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•  Need	to	transport	beam	from	ion	source	to	
accelerator:	
– Only	cyclotrons	can	take	beam	at	extracIon	energy	
(~10	keV).	

– Synchrotrons	need	minimum	energy	(~7	MeV)	to	
match	minimum	revoluIon	frequency	(frequency	
of	RF).	

– Linacs	need	to	deal	with	high	space	charge	before	
acceleraIon.	

•  This	part	of	the	accelerator	is	called	the	
injector.	

InjecIon	



CNAO	Layout	
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protons	

Carbon		
ions	



CNAO	Layout:	Injector	
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•  The	injector	consists	of	several	disInct	parts:	
– The	Ion	Source,	which	creates	the	beam.	
– The	Low	Energy	Beam	Transport	(LEBT)	takes	the	
beam	from	the	ion	source	to	the	first	acceleraIng	
structure.	

– The	RadioFrequency	Quadrupole	(RFQ)	is	the	first	
acceleraIng	stage	that	increases	the	energy	whilst	
maintaining	strong	focussing.	

– The	Linear	Accelerator	(Linac)	provides	greater	
acceleraIon	with	less	focussing.	

Injector	Components	
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CNAO	Injector	
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CNAO	Injector	
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CNAO	Injector	

IH-DTL	

RFQ	

LEBT	
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•  Emicance	must	be	preserved:	
–  Easy	to	make	it	worse.	
–  Very	hard	to	make	it	becer	without	losing	beam.	

•  Treatment	current	is	~1	nA:	
–  For	cyclotron,	this	is	the	Con@nuous	Wave	(CW)	extracted	
current.	

–  Synchrotron	current	is	>1	mA,	with	slow	extracIon	to	
achieve	treatment	current.	

•  For	synchrotron	injector,	at	low	energies	we	have	to	
deal	with	space	charge:	natural	Coulomb	repulsion	in	
beam	leads	to	emicance	blow-up.	

•  Therefore:	focus	hard,	accelerate	fast,	transport	
carefully	and	measure	as	you	go…	

Beam	Transport	Requirements	



1st	Rule	of	LEBT	Design:	
Don’t	f***	up	the	emicance…	
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2nd	Rule	of	LEBT	Design:	
Don’t	f***	up	the	emicance…	
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3rd	Rule	of	LEBT	Design:	
Get	the	beam	to	the	right	
energy	for	synchrotron	

injecIon…	before	you	f***	up	
the	emicance…	
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4th	Rule	of	LEBT	Design:	
If	you	f***	up	the	emicance,	

work	out	why…	
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MedAustron	Injector	

IH-DTL	Linac	MEBT	 RFQ	 LEBT	
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MedAustron	Injector	

IH-DTL	Linac	MEBT	 RFQ	 LEBT	

7	MeV	7	MeV	 400	keV	 8	keV	 8	keV	
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MedAustron	LEBT	
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MedAustron	LEBT:	Magnets	
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MedAustron	LEBT:	Magnets	
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•  IniIal	switching	dipole	brings	mulIple	beams	
onto	single	injector	beam	axis.	

•  X	&	Y	correctors	at	regular	intervals	to	steer	slow	
beam	through	LEBT.	

•  Quadrupole	triplets	give	beam	transverse	
focussing:	
–  Single	quadrupole	only	focuses	in	1	plane.	
– Quadrupole	pair	(FODO)	focuses	in	both	planes	but	
beam	profile	asymmetric.	

– Quadrupole	triplet	(MedAustron	FDF)	gives	
symmetric	beam	profile.	

MagneIc	Elements	
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MedAustron	LEBT:	DiagnosIcs	
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MedAustron	LEBT:	DiagnosIcs	
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•  Many	diagnosIcs	used	in	LEBT	to	measure	
beam	posiIon,	current,	profiles	and	emicance:	

•  Non-destrucIve:	
– Beam	posiIon	monitor	(BPM):	posiIon.	
– Wire	scanner:	profile	(only	slightly	destrucIve…).	
– Toroid	(current	transformer):	current.	

•  DestrucIve:	
– Slit-slit	scanner:	emicance.	
– Faraday	cup:	charge.	
– Harp	monitor:	profile.	

LEBT	DiagnosIcs	
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MedAustron	LEBT:	Kicker	
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MedAustron	LEBT:	Kicker	
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•  All	the	magneIc	elements	in	the	beamline	
relaIvely	slow:		
–  Iron	takes	Ime	to	change	field.	
–  SuperconducIng	magnets	even	slower.	

