focusing performance of the first solenoid is as
expected, but it gives no information about the distribution of the ions inside
the phase-space ellipse.

Since the emittance values could not be compared quantitatively due to the
limited acceptance of the given equipment, we studied the behavior of the
kurtosis κ, as defined in Eq. 2.20, to obtain more information about the inner
structure of the phase-space distribution. Figure 7.7 shows the simulated
and measured values for κx behind the first solenoid. A qualitatively similar
behavior is observed. In both simulation and measurement, the kurtosis is
peaked at a solenoid current of ISol1 = 174 A, which corresponds to the beam
waist, i.e., the smallest beam radius.

In summary, the solenoid behaves and focuses the beam as expected, and the
numerical simulation code proved to be valid for our purposes. Due to orga-
nizational constraints and technical reasons it was not possible to measure
the phase-space distribution and the beam emittance behind every newly in-
stalled component. With the given results, however, we can use the measured
starting distribution and the experimentally validated transport codes to sim-
ulate the beam behavior throughout the transport channel.
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Figure 7.6: Focusing performance of Solenoid 1. The phase-space angle ϕ in the x-x′ plane is
plotted as a function of the solenoidal field strength for the simulated and measured values.
A high and a low resolution of the slit-grid measurement device were used. Data taken from
[LOTZ 2011, 40]. A good agreement between analytical calculations, numerical simulations
and measurements is observed.

Figure 7.7: Comparison of measured and simulated kurtosis κx as a function of the
solenoidal field strength. A qualitatively similar behavior is observed. Adapted from [LOTZ
2011, 45].

7.3 Transmission Measurements
7.3.1 Beam Matching Using Only Solenoid 1
After installation of the complete LEBT section, the performance of the trans-
port channel is studied. The first check is to evaluate the transmission using
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the first solenoid as the only focusing device. For the design and alignment of
the LEBT section this is a worst-case check: Are all the apertures and the in-
ner geometry of the LEBT components well-proportioned and is the alignment
adequate?

Figure 7.8: Experimental setup to determine the transmission of the LEBT section as a
function of the magnetic field of Solenoid 1. The ion current at the beam dump and the
particle current at the repeller electrodes are measured.

The experimental setup is illustrated in Fig. 7.8. A helium beam with an en-
ergy of Wb = 14 keV is extracted from the ion source. Only the field of the
first solenoid is varied, while the other three solenoids and the chopper are
switched off. The ion current is measured at the Faraday cup located at the
end of the LEBT section 2.88 m behind the first solenoid. The Faraday cup
includes a secondary electron suppressor to ensure that only the ion current
is measured. Simultaneously, we measure the particle current at the repeller
electrodes, which are located in front of and behind the chopper magnet. The
repeller electrodes are biased with a negative voltage of Vrepell = −100 V. The
particle current measured at the repeller electrodes is the superposition of
the impacting ions and the released secondary electrons. The number of elec-
trons per impacting ion is given by the Secondary Electron Yield (SEY). As
discussed before, it depends on the ion energy and species as well as the ma-
terial properties and incident angle [FURMAN and PIVI 2002; STOLTZ et al.
2003].

Figure 7.9 shows the measurement results. The ion current Iion at the beam
dump is depicted in blue and the particle current Iparticle at the repeller elec-
trodes in red. Since the errors for these beam current measurements are only
∆Ib = ±0.02 mA, the error bars in Fig. 7.9 are omitted. Note that the particle
current at the repeller electrodes is measured using the HV power supply, so
the polarity seems reverted.

The maximum recorded current at the repeller electrodes is Iparticle =
(−3.63± 0.02) mA, well above the possible ion loss current. From this we can
estimate the SEY to have values between two and three. The minimal cur-
rent at the repeller electrodes is (−0.12± 0.02) mA at a solenoid current of
ISol1 = 150 A, indicated by a black line in Fig. 7.9. At a slightly lower solenoid
current, we achieve the maximum transmitted ion current at the beam dump
with Ib = (0.90± 0.02) mA.
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Figure 7.9: Measured ion current Iion at the beam dump and particle current Iparticle at the
repeller electrodes as a function of the coil current of Solenoid 1.

What percentage of the beam can we transport from the ion source to the beam
dump? To answer this question, we first have to determine the input beam
current. We do this by successively increasing the field of the first solenoid
until the maximum beam current is focused into the first Faraday cup behind
Solenoid 1. A maximum beam current of Ib = (2.15± 0.02) mA is measured at
a solenoid current of ISol1 = 205 A. Using this value, we can now calculate the
transmission through the complete LEBT using only Solenoid 1:

Tlebt =
(0.90± 0.02) mA
(2.15± 0.02) mA

= (42± 1) %. (7.1)

However, the real transmission value might be higher. Both values were mea-
sured at different coil currents of Solenoid 1. During the measurements one
could clearly observe a change in the plasma parameters of the ion source as
a function of the external solenoid field. This can be explained by the fring-
ing field of the solenoid lens superposing with the field of the solenoid in the
ion source. In our case, the result is a higher plasma density and thus a
mismatched beam extraction, changing the divergence angles and causing a
higher beam current. Consequently, the calculated transmission in Eq. 7.1
represents only a pessimistic approximation.

In all further transmission measurements, we adjusted the solenoid of the ion
source to the external solenoid level so that the plasma density remains con-
stant. This is presented in more detail in [NOWOTTNICK 2014]. This issue
might also be relevant for the operation of the future FRANZ proton source
because the conditions in a hydrogen plasma do not only influence the beam
properties, such as the extracted beam current, but also the proportions be-
tween the different hydrogen beam fractions, even though the distance be-
tween Solenoid 1 and the plasma generator will be larger than in the current
setup.
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During the design process of the LEBT section the complete geometry had
to be determined. This includes the apertures of all the components. For the
final geometry, the places with the smallest apertures are the deflection plates
of the chopper and the repeller electrodes. The smallest distance between the
deflection plates is d0 = 38 mm, while the two collimation rings at the repeller
electrodes have an inner radius of rcoll = 27 mm. The geometric details have
already been presented in Secs. 4.4 and 6.2.3, respectively.

The successful beam matching over a distance of nearly three meters through
the complete LEBT section shows that the alignment and geometry is satis-
factory. In particular, the measurements demonstrate that the diameter of
the inner collimation ring of the repeller electrodes is well chosen. On the one
hand, the radius is large enough that a high transmission of the ion beam is
possible (see blue curve in Fig. 7.9). On the other hand, the radius is small
enough for efficient collimation if the beam is not accurately matched (see red
curve in Fig. 7.9). This signifies that the chosen geometry provides a good
compromise between maximum transmission and maximum protection of the
deflection plates.

Next, we quantify the transmission through the complete LEBT section using
all solenoids.

7.3.2 Beam Matching Using Solenoids 1 through 4
Four solenoid lenses are available for the low-energy transport, as presented
in Sec. 3.3. We will now employ the four solenoids to match the dc beam
through the complete LEBT section and determine the total transmission.

As the first step, we have to measure the input current. For this purpose,
as done before, we sweep the focusing strength of Solenoid 1. A maximum
beam current of Ib = (2.25± 0.01) mA is reached at the Faraday cup behind
Solenoid 1 with a solenoid current of ISol1 = 215 A. Then, the focusing strength
of Solenoid 1 is reduced to match the beam through the complete LEBT. To
preserve the plasma density, we increase the solenoid field of the ion source, as
discussed in the previous section. All four solenoids are used to transport the
beam to the final beam dump at the end of the LEBT section. For maximum
transmission, the solenoid currents are set to ISol1 = 147 A, ISol2 = 70 A, ISol3 =
140 A and ISol4 = 183 A. Both repeller electrodes are set to Vrepell = −200 V. An
overview of the experimental setup is given in Fig. 7.10.

With the optimized setting, a beam current of Ib = (1.86± 0.01) mA is mea-
sured at the Faraday cup located 2.88 m behind the first solenoid. This corre-
sponds to a measured transmission of

Tlebt =
(1.86± 0.01) mA
(2.25± 0.01) mA

= (82.7± 0.8) %. (7.2)

The specified error results only from the uncertainties in the beam current
measurements. An additional systematic error, which is not easily quanti-
fied, originates if the influence of the external solenoid field is not perfectly
compensated so that the plasma conditions in the ion source, and thus the
properties of the extracted beam current, differ for both measurements.
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Figure 7.10: Experimental setup to determine the transmission of the LEBT section. The
field levels of the Solenoids 1 to 4 are optimized to achieve the maximum ion current at the
beam dump.

