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Reminder:	electron	sources	

During	the	last	lecture	we	saw:	
•  The	three	effects	used	to	extract	electrons	
from	maGer:	Thermionic,	photoelectric	and	
SchoGky.	

•  How	a	gun	is	built.	
•  The	basic	dynamics	of	the	par$cles	in	the	gun.	
•  Examples	of	electron	guns.	
•  Today	we	will	do	the	same	for	ions.	
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Visite	de	PHIL	et	d’ACO	

•  Visite	de	PHIL:	jeudi	10	novembre	à	17h30	
•  Visite	d’ACO:	jeudi	29	novembre	à	17h30	
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To	do	at	home:	last	year’s	exam		
(for	the	next	lecture)	

1)  What	are	the	3	physical	principles	that	allow	the	
extrac$on	of	electrons	from	maGer	?	(3/20)		

2)  Describe	the	main	elements	(at	least	5)	of	a	photo-
injector.	Explaining	how	the	performances	of	each	of	
these	elements	contribute	to	the	final	performance	of	
the	photo-injector.	(5/20)	

3)  Compare	the	advantages	and	disadvantages	of	
Copper	(Cu	;	W=4.7),	Cesium	(Cs	;	W=2.2)	and	Gold	
(Au	;	W=5.1)	as	cathode	material	in	the	case	of	a	
photoinjector	and	in	the	case	of	a	thermoionic	gun.	
(6/20)	
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Today’s	lecture	

•  Ions	can	be	extracted	rather	easily	from	gas.	
•  We	will	see	how	to	create	the	necessary	
condi$ons	for	this	and	how	to	actually	do	it.	

•  We	will	see	that	depending	on	the	type	of	ions	
different	strategies	have	to	be	used.	

•  We	will	then	look	at	the	diversity	of	ion	
sources	that	exists.	
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Content	

•  Reminder	on	atomic	physics	
•  Reminder	on	plasma	physics	
•  Types	of	ions	sources	
•  Applica$ons	
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Reminder:	atomic	physics	

•  An	atom	is	made	of	a	nucleus	with	
a	cloud	of	electrons	around.	

•  Atomic	physics	studies	the	
dynamic	of	the	electrons	in	this	
cloud.	

•  For	us,	one	of	the	most	important	
ques$on	will	be:	how	to	remove	
(or	add)	the	right	numbers	of	
electrons	to	an	atom	as	efficiently	
as	possible.	
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Electrons	in	atoms	

•  Electrons	around	a	nucleus	occupy	different	
energy	levels.	

•  The	occupancy	of	each	level	is	limited	Pauli’s	
exclusion	principle	combined	with	the	degrees	
of	freedom	for	each	level	(spin,	spin-orbit,…).	
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Electron	quantum	numbers:	
energy	level	(n)	

•  To	sa$sfy	Pauli’s	exclusion	
principle,	there	can	not	be	two	
electrons	around	the	atom	with	
the	same	quantum	numbers.	

•  The	first	of	these	quantum	
number	is	the	energy	level	of	the	
electron.	It	is	wriGen	“n”.	

•  It	is	this	quantum	level	that	will	
normally	define	the	energy	of	the	
electrons.	

•  The	energy	difference	between	
two	levels	will	define	the	
absorp$on	(or	emission)	lines	of	
an	atom.	
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Electron	quantum	numbers:	
Azimuthal	quantum	number	(l)	

•  The	azimuthal	quantum	
number	describes	the	shape	
of	the	orbital.	

•  l=0,	1,…,n-1	
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Electron	quantum	numbers:	
Magne$c	quantum	number	(ml)	

•  The	magne$c	quantum	number	define	on	
which	orbital	the	electron	is	(one	could	say	on	
the	“direc$on”	of	the	orbital).	

•  		
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Electron	orbitals	

Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 12	



Electron	quantum	numbers:	
spin	projec$on	(ms)	

•  Electrons	can	have	two	
different	spins:		
ms=+1/2	or	ms=-1/2	

•  For	each	energy	levels	
there	will	therefore	be	at	
least	space	for	two	
electrons.	
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Electron	quantum	numbers:	
Spin-orbit	coupling	

•  The	combina$on	of	the	spin	and	energy	level	of	
the	electron	in	an	electromagne$c	interac$on	is	
called	“spin-orbit	coupling”.	