•  Need	a	fast	element	to	rapidly	redirect	beam:	
–  Kickers	normally	electrostaIc.	
– High	voltage	applied	to	parallel	plates	gives	rapid	
deflecIon.	

•  Kickers	much	higher	voltage	than	magnets	and	
less	stable,	so	only	used	in	these	special	
circumstances.	

Kickers	
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MedAustron	LEBT:	Solenoids	
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MedAustron	LEBT:	Solenoids	
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•  For	injecIon	into	RFQ,	beam	needs	to	be	focussed	
symmetrically.	

•  At	low	energies	solenoids	are	used:	
–  In	solenoid	field,	radial	moIon	leads	to	azimuthal	
acceleraIon.	

–  ParIcles	then	spiral	round	magneIc	field	back	towards	
beam	axis.	

•  At	high	beam	currents	(CERN	Linac-4:	60	mA	peak)	LEBT	
contains	only	solenoids	to	combat	enormous	space	
charge.	

•  Need	to	be	used	carefully:		
–  Overfocussing	causes	tails	on	emicance	distribuIon.	
–  These	tails	lead	to	emicance	growth:	must	be	avoided!	

Solenoids	
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Single	Solenoid	Focussing	
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FETS	3-Solenoid	LEBT	

Beam	

Beam	

Solenoids	

Vacuum	
Pump	
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FETS	3-Solenoid	LEBT	
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•  At	low	energies,	two	requirements	compete	
for	space:	
– To	combat	space	charge	and	prevent	emicance	
growth,	need	lots	of	transverse	focussing.	

– To	reduce	space	charge,	accelerate	quickly.	
•  These	two	both	need	the	same	space!	
•  Use	an	accelerator	that	combines	conInuous	
transverse	focussing	with	capture	and	
acceleraIon:	the	RadioFrequency	Quadrupole	
(RFQ).	

Low	Energy	AcceleraIon	



RadioFrequency	Quadrupoles	
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RFQ’s	accelerate,	bunch	AND	focus	all	at	once!	

4-rod	RFQ	

2	types:	4-rod	
and	4-vane	

4-vane	RFQ	
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RFQ	E-	and	B-Fields	

4-vane	RFQ	
structure	
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RFQ	E-	and	B-Fields	

4-vane	RFQ	
structure	

MagneIc	
Fields	
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RFQ	E-	and	B-Fields	

4-vane	RFQ	
structure	

MagneIc	
Fields	

Surface	
Currents	
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RFQ	E-	and	B-Fields	

4-vane	RFQ	
structure	

MagneIc	
Fields	

Surface	
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Electric	
PolariIes	

–
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RFQ	Vane	Tip	Fields	
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RFQ	Transverse	Focussing	
40	
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•  RF	field	causes	posiIve/negaIve	charges	on	
pairs	of	vanes.	

•  Since	field	varies	with	Ime,	alternate	
focussing/defocussing	mimics	FODO.	

06/06/17	

Standard	Quad	

RFQ	E-field	

RFQ	vane	Ips	
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RFQ	Transverse	Focussing	
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•  RFQ	vane	Ips	modulated	longitudinally.	
•  Curved	field	lines	produce	longitudinal	field:	
acceleraIon	and	bunching.	

RFQ	AcceleraIon/Bunching	

Single	vane	

βλ = distance moved by particle in one oscillation 

+ 

- 

Alternate	modulaIon	
gives	acceleraIon	



RFQ	Field	Lines	
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•  On-axis	field	gives	longitudinal	force	from	curved	
vanes,	plus	Ime-varying.	

•  VerIcal	vanes	iniIally	posiIvely	charged,	horizontal	
vanes	negaIvely	charged.	

•  Bunch	feels	acceleraIng	force	from	curved	field	lines.	

06/06/17	

PosiIve	vane	

PosiIve	vane	

NegaIve		
Vane	Ips	

PosiIve	bunch	

Lines	of	Force	

Field	lines	
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•  Arer	a	quarter	RF	period,	RF	field	drops	to	zero.	
•  Bunch	feels	no	acceleraIng	force.	

06/06/17	

VerIcal	vane	

VerIcal	vane	

Horizontal		
Vane	Ips	

PosiIve	bunch	

Lines	of	Force	

Field	lines	
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•  Arer	a	half	RF	period,	RF	reaches	maximum	again	
but	sign	is	reversed.	

•  VerIcal	vanes	now	negaIvely	charged,	horizontal	
vanes	posiIvely	charged.	

•  Bunch	feels	acceleraIng	force	from	curved	field	
lines	again.	