If uncompensated, the 2.25 mA helium beam would have a high perveance of
K = 1.76 · 10−3. That corresponds to a proton current of 113 mA at 120 keV
energy, which is more than twice the FRANZ design value. This underlines
once more the importance of space-charge compensated transport whenever
possible.

In conclusion, promising transmission values of 83 % through the complete
LEBT section are attained. This performance is achieved despite the fact that
the LEBT section for FRANZ has to be relatively long due to the necessity of
chopping before the RFQ. In addition, we used a test ion source that was not
originally designed for this application and thus has significantly higher di-
vergence angles than the future FRANZ ion source wil have (cf. [SCHWEIZER
et al. 2014]).

Having successfully matched the dc beam into the chopper and transported
it onwards through the complete LEBT section, we can now investigate the
behavior of the beam when it is deflected from its reference axis.

7.4 Static Beam Deflection Experiments

The 14 keV dc helium beam is matched through the transport channel. The
fields of the four solenoids are adjusted to minimize losses at the repeller
electrodes and to maximize transmission into the Faraday cup installed at
the end of the LEBT section, as discussed in the previous section. In this
case, an ion current of Ib = 1.4 mA is reached at the Faraday cup. Figure 7.11
shows the experimental setup and the excitation currents of the solenoids.

As the coil current of the chopper dipole Idipole is increased, the beam is hor-
izontally deflected from the beam axis. Since the beam power is below 20 W,
the deflected beam can be simply dumped at the metallic wall of the vacuum
chamber. For higher beam power, a dedicated beam-separation system, as
discussed in Chap. 9, is beneficial.
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Figure 7.11: Experimental setup to determine the transmitted beam current as a function
of the deflection field of the chopper dipole.

The transmission through the beam line is measured with the Faraday cup,
located behind the fourth solenoid. Figure 7.12 shows the results of the mea-
surement.

Figure 7.12: Static beam deflection: beam current measured at the Faraday Cup behind
Solenoid 4 as a function of the dipole current. For a dipole current higher than 36.1 A, the
beam is completely deflected.

As expected, the transmitted beam current decreases with higher deflection
field. For a dipole current higher than 36.1 A, the 14 keV helium beam is com-
pletely deflected and the transmitted beam current vanishes. This current
corresponds to a dipole field of B0 = 39 mT and, using Eq. 2.31, gives a cal-
culated deflection angle of 9.5◦. For illustration, the computed transmission
for on-axis particles tracked through the 3D fields with an aperture located
660 mm behind the dipole is shown in red. For dipole currents higher than
14.7 A, the on-axis particles are lost at the aperture or in the vacuum vessel.

Having verified that the continuous beam transport and the static magnetic
deflection performs as expected, the pulsed electric field can now be employed
to form an E×B chopper.



8. Experimental Results: Beam
Chopping Measurements

8.1 Experimental Setup
The chopper is located in the center of the LEBT section as described in
Sec. 3.3.1. The general approach for the beam chopping experiments pre-
sented in this chapter is as follows. First, a dc beam is extracted from the
ion source and matched into the beam dump using the solenoid lenses, as
discussed in Sec. 7.3. Then, the dipole field is increased until the beam is
completely deflected outside the beamline, as discussed in Sec. 7.4. In order
to preserve the global space-charge compensation and prevent electrons from
moving to the deflection plates, the repeller electrodes behind and in front of
the deflection plates are biased to a negative voltage above the beam potential.

Figure 8.1: General setup for the beam chopping experiments.
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Next, the HV pulses generate an electric field between the deflection plates
and temporarily compensate the magnetic deflection, thus creating a beam
pulse in forward direction. A circular aperture with radius of rap = 50 mm
is employed 475 mm behind the chopper to shape the beam pulses. The beam
pulses are measured with the fast, passive Beam Current Transformer (BCT),
type FCT-CF8”-96.0-05:1-LD-UHV from Bergoz Instrumentation. It delivers
5 V/A and is specified for rise times of 780 ps and a droop of less than 8 % per µs
[BERGOZ 2010]. The BCT is installed between the third and fourth solenoid,
1.35 m behind the center of the deflection plates. Figure 8.1 gives the general
experimental setup for the chopper measurements presented in this chapter.
First, we examine if the beam can be chopped with the required repetition
rate.

8.2 Variation of Repetition Rates
The 14 keV He+ beam is matched into the beam dump using the solenoid set-
tings given in Fig. 8.2. Then, the beam is statically deflected from the beam
axis using a dipole current of Idipole = 40.0 A.

Figure 8.2: Experimental setup and solenoid settings for beam chopping measurements with
different repetition rates.

Next, the HV pulse generator is switched on and the resulting beam pulses
are measured with the BCT. The original BCT data are depicted in Fig. 8.3
in blue. The positive HV pulse is measured with a HV probe and is depicted
in red. As desired, short beam pulses with the required repetition rate are
achieved. The beam pulse shape is remarkably reproducible.

In addition, the HV pulse generator can be operated with different repetition
rates. The beam pulses on the left side of Fig. 8.3 are measured at a repetition
rate of 103 kHz, which corresponds to a pulse repetition time of 9.7 µs. The rep-
etition rate can be increased in several stages to 257 kHz, which corresponds
to a pulse repetition time of 3.9 µs. This is shown in Fig. 8.3 (right).

For these measurements, the primary voltage was not readjusted after in-
creasing the repetition rate. Since the primary voltage pulse has a smaller
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Figure 8.3: Measured beam pulses with repetition rates of 103 kHz (left) and 257 kHz (right).
The signal of the BCT is shown in blue and the HV pulse in red.

amplitude at higher repetition rates (Sec. 6.3.3), this leads to a small mis-
match between the electric and magnetic deflection forces and thus a small
change in the beam pulse amplitude, as visible in Fig. 8.3 (right). If the
FRANZ facility will be operated with different repetition rates in the future,
the amplitude of the HV pulses must be controlled in order to achieve the
same beam pulse for different repetition rates. This can be easily done by
readjusting the primary voltage of the HV pulse generator.

In summary, the E×B chopper successfully shapes beam pulses at (or even
slightly above) the required repetition rate of 250 kHz. In addition, the repeti-
tion rate can be easily modified between 103 kHz and 257 kHz by changing the
trigger pulse. In this case, the primary voltage of the HV pulse generator has
to be readjusted. Next, we have to take a closer look at the shape of the single
beam pulses.

8.3 Single Pulse Shape
A detailed view of the measured beam pulse is shown in Fig. 8.4. The same
experimental settings as in Fig. 8.2 are used.
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A flat top of (85± 10) ns and a FWHM of (295± 10) ns are obtained. As flat
top length we understand the time span between the 98 % values of the beam
current pulse. The rise time, defined as the time in which the beam current
rises from 10 % to 90 % of the maximum value, is trise = (110± 10) ns. The
errors are given by the time resolution of the oscilloscope.

In the measurements shown up to now, the original signal from the BCT is
given. We can observe small perturbations of the signal, which are generated
by the HV pulse. Therefore, a dedicated measurement to investigate the direct
influence of the HV pulse on the signal of the BCT is conducted. For optimized
beam matching, the solenoid currents are set to ISol1 = 147 A, ISol2 = 70 A,
ISol3 = 169 A and ISol4 = 190 A.
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Figure 8.5: Measured signal at the fast beam current transformer without beam (left) and
with beam (right). The beam is chopped with a repetition rate of 257 kHz. The rf noise induced
by the HV pulse is observed in both cases.

The measured signal at the BCT without the ion beam is shown in Fig. 8.5
(left). The rf noise emitted by the HV pulse remains clearly visible. The
signal depicted in Fig. 8.5 (right) is measured with the beam. The rf noise and
the signal of the chopped beam are now superposed. In order to obtain the
unperturbed pulse shape, we subtract the measured rf noise. In addition, we
have to manually restore the dc baseline of the BCT signal, as required for a
passive BCT (see [WITTENBURG 2013, 5-6; WEBBER 2000, 18]). The result is
given in Fig. 8.6.