•  It	leads	to	a	spliong	of	the	spectral	lines.	
•  The	L	and	S	operators	no	longer	commute	with	
the	Hamiltonian		
=>	other	set	of	quantum	numbers.	
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Electron	quantum	numbers:	
Angular	momenta	numbers	

•  Total	angular	momentum	(j):	
	
•  	Angular	momentum	projec$on	(mj):	
	
	
•  Parity	(P):			
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j = |l ± s|
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mj = ml +ms
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Electron	terms	
•  The	following	nota$on	can	be	used:	

•  S:	total	spin	quantum	number	
•  J:	total	angular	momentum	quantum	number	
•  L:	orbital	quantum	number	(oren	replaced	by	a	
leGer:		
L=0	=>	S	
L=1	=>	P	
L=2	=>	D	
L=3	=>	F	
…	

	
Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 16	

2S+1LJ



Energy	levels:	
detailed	structure	
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First	ioniza$on	energy	

•  The	first	ioniza$on	energy	is	about	5-25	eV.	
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Quizz	
•  What	is	the	difference	
between	the	“First	ioniza$on	
energy”	and	the	work	
func$on	seen	last	week?	
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Answer	

•  Work	func$on	is	a	solid	
state	property	whereas	
ioniza$on	is	a	property	
of	gas.	

•  However	the	values	of	
both	are	close	(about	
5eV).	
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Electron	binding	energy	
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Mul$ply	charged	ions	
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Quizz	
•  In	which	column	of	the	

periodic	table	is	it	easier	
to	ionize?	

•  In	which	one	is	it	harder?	
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Answer	
•  In	which	column	of	the	

periodic	table	is	it	easier	
to	ionize?	
=>	the	first	one.	

•  In	which	one	is	it	harder?	
=>	The	last	one	
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Valence	

•  Only	the	electrons	on	the	
outer	shell	contribute	to	
the	chemical	proper$es	of	
the	elements.	

•  This	is	called	valence.	
•  The	valence	is	the	lower	of	
the	number	of	electron	on	
the	outer	shell	and	the	
number	of	electrons	
needed	to	complete	the	
shell.	
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Vapour	pressure	
•  A	small	frac$on	of	all	elements	is	always	in	the	gaseous	

(vapour)	state.	
•  There	must	be	an	equilibrium	between	the	vapour	state	and	

the	condensed	states.	
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Atomic	processes	in	ions	sources:	
collision	with	electrons	

•  Impact	ioniza$on/capture	

•  Impact	excita$on	
	
	
(con$nuous	spectrum)	

•  Note:	high	cross	sec$on!	
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Collision	with	electrons	
•  The	energy	threshold	for	
ioniza$on	increase	for	
higher	ioniza$on	states.		
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Cross	sec$ons	for	(e,	2e)	(a)	and	(e,	3e)	(b)	and	(e,	4e)	
impact	ioniza$on	(c)	for	Xe	+		(black),	Xe	+	2,	(blue),	
Xe	+	3	(light	blue),	Xe	+	4	(yellow),	Xe	+	5	(orange),	
Xe	+	6	(light	brown),	Xe	+	7	(dark	brown),	Xe	+	8	(light	
grey)	and	Xe	+	9	(dark	grey).	Error	bars	for	cross	
sec$ons	yielding	Xe	+	4,	Xe	+	7	and	Xe	+	9	are	shown. 		
	
Source:	
	J.	Phys.	B:	At.	Mol.	Opt.	Phys.	38	No	10	(28	May	
2005)	L183-L190	
	



Lotz	formula	
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Atomic	processes	in	ions	sources:	
collision	with	photons	

•  Photo-ioniza$on/Radia$ve	recombina$on	
	

•  Excita$on	
	
•  Photo	absorp$on/Bremstrahlung	
	
	

•  Note:	cross	sec$on	lower	by	several	orders	of	
magnitude	wrt	ioniza$on	by	collision.	

Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 31	

AZ+ + h⌫  ! A(Z+1)+ + e

AZ+ + h⌫  ! (AZ+)⇤

AZ+ + h⌫ + e ! AZ+ + e0



Atomic	processes	in	ions	sources:	
charge	exchange	

•  In	the	charge	exchange	process	two	ions	
exchange	an	electrons:		
	
	
	

•  For	this	process	to	take	place	the	right	
condi$ons	need	to	be	meet.	
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Ion	states	equilibrium	

•  All	processes	enter	in	compe$$on!	