06/06/17	

NegaIve	vane	

NegaIve	vane	

PosiIve		
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Lines	of	Force	

Field	lines	



RFQ	Field	Lines	
46	

Simon	Jolly	—	LEBT	&	RFQ	

•  Arer	three-quarters	of	an	RF	period,	RF	field	
drops	to	zero	again.	

•  Bunch	feels	no	acceleraIng	force.	

06/06/17	

VerIcal	vane	
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•  Arer	a	full	RF	period,	RF	reaches	maximum	again	
but	sign	of	field	reverts	to	original	direcIon.	

•  VerIcal	vanes	again	posiIvely	charged,	
horizontal	vanes	negaIvely	charged.	

•  Bunch	feels	acceleraIng	force	from	curved	field	
lines	again.	

06/06/17	
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•  And	so	we	conInue…	

06/06/17	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	

06/06/17	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	
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•  And	so	we	conInue…	
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•  And	that’s	how	an	RFQ	accelerates	the	beam!	

06/06/17	
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•  An	RFQ	has	4	longitudinal	secIons:	
– The	Radial	Matcher	takes	the	beam	from	the	
solenoid	and	introduces	it	slowly	to	the	varying	RF	
field	between	the	vanes.	

– The	Shaper	forms	bunches	from	the	conInuous	
beam	by	“shaping”	the	longitudinal	emicance.	

– The	Gentle	Buncher	squeezes	the	bunches	gently	
to	allow	RF	capture	and	starts	the	process	of	
acceleraIon	by	shiring	the	phase.	

– The	Accelerator	takes	the	fully	captured	beam	and	
accelerates	it	to	the	output	energy.	

Longitudinal	RFQ	SecIons	
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FETS	4	m	RFQ	Bunch:	Z-Y	
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FETS	4	m	RFQ	Bunch:	Z-E	
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•  For	medical	synchrotron	injectors,	RFQ	
accelerates	parIcles	up	to	400	keV	per	
nucleon.	

•  Need	to	inject	into	ring	at	7	MeV/u.	
•  RFQ	great	at	low	energy	but	acceleraIon	
inefficient.	

•  Switch	to	“normal”	linear	acceleraIon	once	
space	charge	no	longer	dominant	and	beam	
bunched.	

From	LEBT	to	MEBT	
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•  Older	medical	synchrotrons	(including	
MD	Anderson/Hitachi	ring)	used	standard	Drir	
Tube	Linac	(DTL)	—	see	Javier’s	talk.	

•  Most	modern	linacs	use	“H-mode”	structures:	
–  IH	“interdigital”	structures	(using	4-rod	mode).	
– CH	“crossbar”	structures	(using	4-vane	mode).	

•  “H-mode”	comes	from	using	magneIc	field	to	
drive	surface	currents	that	give	acceleraIon.	

H-Mode	Linear	Accelerators	
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field calculations with MAFIA [16, 17]. In the latter case additional investigations of RF models were

very helpful. Several aspects and details of IH-RFQs and of IH- and CH-DTLs are discussed.

Fig. 1: H-type structure family

2. ANALYTICAL APPROACH TOWARDS H-TYPE CAVITIES

As E-modes by definition provide a dominant E-field component parallel to the beam axis, most ac-

celerator cavities are related to that mode family. At beam velocities ����0.5, however, H-mode cavi-

ties as shown in Fig. 1 provide excellent capabilities for ion acceleration. In RFQs the transverse elec-

tric quadrupole field components dominate, therefore the choice of H-modes is natural. For H-DTLs a

number of developments were necessary to reach the present state of the art in terms of efficiency, ion

current, beam quality, and reliability. Some effort is necessary to compute the characteristic parame-

ters of H-structures. For the IH-DTL [18, 19] as well as for the four-vane RFQ [20] lumped circuit-

based models were derived beforehand.

In this Section, a simplified model of the electromagnetic field distribution in H-cavities is de-

scribed [14]. This allows the deduction of formulas for the estimation of all geometric and RF pa-

rameters. Optimization concepts can be deduced from these equations. Final cavity layouts, however,

should be based on RF model measurements and on numerical field calculations with three-

dimensional codes like MAFIA.

2.1 Field distribution

H-type accelerator structures are characterized by a very high capacitive load when compared with the

corresponding mode in an empty cylindrical cavity. For example, the 202 MHz cavity shown in Fig.�2

has an averaged cavity diameter of 335 mm and length of 1.42 m. The H1,1,1-mode of the correspond-

ing empty cylinder has a resonance frequency of 535.3 MHz! The situation is quite different for Alva-

rez cavities (E010-mode), where the resonance frequency of the empty cylinder is only reduced by
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