The small perturbations—visible in the pulse shape of Fig. 8.4—have disap-
peared. The pulse appears smooth. For the given matching scenario the pulse
obtains a large flat top of (120± 10) ns. The rise time is kept nearly constant at
trise = (130± 10) ns even though the beam current is 70 percent higher when
compared to the previously shown measurements, due to different ion source
settings.

In summary, for different experimental settings, flat top lengths of (85± 10) ns
to (120± 10) ns can be achieved. The measured beam pulses have rise
times between (110± 10) ns and (130± 10) ns. The FWHM varies between
(295± 10) ns and (370± 10) ns, and the total pulse length behind the chopper
between (585± 10) ns and (630± 10) ns.

For these measurements with the given test beam, a large circular aperture
with a 50 mm radius was used. For the final FRANZ beam, which has a sig-
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Figure 8.6: Shape of measured beam pulse after rf noise correction.

nificantly smaller radius, a smaller aperture will be employed. This leads to
a significantly shorter beam pulse length (see Sec. 5.1.4 and [WIESNER 2008,
53-55]). This effect can be analytically estimated. First, the beam deflection
angle is calculated for each time slice of the measured voltage pulse using
Eq. 2.38. This deflection angle causes a certain horizontal position offset at
the aperture [WIESNER 2008, 49], which corresponds to a certain longitudi-
nal pulse length (Fig. 5.17, Eq. 5.4). For the FRANZ parameters (120 keV
protons, 20 mm aperture radius) a total pulse length of 320 ns is obtained. In
addition, the first and the last part of the beam pulse will not match into the
acceptance of the RFQ and will get lost, which leads to a substantially shorter
beam pulse in and behind the RFQ (see Sec. 5.1.2). Considering these effects,
the final requirements for the proton beam with a desired flat top length of at
least 50 ns and a maximum pulse length below 350 ns are directly achievable
by employing a smaller aperture and by transverse collimation.

Now we take a look at the intensity of the chopped beam in comparison with
the continuous beam.

8.4 Transmission of the Pulsed Beam
We already determined a promising transmission of 83 % for the dc beam
through the complete transport channel in Sec. 7.3. The continuous beam
transport, however, is highly space-charge compensated, which we cannot as-
sume for the short beam pulses behind the chopper. To address this issue, we
compare the continuous and the pulsed beam transport.

First, we match the dc beam into the beam dump using all four solenoids.
The repeller electrodes are set to Vrepell = −200 V. We achieve a maximum
dc current of (1.86± 0.02) mA at the beam dump. Then, we switch on the
chopper and measure the beam pulse amplitude at the BCT behind the third
solenoid. The peak current is smaller than the dc current measured before.
However, the beam amplitude rises when we increase the focusing field of
the third solenoid. After increasing the solenoid current from ISol3 = 140 A
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to ISol3 = 169 A, we obtain a pulse amplitude of (1.77± 0.01) mA. This cor-
responds to (95.2± 1.6) % of the maximum transmitted dc beam, measured
before at the beam dump. The shape of the beam pulse was already shown
in Fig. 8.6. When switching off the chopper but keeping the same solenoid
settings, the dc transmission into the beam dump drops to 1.76 mA, slightly
below the value for the chopped beam.

The experimental setup of Fig. 8.1 is used. The achieved values and the
solenoid settings are summarized in Tab. 8.1.

DC Beam Chopped Beam

Ion Species He+ He+

Beam Energy Wb / keV 14 14

Max. Beam Current Ib / mA 1.86± 0.021.86± 0.021.86± 0.02 1.77± 0.011.77± 0.011.77± 0.01

Current ISol1 / A 147 147

Current ISol2 / A 70 70

Current ISol3 / A 140140140 169169169

Current ISol4 / A 190 190

Measurement Device FC, Beam Dump BCT

Repetition Rate DC 257 kHz

Ratio of Chopped to DC Current (95.2± 1.6) %(95.2± 1.6) %(95.2± 1.6) %

Table 8.1: Comparison of transmitted beam currents for dc and chopped beams. The solenoid
settings and the beam parameters are given. The dc beam is measured using the Faraday Cup
(FC) at the beam dump located behind the fourth solenoid. The chopped beam is measured
using the Beam Current Transformer (BCT) in front of the fourth solenoid.

These results can be interpreted as follows. The transverse space-charge
forces increase for the pulsed beam because the compensation degree is dras-
tically reduced. Consequently, we have to increase the focusing force of
Solenoid 3 to efficiently transport the beam. Keep in mind that the space-
charge effect, expressed by the generalized perveance, for an uncompensated
1.8 mA, 14 keV helium beam is K = 1.41 · 10−3 and thus equivalent to that of a
90 mA, 120 keV proton beam, which is by no means negligible.

Things get more complicated if we consider that secondary electrons are pro-
duced at the metallic walls during the chopping process. They can cause a
certain, time-dependent space-charge compensation for the pulsed beam but
can also provoke a degradation of the beam emittance due to non-linear space-
charge forces, as discussed in Sec. 5.3.2.

In view of these effects, we achieve a promising transmission for the pulsed
beam, similar to the values of the dc beam. This indicates that the transverse
space-charge forces of the pulsed beam can be controlled within the given
setup. The influence of increasing space-charge forces on the pulse shape will
be studied below in Sec. 8.7. Measurements with even higher peak currents
of up to Ib = 3.5 mA will be presented.
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Before this, however, the dependence of beam chopping from the beam energy
is investigated.

8.5 Variation of Beam Energy and Time-of-
Flight Measurements

The ion beam pulse, which is generated by the HV pulse between the deflec-
tion plates, requires a certain time of flight ttof until it passes the BCT, which
is located at a distance dtof behind the deflection plates

ttof =
dtof

vp
. (8.1)

In the nonrelativistic approximation, the velocity vp and thus the time of flight
ttof can be calculated analytically from the beam energy using Eq. 2.23. In ad-
dition, the time of flight can be measured. Figure 8.7 shows the experimental
setup. The first solenoid is used to match the beam into the chopper system
and the third solenoid is used to catch the beam and transport it to the beam
dump. The beam is chopped with a repetition rate of 257 kHz. The energy of
the helium beam Wb = e · Vacc is varied between 2 keV and 20 keV by adjusting
the extraction voltage.

Figure 8.7: Experimental setup to determine the ion’s time of flight as a function of the
helium beam energy.

Due to the changing beam rigidity, the solenoid fields and the electric field of
the E×B chopper must be adjusted for each beam energy. The current of the
first solenoid is varied between 60.1 A and 176.6 A, and the current of the third
solenoid between 64.9 A and 182.0 A. The dipole current is kept constant at
Idipole = 35.0 A. The distance between the center of the deflection plates and
the center of the beam current transformer is dtof = (1349± 2) mm.

Figure 8.8 shows the measured beam pulses for selected beam energies. As
expected, the amplitude decreases with lower extraction voltage and the time
of flight increases. The original data without rf noise correction or baseline
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Figure 8.8: Chopped beam pulses for various beam energies. The pulse amplitude decreases
and the time of flight increases with lower extraction voltage.

restoration is depicted. The time of flight between the center of the deflection
plates and the center of the BCT can now be determined by calculating the
time difference between the center of the primary HV pulse and the center of
the beam pulse. For this purpose, the center of the beam pulse is defined as
the center of the 90 %-amplitude values from the BCT measurement.

Figure 8.9 compares the measurement result and the analytical calculation.
The error for the time measurements results from the time resolution of the
oscilloscope, which is 5 ns in this case, from error propagation due to devia-
tions of the extraction voltage and from uncertainties in the exact distance
as well as in the signal propagation time from the experiment to the oscillo-
scope. The black line illustrates the analytical calculation using Eqs. 8.1 and
2.23. The data show good agreement between the analytical solution and the
measurement with deviations typically in the sub-percent range.

These results imply that the geometric alignment is adequate and the mea-
sured data is consistent. In addition, we are now able to determine the ion
velocity and provide interception-free diagnostics of the beam energy during
full operation of the facility. No additional energy or momentum analyzer in
the low-energy section is required.

Next, the behavior of the E×B system for different ratios of electric and mag-
netic deflection fields is examined.
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Figure 8.9: Measured (green) and analytically calculated (black) time of flight for the helium
ions as a function of the accelerating voltage.