•  To	get	the	desired	ions	one	needs	to	find	the	
parameters	that	will	favour	that	specie.	
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Quizz	
•  In	which	of	these	cases	will	photo-ioniza$on	
be	selected	over	impact	ioniza$on?	
(a)	A	very	high	current	is	needed	
(b)	To	ionize	rare	gas	elements	
(c)	A	specific	charge	state	has	to	be	selected	
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Answer	(c)	
•  In	which	of	these	cases	will	photo-ioniza$on	be	selected	

over	collision	ioniza$on?	
(a)	A	very	high	current	is	needed	
=>	Photo-ioniza$on	has	a	lower	yield.	
(b)	To	ionize	rare	gas	elements	
=>	It	will	be	more	difficult	to	ionize	such	atoms	with	both	
methods.	
(c)	A	specific	charge	state	has	to	be	selected	
=>	By	choosing	the	wavelength	one	can	be	more	selec$ve.	
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Surface	ioniza$on	and	desorp$on	

•  If	the	vapor	pressure	is	sufficiently	low	some	
atoms	will	escape	from	a	solid	=>	desorp$on.	

•  In	some	cases	the	atoms	escaping	the	metal	
will	be	charged	ions	(posi$vely	or	nega$vely).	

•  This	process	can	also	take	place	when	ions	are	
first	adsorbed	by	the	metal.	
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Saha-Langmuir	equa$on	(1)	
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ni is the density of atoms in the i-th state of ionization

(with i electrons removed).

gi is the degeneracy of states for the i-ions

✏i is the energy required to remove i electrons

from a neutral atom, creating an i-level ion.

ne is the electron density

⇤ is the thermal de Broglie wavelength of an electron



Saha-Langmuir	equa$on	(2)	

•  Notes:	
-	final	charge	state	depends	on	equilibrium	
values.	
-	several	ionisa$on	states	possible.	
-	importance	of	ioniza$on	energy.	
-	Favours	group	1	elements	(lower	ionisa$on	
energy)	
-	Exists	also	in	a	form	involving	the	work	func$on.	
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Surface	ionisa$on	

	
•  Lower	ionisa$on	energy	leads	to	more	ionised	
emission.	

•  Higher	temperature	may	reduce	ra$o	of	charged	
ions	to	neutral	atoms	(but	increase	in	total	
emission).	
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Element	 E_1	(eV)	 n1/n0	
(T=1000K)	

n1/n0	
(T=1500K)	

n1/n0	
(T=2000K)	

Cs	 3.88	 790	 72	 20	

K	 4.32	 6.3	 2.2	 1.6	

Na	 5.12	 5e-4	 5e-3	 1.6e-2	

Li	 5.40	 2e-5	 6e-4	 3e-3	



Surface	nega$ve	ioniza$on	

•  Principle:	deposit	a	layer	
of	atoms	with	a	high	
electron	affinity.	

•  The	electrons	will	be	
transferred	to	the	atom	
layer.	

•  Force	the	emission	of	the	
atom	layer	which	takes	
away	part	extra	electrons	
at	the	same	$me.	
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Atomic	physics	summary	

•  Atomic	physics	is	a	key	element	of	understanding	
ion	sources.	

•  The	atomic	shell	structure	determines	the	energy	
required	to	remove	(or	add)	electrons	from	(to)	
an	atom.	

•  Several	methods	of	ioniza$on	exist	(impact	
ioniza$on,	photo	ioniza$on,	surface	ioniza$on…).	

•  The	choice	depends	on	the	specie	to	be	ionised	
and	the	charge	state	expected.	
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Quizz	

•  For	an	ion	collider	one	has	the	choice	between	
colliding	ions	A+	or	A-	(A	being	an	unspecified	
atom).	

•  Based	on	the	Saha-Langmuir	equa$on	which	
charge	state	(+1	or	-1)	would	you	recommend	
to	use?	
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Answer	

•  Electrons	further	away	
from	the	nucleus	are	
always	more	loosely	
bound.	