8.6 Variation of Wien Ratio
8.6.1 Sweep of Magnetic Field
A characteristic feature of the E×B chopper is the necessity to match mag-
netic and electric deflection forces (Sec. 5.1.3). Therefore, the behavior of the
chopper for different Wien ratios Ex/By is experimentally investigated. The
setup is given in Fig. 8.10. A helium beam with 10 keV energy is transported
through the LEBT section using solenoids 1 and 3. Then, HV pulses with
constant amplitudes are generated, while the deflection field of the chopper
magnet is successively increased.

Figure 8.10: Experimental setup for varying the Wien ratio by sweeping the magnetic field
while keeping the electric field amplitude constant.

The measured signals at the BCT for different dipole currents are shown in
Figs. 8.11 and 8.12. The original data are depicted without baseline restora-
tion or rf noise correction. Without magnetic deflection, the beam is periodi-
cally deflected away from the beam axis by the HV pulse. Since an ac BCT is
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not sensitive to a dc beam, a missing positive, i.e., a negative signal, is mea-
sured at the BCT. This is visible in the measurements with Idipole = 0 A, 3.0 A
and 5.0 A in Fig. 8.11. For higher dipole currents, e.g., 13.2 A, 16.0 A and 18.0 A,
the beam is statically deflected by the magnetic field, but this deflection is
overcompensated by the pulsed electric field, resulting in a double-peak beam
pulse. This is consistent with the simulations for Wien ratios slightly higher
than one, i.e., with a slightly too high electric field, as shown in Fig. 5.16
(right).

The highest pulse amplitudes and longest flat tops are reached with dipole
currents of 20.0 A, 22.1 A and 24.0 A when the electric and magnetic deflection
forces are accurately matched. If the dipole current is increased even more,
the pulsed electric field is no longer sufficient to compensate the magnetic
deflection. Consequently, the beam amplitude decreases as visible for cur-
rents of 27.9 A and higher. This behavior was already observed in the beam
simulations for mismatched deflection fields when the electric field is too low
(Fig. 5.16, left). Finally, at Idipole = 45.0 A, the magnetic deflection is so strong
that the transmission drops to zero. At the same time, the flat top length of
the beam pulses decreases for magnetic deflection fields that are too low or
too high.

For a quantitative evaluation, we analyze how the beam pulse amplitude and
flat top length depend on the Wien-filter configuration. First, we determine
the Wien ratio for time-dependent electric fields (Eq. 2.62) for each measure-
ment ∫

Emeas dz · ftof∫
Bmeas dz

=

∫
Esim dz · Vmeas

Vsim
· fasym · ftof∫

Bsim dz · Imeas
Isim

. (8.2)

Here, the magnetic field Bsim is computed using CST EMS for an excitation
current Isim and is scaled with the measured dipole current Imeas. Then, the
electric field Esim is simulated with CST EMS for the given geometry using
a static voltage Vsim and is scaled with the measured voltage pulse amplitude
Vmeas. The factor fasym = 1.0115 corrects the measured asymmetry between the
positive and negative voltage pulse (see [DINTER 2013, 35]).

The time-of-flight factor ftof was introduced in Eq. 2.61. It considers that the
finite time of flight through the time-dependent electric field can reduce the
amplitude of the effective field, as discussed in Sec. 2.4.3. The effective volt-
age for ions traveling through a field with length ltot = 244.5 mm (Eq. 4.10) is
calculated using Eq. 2.58 and depicted in Fig. 8.13 for the measured voltage
pulse. As observable, the effect is small for 120 keV protons but can be rele-
vant for the low-energy helium beam. For the latter, the maximum effective
voltage to which the particles are exposed corresponds to 90.9 % of the original
amplitude in the case of 14 keV and to 87.4 % in the case of 10 keV helium ions.

Figure 8.14 shows the amplitude and the flat top length of the measured beam
pulses in terms of the Wien ratio Ex/By. All pulses with a visible positive BCT
signal, i.e., with dipole currents between 16 A and 45 A, are evaluated. In the
case of a double-peak pulse, the flat top and maximum current of the higher
peak are evaluated. For easier interpretation, the ratio Ex/By is normalized
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Figure 8.11: Measured beam pulses for different Wien ratios Ex/By. The amplitude of the
HV pulse is kept constant, while the dipole current is increased as indicated (part I).
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Figure 8.12: Measured beam pulses for different Wien ratios Ex/By. The amplitude of the
HV pulse is kept constant, while the dipole current is increased as indicated (part II).
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Figure 8.13: Measured voltage pulse (blue) and effective voltage calculated using Eq. 2.58.
The effect is small for 120 keV protons (left) but significant for 10 keV and 14 keV He+ ions
(right).

to the calculated beam velocity of the 10 keV helium beam, and the theoreti-
cally derived Wien condition Ex · B−1y /v0 = 1 is indicated. The error bars are
calculated from the uncertainties of each factor in Eq. 8.2.
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Figure 8.14: Measured beam pulse amplitude Imax
BCT and flat top length as a function of the

normalized Wien ratio Ex ·B−1y /v0. The flat top length is defined as the time span between the
98 % values of Imax

BCT. The voltage pulse amplitude is kept constant, while the dipole current
is varied. The Wien ratio is normalized to the velocity of the 10 keV helium beam and the
theoretically derived Wien condition Ex ·B−1y /v0 = 1 is indicated.

The largest flat top length and one of the highest beam currents are achieved
with the electric and magnetic deflection forces matched to the theoretically
derived Wien condition. Moreover, we can observe that there is no sharp drop
of either the intensity or the flat top length as a function of the Wien condi-
tion. This implies that the chopping process is stable even for slightly mis-
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matched E×B fields. In addition, Fig. 8.15 shows that the charge transported
in the flat top Qflattop = Imax

BCT ·tflattop is highest for the theoretically derived Wien
condition Ex · B−1y /v0 = 1. This indicates that the theoretically expected field-
matching scenario is consistent with the experimental data, while the field
setup is sufficiently fault-tolerant for small mismatches between the electric
and magnetic deflection forces.
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Figure 8.15: Measured charge transported in the flat top Qflattop = Imax
BCT · tflattop as a function

of the normalized Wien ratio Ex ·B−1y /v0. The voltage pulse amplitude is kept constant, while
the dipole current is varied. The Wien ratio is normalized to the velocity of the 10 keV helium
beam and the theoretically derived Wien condition Ex ·B−1y /v0 = 1 is indicated.

In the following subsection we discuss the behavior of the chopper for a higher
beam energy when varying the Wien ratio by keeping the magnetic field con-
stant and sweeping the electric field amplitude.

8.6.2 Sweep of Electric Field
The second possibility to alter the Wien ratio is to successively increase the
amplitude of the electric field while the magnetic deflection is kept constant.
Figure 8.16 shows the experimental setup and the solenoid settings.

Figure 8.16: Experimental setup for varying the Wien ratio by sweeping the electric field
amplitude while keeping the magnetic field constant.
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A He+ beam with an energy of 14 keV is transported through the LEBT section
using the four solenoids. The chopper magnet is set to a constant current of
Idipole = 40.0 A. Then the amplitude of the HV pulse generator is successively
increased from 0 kV to ±1.68 kV. The measured beam pulses together with the
positive HV pulses are plotted in Figs. 8.20 and 8.21 (pp. 145–146). As before,
the original data from the BCT is depicted without baseline restoration or rf
noise correction.

At small voltage pulse amplitudes, the beam is entirely deflected by the static
magnetic field such that no signal is observed at the BCT. For increasing volt-
age amplitudes, the magnetic deflection is more and more compensated and
the transmitted beam current and the flat top length increase. The highest
chopped beam current of approximately 1.3 mA is reached for voltage ampli-
tudes of ±0.72 kV and ±0.81 kV. The flat top length of the beam pulses in-
creases up to a voltage amplitude of ±0.72 kV and decreases again for higher
electric fields. For better illustration, this behavior is plotted in Fig. 8.17 in
terms of the Wien ratio. Amplitude and flat top length of the beam pulses
are given as a function of the Wien ratio Ex/By. The Wien ratio is calculated
from the experimental data using Eq. 8.2, and the result is normalized to the
calculated velocity of 14 keV helium ions.
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Figure 8.17: Measured beam pulse amplitude Imax
BCT and flat top length as a function of the

normalized Wien ratio Ex · B−1y /v0. The dipole current is kept constant, while the voltage
pulse amplitude is increased. The Wien ratio is normalized to the velocity of the 14 keV
helium beam and the theoretically derived Wien condition Ex · B−1y /v0 = 1 is indicated. For
high electric fields, a double-peak pulse develops. In these cases, the flat top and maximum
current of the higher peak are evaluated.