•  The	A-	state	will	therefore	
be	more	difficult	to	
produce	and	more	difficult	
to	transport.	

•  It	is	beGer	to	use	the	A+	
state	(all	other	parameters	
being	equal).	
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Reminder:	plasma	physics	

•  In	most	cases	ion	sources	
will	involve	a	“cold”	
plasma.	

•  Understanding	what	
happens	in	the	plasma	is	
therefore	important.	

•  A	plasma	is	ionized	maGer.	
Eg:	The	SUN.	
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Cold	vs	hot	plasma	

•  A	“hot”	plasma	is	a	plasma	where	almost	all	
atoms	are	ionised.	

•  In	a	“cold”	plasma	only	a	small	frac$on	(~	1%)	
of	the	atoms	are	ionised.	The	temperature	of	
the	electrons	in	a	cold	plasma	can	s$ll	be	
several	thousand	K.			
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Key	elements	of	a	plasma	

•  3	cons$tuents:	
-	charged	ions	(posi$vely	and	nega$vely)	
-	electrons	
-	neutrals	

•  Electric	conduc$vity	
•  Quasineutrality	within	bulk	
•  Sensi$vity	to	electromagne$c	fields	
•  Screening	of	electric	field	(sheath	forma$on)	
•  Collec$ve	phenomena	(plasma	waves,…)		
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Quizz	
•  Typical	value	of	w_pe	are	in	the	GHz	

whereas	w_pi	is	in	the	10s	of	MHz.	
•  What	happens	if	I	excite	my	plasma	

with	an	RF	wave	of	100	MHz?	
(a)  The	ions	will	be	excited	and	not	the	

electrons	
(b)  The	electrons	will	be	excited	and	

not	the	ions	
(c)	Both	the	ions	and	the	electrons	will	
be	excited	
(d)	Neither	the	ions	nor	the	electrons	
will	be	excited.	
	
Do	you	see	an	applica$on	for	this	(based	
on	what	we	discussed	earlier	today)?	
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Answer	(b)	

•  At	100	MHz	the	frequency	is	above	w_pi		
=>	ions	are	not	excited.	

•  The	frequency	is	below	w_pe		
=>	electrons	are	excited.	

•  The	electrons	will	gain	kine$c	energy	and	not	the	
ions.	
=>	There	will	be	collisions	and	this	will	trigger	
impact	ioniza$on.	
=>	This	phenomena	is	used	in	Electron	Cyclotron	
Resonance	(ECR)	sources.	
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Electron	distribu$on:	
Druyvesteyn	distribu$on	

•  The	electron	distribu$on	in	a	plasma	does	not	
follow	Maxwell’s	distribu$on.	

•  It	is	beGer	described	by	Druyvesteyn	
distribu$on.	
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EM	Waves	propaga$on	in	plasma	

•  The	propaga$on	of	an	EM	wave	in	plasma	will	
depend	on	its	frequency.	

•  Some	wave	will	be	cut-off	by	the	plasma	and	
will	not	propagate.	

•  Some	will	be	transmiGed.	
•  Some	wave	with	the	right	frequency	may	even	
resonate	in	the	plasma.	
=>	Cf	plasma	physics	lecture,	
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TYPES	OF	IONS	SOURCES	
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Types	of	ions	sources	

•  Now	that	we	have	seen	the	basic	physics	used	
in	ion	sources	we	will	se	the	different	types	of	
ion	sources.	

•  Most	of	the	following	slides	come	from	
Richard	Scrivens’	lecture	at	the	CAS	in	2012	
but	some	are	taken	from		
other	lectures	at	CAS.	
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Ion	source	conclusion	

•  Accelerators	require	many	different	types	of	
ion	sources.	

•  This	can	be	achieved	by	relying	on	different	
physical	processes.	

•  There	are	different	technical	implementa$on	
to	achieve	these	processes.	
=>	Ion	sources	are	a	very	complex	topic	and	
there	is	s$ll	a	lot	of	R&D	happening.	
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BEAM	TRANSPORT	
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OTHER	APPLICATIONS	

Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 149	



Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 150	



Nicolas	Delerue,	LAL	Orsay	 Ion	sources	 151	



Summary	

•  Ions	for	accelerators	can	be	produced	through	
3	different	phenomenon:	
-	impact	ioniza$on	
-	photo-ioniza$on	
-	charge	exchange	

•  There	is	a	large	variety	of	ion	sources	design,	
suited	to	different	ion	requirements.	
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Diagnos$cs	



What	do	we	want	to	know		
about	the	beam?	