For the theoretically derived Wien condition, the largest flat top length and
a high beam amplitude is achieved. Once again, the highest charge in the
flat top Qflattop = Imax

BCT · tflattop is achieved for the theoretically derived Wien
condition Ex · B−1y /v0 = 1, as shown in Fig. 8.18. This indicates adequate
matching of electric and magnetic deflection forces and appropriate control of
the experimental setup.



144 8. Experimental Results: Beam Chopping Measurements

 0

 20

 40

 60

 80

 100

 120

 140

 0.25  0.5  0.75  1  1.25  1.5  1.75  2  2.25

 0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

Q
fla

tto
p 

/ p
C

Wien Condition Ex⋅By
-1 / v0

V0 / kV

14 keV He+

Idipole =  40 A

2
0
1
3
-
0
3
-
2
1
/
a
u
s
w
e
r
t
u
n
g
_
s
w
e
e
p
_
e
f
i
e
l
d

Figure 8.18: Measured charge transported in the flat topQflattop = Imax
BCT ·tflattop as a function of

the normalized Wien ratio Ex ·B−1y /v0. The dipole current is kept constant, while the voltage
pulse amplitude is increased. The Wien ratio is normalized to the velocity of the 14 keV
helium beam and the theoretically derived Wien condition Ex ·B−1y /v0 = 1 is indicated.

For voltage amplitudes of ±0.89 kV and higher, we can observe two separated
beam pulses. In these cases, the magnetic deflection is overcompensated and
the beam is swept back and forth over the aperture, generating two beam
pulses. The higher the electric field is, the more separated the pulses are.
However, the centers of the single-peak and double-peak pulses remain almost
identical. This is consistent with the PIC simulations of the proton beam for
Wien ratios much higher than one (Fig. 5.16, right). The measurement results
are illustrated in Fig. 8.19 using a false color plot of the measured beam pulse
shape as a function of the normalized Wien ratio.

Figure 8.19: Measured beam pulse shapes as a function of the normalized Wien ratio
Ex ·B−1y /v0 while sweeping the deflection voltage. The theoretically derived Wien condition is
shown with a dashed cyan line. As expected, the centers of the single-peak and double-peak
pulses (indicated with a dashed white line) remain almost identical.
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Figure 8.20: Measured beam pulses for different Wien ratios Ex/By. The amplitude of the
HV pulse is increased, while the dipole current is kept constant (part I).
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Figure 8.21: Measured beam pulses for different Wien ratios Ex/By. The amplitude of the
HV pulse is increased, while the dipole current is kept constant (part II).
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As final step of the experimental investigations, we examine whether an in-
creased beam current, and hence an increased space charge, will influence the
shape of the chopped beam pulse.

8.7 Chopping High-Perveance Beams: Increas-
ing the Ion Current

Does the shape of the beam pulse change as the current increases? Are the
longitudinal space-charge forces relevant for the given drift lengths? To an-
swer these questions, the extracted He+ current from the ion source is in-
creased by tuning the plasma parameters, while the beam energy is kept at
14 keV. For each beam current, the Solenoids 1 to 3 are manually readjusted
for maximum transmission in order to compensate for the increased space
charge. The magnetic deflection field of the chopper is held constant, and the
HV pulse amplitude is slightly readjusted. Figure 8.22 shows the experimen-
tal setup and the coil currents of the solenoids.

Figure 8.22: Experimental settings for the beam chopping measurements with increasing
beam currents.

The measured beam pulses for different ion currents are depicted in Fig. 8.23.
Since the pulses are measured using a passive BCT, the dc baseline is manu-
ally restored in order to obtain the correct pulse amplitude. All beam currents
that can be extracted from the ion source with the given extraction voltage are
successfully chopped and transported to the beam dump. Recall that the time
of flight of the beam pulses is much shorter than the typical rise times for
space-charge compensation through residual gas ionization (Sec. 5.3), so we
cannot expect a significant degree of space-charge compensation.

The generalized perveance of the experimentally chopped He+ beams and
of the 120 keV design proton beam are compared in Fig. 8.24. The max-
imum measured He+ pulse amplitude using the given ion source was
Ib = (3.48± 0.02) mA at a beam energy of Wb = 14 keV. For an uncompen-
sated beam, this corresponds to a high generalized perveance of 2.73 · 10−3.
For 120 keV protons the same space-charge effect is reached with a beam cur-
rent of Ib = 174.65 mA, well above the design value of 50 mA. This implies
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Figure 8.23: Chopped beam pulses for increasing helium beam currents at 14 keV en-
ergy. The maximum measured He+ pulse amplitude using the given ion source is
Ib = (3.48± 0.02) mA.

that the chopper system and the transport line are adequately designed for
the high-perveance beams of the future FRANZ facility.

From the beam-dynamics point of view, the main difference between the given
test beam and the future FRANZ beam parameters is the limited beam en-
ergy. However, since all solenoids and the chopper, including the magnetic
dipole and the electric deflection system, are operated well below their maxi-
mum technical capabilities, their field levels can simply be increased to deal
with the higher beam rigidity of the future FRANZ beam.

It remains to be seen whether the pulse shape is influenced by the increas-
ing beam amplitude and space-charge forces. For this purpose, the measured
pulses, shown before in Fig. 8.23, are normalized and replotted in Fig. 8.25
(left). In addition, the FWHM and the flat top length of the pulses are given
as a function of the ion current in Fig. 8.25 (right). Recall that the flat top
length was defined as the time difference between the 98 % values.

The measured pulse shapes and the beam transport are remarkably stable
in the investigated current range. The FWHM varies between (370± 10) and
(390± 10) ns and the flat top length between (85± 10) and (95± 10) ns. The in-
dicated error results from the time resolution of the oscilloscope. No system-
atic increase of the beam pulse length with higher beam current is observ-
able. Since protons with 120 keV energy have a longitudinal velocity nearly
six times higher, we should expect an even smaller effect for that case, which
is consistent with the simulation results presented in Sec. 5.1.2. This implies
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Figure 8.25: Comparison of beam pulse shapes for increasing beam currents. Left Frame:
Normalized beam pulses of Fig. 8.23. Right Frame: FWHM and flat top length as a function
of the beam current. No increase of the pulse length can be observed.

that, for the given drift lengths and generalized perveances, the longitudinal
space-charge forces can be controlled.

In conclusion, helium ion currents of up to 3.5 mA are successfully chopped
and transported. The maximum generalized perveance corresponds to a pro-
ton current of 174.65 mA at 120 keV energy, well above the required FRANZ
design current. The pulse shape remains remarkably stable even for higher
beam currents, which demonstrates that the space-charge forces can be con-
trolled. These experimentally achieved results open the possibility for dedi-
cated investigations of space-charge effects and space-charge compensation in
short pulses.
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Having presented the experimental performance of the E×B chopper, now
the possibility of a massless beam-separation system for a future high-power
proton beam is discussed.



9. High-Power Upgrade Option:
Massless Beam-Separation
System

9.1 Introduction and Requirements
For operation with a high-current, 120 keV proton beam, when the beam
power is sufficiently high to damage the vacuum chamber, a dedicated beam-
separation system is beneficial. It should guide the predeflected beam out of
the transport channel and thus reduce the secondary particle production and
the power deposition on the vacuum chamber. In addition, the deflected beam
could be used to evaluate the ion source functionality or for other experiments.
Due to the high pulse repetition rate of 250 kHz, the separation system cannot
be operated in pulsed mode. Therefore, a static system is needed.

Figure 9.1 shows the concept of the beam-separation system. The system
must increase the deflection angle of the predeflected beam from approxi-
mately 10◦ to nearly 90◦. At the same time, the beam axis has to be shielded
from the deflection field. Similar systems are used for extraction from and
injection into circular accelerators. They are called septa because they sepa-
rate two regions with high and low fields using a material septum [HINTER-
BERGER 1997, 307; MINTY and ZIMMERMANN 2003, 229]. In our case, due
to the relatively high beam power and the high repetition rate, a magnetic
shielding solution without a material septum is preferable in order to avoid
high power deposition at the septum and minimize sputtering effects. Such a
solution is called a massless septum [IWASHITA and NODA 1998; YONEMURA
et al. 2003; WANG et al. 1999].

A system with a compact size and sharp field drop is required. Since no sys-
tem that meets our requirements was available, a novel system was designed.
Four different static beam-separation systems were numerically developed,
optimized and compared [WIESNER 2010]. The most promising system for
our purposes is the so-called Halfpipe Massless Septum presented in the fol-
lowing section.
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Figure 9.1: Concept of the magnetic beam-separation system downstream of the E×B de-
flection system. A high field region is required to inject the predeflected beam into the beam
dump, while the on-axis beam has to be shielded from the deflection field.

9.2 The Halfpipe Massless Septum: Numerical
Field Optimization and Technical Design

The Halfpipe Massless Septum system consists of a C-type dipole and a mag-
netic shielding tube with a slit in the horizontal plane resulting in a halfpipe-
like cross-section. An overview of the optimized geometry used for the field
simulations is shown in Fig. 9.2. The maximum length of the beam-separation
system is limited by the maximum space of 80 cm between Solenoids 2 and 3,
as determined in Sec. 3.5.

Figure 9.2: Overview of the Halfpipe Massless Septum system used for the numerical field
simulations: front view (left) and top view (right).

A standard magnetic steel is used for the dipole, while a material with higher
magnetic permeability (VACOFLUX 50) is chosen for the shielding tube. Fig-
ure 9.3 shows the simulated field in the x-y plane in a cross-sectional view.
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Figure 9.3: Simulated field of the septum magnet in the x-y plane: magnetic flux (left) and
false color plot of the By component (right). In the right panel, all By values higher than
300 mT are shown in red. The beam travels in the longitudinal direction, perpendicular to the
given plane.

On the left, one can see how the magnetic flux is redirected from the dipole
fringing field region into the shielding tube, thus creating a low-field region
inside the tube. On the right, the same effect is shown by a false color plot of
the By component. All By values higher than 300 mT are shown in red. The
low-field region inside the shielding tube is visible in blue.

A critical value is the distance ∆x between the shielding tube and the dipole
yoke. If the distance is too short, the main dipole field will decrease signifi-
cantly. If it is too long, the shielding efficiency will be reduced and the leakage
field will increase. A value of ∆x = 14 mm, as shown in Fig. 9.4, proved to be
the optimum setting for the given parameters.

Figure 9.4: Zoomed-in view of the shielding tube and the dipole gap in the x-y plane. The
dimensions are given in millimeters.

The effect of the shielding tube is illustrated in Fig. 9.5. A false color plot of
the By component in the z-x plane is shown. Now, all By values higher than
10 mT are depicted in red. The top plot is computed without the shielding
tube. One can see the main fields of the chopper dipole and of the septum
dipole in red. Also the iron shieldings of Solenoids 2 and 3 are visible, even
though their coil current is set to zero. For the simulation depicted in the
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Figure 9.5: Simulated false color plot of the magnetic field in the z-x plane without shielding
tube (top) and with shielding tube (bottom). All By values higher than 10 mT are depicted
in red. The shielding tube creates a low-field channel on the beam axis. Note that the iron
shieldings of Solenoid 2 and 3 are visible, even though their coil current is set to zero.

bottom panel of Fig. 9.5, the shielding tube is considered. Consequently, the
beam axis is now shielded from the septum dipole field and a low-field channel
is created on the beam axis.

Based on the presented field optimization, the technical design of the septum
magnet and the coil system is carried out. The main properties regarding the
geometry, coil system and magnetic field are given in Tab. 9.1. The design
is based on the experience of manufacturing the chopper magnet, described
in Sec. 6.1. The maximum operating current of the septum dipole is Idipole =
200 A, yielding a maximum field of 387 mT with the shielding tube. However,
in the standard operation a lower coil current of Idipole = 93 A is sufficient to
produce the required deflection field of 250 mT.

The final geometry of the septum magnet is shown in Fig. 9.6. On the left
side a CAD drawing with the main dimensions is shown. In comparison with
Fig. 9.2, the height and width of the magnet are increased in order to have
an easier coil design and create space for the pole plates that are fixed to the
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Geometric Properties

Yoke Length 150 mm

Length incl. Coils 254.2 mm

Gap Height 45 mm

Coil Properties

Number of Turns N per Coil 48

Max. Coil Current Idipole / A 200

Magnetic Properties

Max. Field B0 (without Shielding Tube) / mT 413

Max. Field B0 (with Shielding Tube) / mT 387

Table 9.1: Main properties of the septum magnet.

magnet’s yoke. The pole plates are exchangeable so that their geometry can
be adapted for different shielding scenarios. Following this design, the dipole
was manufactured by the company Danfysik.

Figure 9.6: Final design of the septum magnet. The left panel shows the CAD drawing of
the dipole used for manufacturing. The right panel shows the back side of the dipole model
used for the numerical field simulations. The additional pole plates for optimized injection
into the beam dump are visible in gray.

For the final design, additional pole plates are required to efficiently inject
the beam into the beam dump. They are fixed to the back side of the septum
magnet. Thus, the deflection field is extended into the region between the
septum and Solenoid 3, where the beam is transported to the beam dump.
The numerical optimization of the shape of the pole plates is described in
[PAYIR 2014]. The final design of the complete septum system as modeled for
the numerical field simulations is shown in Fig. 9.6 (right). The additional
pole plates are indicated.
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Using this geometry, the septum field is computed and the results are depicted
in Fig. 9.7.
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Figure 9.7: Septum field simulated with (blue curves) and without (red curves) the shielding
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component on the beam axis as a function of the longitudinal coordinate z. Note that two
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axis by a factor of more than 100 down to the sub-millitesla level.

The magnetic deflection field with and without the shielding tube is compared.
In the left panel the By component is depicted as a function of the x coordi-
nate. One can see how the fringing field of the septum magnet is effectively
shortened by the shielding tube. The field on the beam axis, evaluated at the
center of the magnet, is reduced from By = −31.55 mT to By = −0.26 mT. Thus,
a much sharper field drop is produced and the impact on the beam that trav-
els along the beam axis (indicated in yellow) is minimized. However, the field
of the homogeneous deflection region remains nearly constant with values of
By = −255.8 mT without the shielding tube and By = −252.8 mT with the tube.

Figure 9.7 (right) shows the By component along the beam axis. Again, the
field simulated with the shielding tube is plotted in blue and the field simu-
lated without the shielding tube in red. Two different ordinate axes are used
since the leakage field with the shielding tube is two orders of magnitude
smaller than the normal fringing field of the dipole. The integral

∫
By dz is

reduced from 7.893 T mm without the shielding tube to 0.081 T mm with the
shielding tube.

9.3 Beam Dynamics in the Septum System
After the numerical optimization of the field configuration, the effect of the
septum field on the performance of the chopper has to be studied. Therefore,
PIC simulations with a 50 mA, 120 keV proton beam are conducted using the
Bender code. The same setup as for the simulation shown in Fig. 5.13 is used,
but now the computed 3D field of the septum system is included.

The result is illustrated in Fig. 9.8. The time evolution of the proton beam
in the z-x plane is shown. The beam behavior considering the septum field
is depicted in blue. For comparison, the proton beam simulated without the
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Figure 9.8: Comparison of the simulated time evolution of the proton beam pulse in the
z-x plane with (blue) and without (red) the magnetic separation system. The electric deflec-
tion plates and the repeller electrodes are depicted in green, and the solenoids in blue. A
normalized Wien ratio of practically one is used for the simulation without the septum field.
With the septum the value is slightly increased to Ex ·B−1y / v0 = 1.004 in order to compensate
for the leakage field.
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septum field is depicted in red. The latter is identical to the simulation shown
in Fig. 5.13. The magnetic field of the chopper dipole is set to B0 = 65.6 mT,
yielding an integrated field of

∫
By dz = 8.433 T mm. Consequently, the beam is

injected into the septum magnet with a deflection angle of 9.7◦. This is visible
in Fig. 9.8 at t = 100 ns. The beam is deflected statically by the magnetic
field of the chopper dipole. The septum field increases the deflection angle to
practically 90◦ and transports the beam out of the beamline to the dump.