?	
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What	do	you	want	to	know	about	the	
beam?	

•  Intensity	(charge)	(I,Q)	
•  Posi$on	(x,y,z)	
•  Size/shape	(transverse	and	

longitudinal)	

•  EmiGance	(transverse	and	
longitudinal)	

•  Energy	
•  Par$cle	losses	
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Beam	proper$es	measurements	

•  Almost	all	accelerators	accelerate	charged	par*cles		
•  There	are	mainly	2	types	of	beam	diagnos$cs:	
-	Diagnos$cs	that	use	the	interac$on	of	the	beam	with	
maGer	
-	Diagnos$cs	that	use	radia$ons	emiGed	by	the	beam	to	
measure	its	proper$es.	

•  That's	almost	all	what	you	need	to	use	to	build	
diagnos$cs	(together	with	some	clever	tricks).	
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Par$cles	interac$ons	with	maGer	
l High	energy	par$cles	
interact	with	maGer	in	
several	ways.	

l When	a	par$cle	enters	
(nuclear)	maGer,	it	loses	
energy.	

l It	will	scaGer	off	the	nuclei	
that	form	the	nuclear	
maGer.	

l Par$cles	produced	when	
such	scaGering	occur	will	
carry	a	significant	energy	and	
scaGer	themselves.	
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Example:	Electron	shower	
•  The	distance	arer	which	an	

electron	or	a	photon	interacts	is	
called	the	“radia$on	length”	

•  Radia$on	length	vary	from	
material	to	material	and	can	be	
found	in	tables.	

•  X0(Pb)=	0.56cm	
X0(Ta)=	0.41cm	
X0(Cu)=	1.44cm	
X0(Fe)=	1.76cm	
X0(C	graphite)=	19.32cm	
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Par$cle	absorp$on	
l  Par$cles	loose	1/e	of	their	

energy	arer	each	radia$on	
length.	

l  The	reality	is	a	bit	more	complex	
but	sta$s$cally	this	picture	is	
true...	

l  Heavy	par$cles	such	as	protons	
will	loose	some	energy	as	they	
travel	in	maGer	and	suddenly	
stop	when	their	energy		slow	
enough.	
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Faraday	cup	(1)	

•  Let's	send	the	beam	
on	a	piece	of	copper.	

•  What	informa$on	
can	be	measured	
arer	the	beam	has	
hit	the	copper?	
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Faraday	cup	(2)	
•  By	inser$ng	an	ammeter	between	

the	copper	and	the	ground	it	is	
possible	to	measure	the	total	
charge	of	the	beam.	

•  The	total	energy	of	the	beam	
could	also	be	measured	by	using	
the	cup	as	a	calorimeter,	but	
usually	knowing	the	charge	is	
enough	as	most	beam	are	almost	
monochroma$c.	

•  At	high	energy	Faraday	cups	can	
be	large:		
More	than	1m	at	SOLEIL	for	a		
3	GeV	electron	beam.	Image	source:	Pelletron.com	

Nicolas	Delerue,	LAL	Orsay	 161	



Screen	(1)	

•  If	a	thin	screen	is	inserted	in	
the	path	of	the	par$cles,	they	
will	deposit	energy	in	the	
screen.	

•  If	this	screen	contains	
elements	that	emit	light	when	
energy	is	deposited	then	the	
screen	will	emit	light.	

•  Example	of	such	elements;	
Phosphorus,	Gadolinium,	
Cesium,...	

Nicolas	Delerue,	LAL	Orsay	 162	



Screen	(2)	

•  It	is	not	possible	for	the	
operators	to	stay	in	the	
accelerator	while	the	beam	is	
on	so	the	screen	must	be	
monitored	by	a	camera.	

•  To	avoid	damaging	the	camera	
the	screen	is	at		
45	degrees.	

•  On	this	screen	you	can	see	
both	the	posi$on	of	the	beam	
and	its	shape.	