During the rise time of the HV pulse, the septum field distributes the beam
losses over a range of more than 30 cm, reducing the power density on the
vacuum chamber. At t = 400 ns and t = 600 ns, the electric field compensates
the deflection of the chopper dipole and the beam is bent to the axis. Due to
the efficient shielding of the beam axis, the beam pulses in both simulations
closely resemble each other. Finally, when the HV pulse starts to decline, the
beam is again exposed to the septum field and transported out of the beamline.

The shape of the resulting beam pulses are compared in Fig. 9.9. The beam
current at the RFQ entrance is shown. The pulse simulated with the septum
field is depicted in blue, the one simulated without the septum field in red and
the difference in green. One can see that the beam-separation system does not
lead to a significant change in the amplitude or shape of the beam pulse.
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change in the amplitude or shape of the beam pulse is observed.

For the simulation without the septum, the levels of the electric and magnetic
deflection fields are matched accurately, as discussed in Sec. 5.1.2. A normal-
ized Wien ratio of practically one is used: Ex · B−1y / v0 = 0.9995 ≈ 1. When the
septum field is considered, the remaining leakage field gives an additional
kick to the beam pulse. This kick can be compensated by taking advantage
of the E×B configuration and choosing a higher electric field, i.e., a higher
amplitude of the HV pulse.

This is demonstrated in Fig. 9.10. The simulated position offset of the pro-
ton beam pulse at the RFQ entrance is depicted. The red curve shows the
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position offset for the simulation without the septum field. The green curve
shows the position offset when the septum field is considered. In the central
50 ns region, the offset is shifted due to the leakage field of the septum mag-
net. However, after slightly increasing the HV pulse amplitude by 0.4 %, this
behavior can be compensated. The simulation result using the corrected Wien
ratio of Ex ·B−1y / v0 = 1.004 is depicted by a dashed blue line. One can observe
that the initial position offset is practically restored.
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Figure 9.10: Simulated position offset x(t) of the proton beam pulse at the RFQ entrance.
Simulations without the septum field (red), with the septum field at the same Wien ratio
(green) and with the septum field at a slightly increased Wien ratio (blue) are shown. By in-
creasing the Wien ratio, i.e., the electric field, the leakage field of the septum is compensated.

Next, we compare the phase-space distribution of the beam pulses. The dis-
tributions of the 50 ns flat top in the x-x′ plane are shown in Fig. 9.11.

Figure 9.11: Phase-space distributions of the 50 ns pulse flat top behind the chopper in the
x-x′ plane, simulated with (blue) and without (red) the beam-separation system. No signifi-
cant emittance growth is caused by the septum leakage field.
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The distribution depicted in red is computed without the septum field and the
blue distribution is computed with the septum field. One can observe that
the latter is slightly shifted to higher angles due to the septum leakage field.
Apart from this, both distributions are very similar. When comparing the
distributions, both the rms emittance and the kurtosis remain remarkably
unchanged, with deviations of 0.03 % and 0.1 %, respectively. Downstream of
the chopper, at the RFQ entrance, the normalized rms emittance of the cen-
tral 50 ns region of the pulse is εxrms, norm = 0.156 mm·mrad without the septum
field and εxrms, norm =0.162 mm·mrad with the septum field, yielding a tolerable
emittance increase of 3.9 % for the beam exposed to the septum field.

Obviously, the emittance is not constant throughout the pulse. For a time-
resolved analysis, the ‘non-central’ rms emittance (Eq. 2.14) is considered.
Figure 9.12 shows the ‘non-central’ rms emittances of the proton pulse down-
stream of the chopper, at the RFQ entrance.
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Figure 9.12: Normalized ‘non-central’ emittance at the RFQ entrance simulated with (blue)
and without (red) the septum field and plotted as a function of time. The beam pulse is sliced
and the values are calculated for the x-x′ plane using Eq. 2.14. The standard normalized rms
emittance for the central 50 ns region is εxrms, norm = 0.156 mm·mrad without the septum field
and εxrms, norm =0.162 mm·mrad with the septum field.

The values are computed for the simulations without and with the septum
field. For the latter, the corrected Wien ratio is used in order to compensate
for the septum leakage field. In comparison, the rise and fall times of the
blue curve have higher ‘non-central’ emittance values due to the septum field.
However, in the inner 50 ns region no significant emittance growth occurs.

In summary, a novel massless beam-separation system was numerically de-
veloped. It efficiently transports the predeflected beam out of the beam-
line while suppressing the dipole leakage field on the beam axis to the sub-
millitesla level, thus causing no significant emittance growth for the relevant
flat top of the proton pulse.



10. Conclusion: Beam Transport
and E×B Chopper for
High-Intensity Applications

In this thesis a novel chopper system using crossed electric and magnetic
fields was numerically designed and experimentally commissioned. It is, to
our knowledge, the first chopper type worldwide that successfully combines a
pulsed electric field with a static magnetic field in a Wien-filter type field con-
figuration. Chopped beam pulses with a 257 kHz repetition rate and rise times
of 110 ns were experimentally achieved. The requirements for the operation in
the future FRANZ facility could be fulfilled. High-perveance, 14 keV helium
beams with generalized perveances of up to K = 2.73 · 10−3, corresponding to
a 175 mA proton beam at 120 keV, were successfully chopped and transported.

Now, the main results of this thesis are summarized with respect to the re-
search questions (RQ) raised in the introductory chapter.

Research Question 1a: Chopper Field Optimization and Beam Dy-
namics

Based on a careful study of the beam dynamics in E×B fields, the electric
and magnetic field configuration was analytically and numerically optimized
in order to assure the quality of the chopped beam. For an analytical esti-
mate, the theory of Wien-filter fields was extended to time-dependent elec-
tric fields and an analytical expression for the so-called Wien focusing was
derived (Chap. 2). Then the geometry of the electric deflection plates was
derived from the beam properties that were previously obtained through the
beam transport simulations (Chaps. 3, 4). Having determined the shape of
the electric field, the magnetic deflection forces were matched to the electric
forces. As the beam dynamics studies showed, it is critical to match the deflec-
tion forces not only globally but also locally. First, the deflection forces were
longitudinally matched on the beam axis by introducing optimized magnetic
shortening tubes and shimming the dipole profile adequately. This way an
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unperturbed beam trajectory through the chopper without horizontal devia-
tions or position offsets can be assured (Chap. 4). Then the deflection forces
were transversely matched by modifying the horizontal dipole contour such
that the Wien focusing effect is equally distributed in both transverse planes
and a given inhomogeneous field distribution is compensated. This way the
beam emittance and the cylindrical symmetry can be preserved (Chap. 4). As
a result, the 50 mA proton beam can be transported through the optimized,
static field configuration without deterioration of the beam quality.

In the next step, the time-dependent kicker field was included in the PIC sim-
ulations in order to study the pulse-shaping behavior and the quality of the
chopped beam (Chap. 5). Using the optimized field configuration, the mea-
sured HV pulse, an optimized aperture geometry and a realistic ion source
distribution as input, a 120 keV, 50 mA proton pulse with 64 ns flat top and
336 ns maximum duration was achieved, thus fulfilling the time requirements
of the FRANZ facility (Chap. 5). Moreover, a detailed analysis of the pulse
properties showed that all pulse fractions outside the central 250 ns have po-
sition offsets larger than 6 mm at the RFQ entrance and thus will not match
into the acceptance of the RFQ. This implies that the total beam pulse length
at the RFQ entrance can be reduced to 250 ns or shorter by transverse colli-
mation. At the same time, the position offsets in both the x and y directions
inside the central 50 ns flat top of the beam pulse were minimized to below
±0.3 mm by adjusting the amplitude of the given HV pulse (Chap. 5). In con-
trast, the few H+

2 and H+
3 ions that are not lost before reaching the RFQ have

very high position offsets. Thus, as desired, no significant H+
2 and H+

3 current
will be injected into the RFQ. For the proton beam, the emittance growth in-
side the relevant pulse flat top can be controlled and reduced to the same level
as in a simple drift. No significant asymmetry nor ion redistribution is caused
by the chopper. In fact, the chopped beam can even benefit from the moderate
focusing properties of the Wien filter.

In summary, the results presented in this thesis show that the beam quality in
the E×B fields can be preserved even for a high-intensity beam by an accurate
global and local matching of the electric and magnetic deflection forces and by
a careful optimization of the chopper geometry.

Research Question 1b: Experimental Performance of the Chopper

The next challenge was to manufacture and install all chopper components in
order to experimentally achieve the required chopping parameters. Based on
the numerically optimized geometry, all chopper components were technically
designed during this thesis (Chap. 6). The components were then manufac-
tured by the IAP workshop or external companies. Field measurements of the
chopper magnet showed that, due to the robust design, the dipole can be op-
erated with more than twice the standard operating current without showing
significant saturation effects. In addition, the simulated 3D field maps were
validated by the measurements (Sec. 6.1). Due to the geometric constraints
inside the dipole gap, the deflection system had to be carefully designed. Af-
ter the deflection system was manufactured, the HV stability of the deflec-
tion plates and the repeller electrodes was demonstrated with static voltages
well above the required values (Sec. 6.2). The HV pulse generator, developed
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mainly by MÜLLER [2010], was successfully installed and operated in situ
during this thesis. Long-term stable HV pulses with amplitudes of ±4.9 kV
and a 257 kHz repetition rate were achieved in situ (Sec. 6.3).

After all components were manufactured, the chopper was successfully com-
missioned using a 14 keV He+ beam (Chap. 8). Repetition rates between
103 kHz and 257 kHz were experimentally achieved, fulfilling the required val-
ues. For different experimental settings, the measured beam pulses have
rise times between (110± 10) ns and (130± 10) ns and flat top lengths of
(85± 10) ns to (120± 10) ns. The FWHM can be varied between (295± 10) ns
and (370± 10) ns and the total pulse length behind the chopper between
(585± 10) ns and (630± 10) ns (Chap. 8). For these measurements a large cir-
cular aperture with a 50 mm radius was used. With a significantly smaller
aperture radius of 20 mm, as required for the final FRANZ beam, the total
pulse length will decrease below 350 ns. In addition, the rise and fall times of
the beam pulse will not match into the acceptance of the RFQ and will get lost,
which leads to a substantially shorter beam pulse. Considering these effects,
the final requirements for the proton beam with a desired flat top length of at
least 50 ns and a maximum pulse length of 350 ns are directly achievable.

Helium beam currents of up to 3.5 mA, limited by the given test ion source,
were successfully chopped and transported. Their generalized perveance cor-
responds to a 174.65 mA, 120 keV proton beam, well above the required FRANZ
design current (Chap. 8). The pulse shape remains remarkably stable even for
increasing beam currents, with no significant change in the flat top length or
in the FWHM.

In conclusion, the chopper was successfully designed, manufactured and ex-
perimentally commissioned (RQ 1b). Therefore, it could be shown that it is
physically possible and technically feasible to develop an E×B chopper sys-
tem with the required parameters (RQ 1).

Research Question 2: Beam Transport

A prerequisite for the successful operation of the chopper is an efficient beam
transport in front of and behind the chopper. Therefore, the transport of the
dc and of the chopped beam was studied numerically and experimentally.

The numerical investigation showed that the solenoid-based LEBT section
can efficiently transport the required high-intensity proton beam (Chap. 3).
The optimized matching scenarios for a 50 mA and for a 150 mA proton current
were determined. The 50 mA dc beam, starting with a realistic ion source dis-
tribution, was efficiently matched into the acceptance of the RFQ (Chap. 3). In
addition, the field distributions of the quadrupole triplets used for transverse
focusing in the MEBT section were investigated and optimized (Chap. 3).

The numerical study of the pulsed beam transport showed that the total
length of the 320 ns, 50 mA proton pulse, simulated using the measured HV
pulse, increases by less than 1 ns when transported 1.5 m from the chopper to
the RFQ (Chap. 5). However, if the beam pulse is too short, the longitudinal
space-charge forces cause a blow-up of the pulse length and a degradation of
the pulse flat top. For example, the flat top length of a proton pulse, simu-
lated using an ideal rectangular HV pulse, decreases from 73 ns behind the
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chopper to 44 ns at the RFQ entrance, while the total pulse length increases
from 101 ns to 109 ns (Chap. 5). Therefore, it proved to be beneficial for the
longitudinal pulse properties to shape a longer beam pulse in the chopper, in-
cluding significant rise and fall times, and transport it to the RFQ, where the
pulse length can then be reduced by transverse collimation.

After the numerical investigations, the complete LEBT line was aligned, in-
stalled and commissioned during this thesis (Chap. 7). For commissioning,
a test ion source was installed and operated with a helium beam at energies
of up to 20 keV. To validate the numerical simulation code and examine the
focusing performance of the solenoid lenses, the phase-space distribution was
measured behind the first solenoid using a slit-grid device. Both the measured
phase-space angle ϕ in the x-x′ plane and the measured kurtosis κ showed
good agreement with the simulated values (Chap. 7).

After installation of the complete LEBT section, a promising transmission of
(82.7± 0.8) % over a length of nearly 3 m was measured for the dc beam, even
though a test ion source was used that was not originally designed for this ap-
plication and thus had significantly higher divergence angles than the future
FRANZ ion source will have (Chap. 7). For the chopped beam practically the
same transmission as for the dc beam was experimentally achieved. The am-
plitude of the beam pulse, measured at the beam current transformer between
the third and fourth solenoid, was equivalent to (95.2± 1.6) % of the maximum
transmitted dc current, measured at the beam dump behind Solenoid 4. To
achieve this, the solenoid focusing strength had to be increased above the dc
value because the space-charge forces increased due to the drastic reduction
of the space-charge compensation in the pulsed beam (Chap. 8).

In conclusion, an efficient beam transport from the ion source into the chop-
per and onwards to the RFQ injection point was numerically shown for the
120 keV, 50 mA proton beam in both dc and chopper mode, while it was experi-
mentally demonstrated for the available high-perveance, 14 keV helium beam,
also in both dc and chopper mode.

Research Question 3: Beam-Separation System

For high-current operation, a dedicated beam-separation system behind the
chopper is recommended to guide the predeflected beam out of the transport
channel and thus reduce the secondary particle production and the power
deposition on the vacuum chamber.

Four different static beam-separation systems were numerically developed
and investigated during this thesis. The most promising system proved to
be a novel system that we call the Halfpipe Massless Septum. It consists
of a C-type dipole and a magnetic shielding tube with a slit in the horizontal
plane resulting in a halfpipe-like cross-section. For the numerically optimized
setup, a main dipole field of By ≈ 250 mT was achieved. This is sufficient to
enhance the deflection angle from 10◦ to 90◦ and to transport the beam out
of the transport channel. At the same time, the leakage field on the beam
axis could be reduced to below 0.3 mT. Due to the efficient shielding of the
beam axis, the normalized rms emittance of the central 50 ns region of the
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pulse only increases by 3.9 % when compared with the simulations without a
septum field.

In conclusion, a novel massless beam-separation system was developed and
numerically optimized such that the predeflected beam is efficiently trans-
ported out of the beamline, while the leakage field causes no significant emit-
tance growth for the on-axis beam pulse. Based on the promising numerical
results, the setup might be a solution for the separation of high-power beams,
where a material septum might cause problems of unwanted beam losses and
secondary particle production. Therefore, this approach should be further
pursued, aiming at an experimental proof-of-principle.

Concluding Remarks and Outlook

In this thesis, a novel 257 kHz chopper device was numerically developed,
technically designed and experimentally commissioned; a 4-solenoid, low-
energy beam transport line was numerically investigated, installed and ex-
perimentally commissioned; and a novel massless beam-separation system
was numerically developed.

Due to the achieved results, the complete LEBT line, including the chopper,
is ready to deliver a dc or a pulsed beam for the future FRANZ facility. At
the same time, the LEBT section represents an attractive test stand for the
study of low-energy ion beams. It combines magnetic lenses, which allow
space-charge compensated beam transport, and a chopper system capable of
producing short beam pulses in the hundred nanosecond range. Since these
beam pulses are transported onwards, their longitudinal and transverse prop-
erties can be analyzed. The pulse duration and time of flight are well below
the rise time for the space-charge compensation through residual gas ioniza-
tion. This opens the possibility for dedicated investigations of the transport of
short, low-energy beam pulses including longitudinal and transverse space-
charge effects and of relevant issues like the dynamics of space-charge com-
pensation and electron effects in short pulses.
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