•  Note	the	snow	on	the	image.	
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Wire-scanner	
•  By	inser$ng	a	thin	wire	in	the	

beam	trajectory	(instead	of	a	full	
screen)	it	is	possible	to	sample	
parts	of	the	beam.	

•  By	moving	the	wire	in	the	
transverse	direc$on	one	can	get	
a	profile	of	the	beam.	

•  It	is	possible	to	use	wire	
diameters	of	just	a	few	
micrometres.	
=>	beGer	resolu$on	than	with	
screens	&	less	disrup$ve	

•  However,	a	too	strong	beam	
current	can	lead	to	damages	to	
the	wire	(requiring	replacement	
of	the	wire).	
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Laser-wire	
•  To	mi$gate	the	problem	of	

broken	wires	in	wire-
scanners	it	is	possible	to	
replace	the	wire	by	a	laser.	

•  This	technique	called	“laser-
wire”	also	allow	to	reach	
beGer	resolu$ons.	

•  High	power	lasers	(or	long	
integra$on	$mes)	are	
needed.	
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Longitudinal	proper$es	

•  It	is	not	possible	to	directly	
image	the	longitudinal	
profile	of	a	bunch.	

•  By	giving	longitudinal	
impulsion	to	the	beam		it	is	
possible	to	make	it	rotate	
and	observe	its	longitudinal	
profile.	
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RF	deflector	off	and	on	
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Deflec$on	calcula$ons	

•  The	transverse	quick	given	
by	the	cavity	is	
	
	
	

•  This	leads	to	an	offset	
	
	

•  And	a	resul$ng	beam	size	
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Beam	losses	
•  It	is	important	to	monitor	the	beam	losses	directly:	
•  Small	beam	losses	may	not	be	detected	by	other	

systems	
•  Beam	losses	are	a	source	of	radia$on	and	ac$va$on	
•  Most	beam	losses	indicate	that	there	is	a	problem	

somewhere.	
•  In	some	accelerators	on	op$cal	fibre	is	used	to	track	

the	losses	(by	induced	Cerenkov	light).	
•  Beam	loss	monitoring	is	oren	compulsory	to	minimize	

health	risks.	
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Limita$on	of	these	monitors	

•  Monitors	in	which	the	
maGer	interacts	are	prone	
to	damage.	

•  With	high	energy	high	
intensity	colliders	such	
damages	are	more	likely	to	
occur.	

•  To	the	ler:	hole	punched	by	
a		30	GeV	beam	into	a	
scin$lla$ng	screen.	
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Summary		
(par$cles	interac$on	with	maGer)	

•  We	have	seen	that	it	is	possible	
to	build	monitors	which	use	the	
interac$ons	of	par$cles	with	
maGer.	

•  These	monitors	tend	to	be	
destruc$ve:	they	significantly	
damage/modify		the	beam.	

•  These	monitors	tend	to	be	
simple	but	can	be	damaged	by	
high	energy	and/or	high	
intensity	beams.	

C harge Faraday	cup

Pos ition S creen	

E nergy ???

Losses

Interac tion	
with	matter

S ize	or	shape	
(transv.)

S creen	or	wire-
scanner/LW

S ize	or	shape	
(longit)

R F 	cavity	+	
screen

S cintillator
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Quizz	

•  Which	diagnos$c	would	you	use	to	measure	
the	quantum	efficiency	of	an	RF-gun?	
(a)	A	wire-scanner	
(b)	A	faraday	cup	
(c)	A	screen	
(d)	A	deflec$ng	cavity	
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Answer	(b)	[or	(c)]	

•  The	quantum	efficiency	is	a	measure	of	the	
charge	(with	respect	to	the	laser	energy)	so	
the	most	appropriate	diagnos$c	is	the	Faraday	
cup.	

•  However	for	rela$ve	measurements	a	screen	
can	also	be	used.	
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Charged	par$cle	
•  Any	charged	par$cle	

“radiates”	
•  These	electromagne$c	

radia$ons	can	be	detected	
without	disrup$ng	the	
beam.	

•  One	needs	to	remember	
that	the	beam	travels	at	
high	speed:	the	radia$ons	
will	be	contained	in	a	1/
gamma	cone.	
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Beam	current	monitor	

•  Remember:	as	the	charge	
travelling	in	the	beam	pipe	
is	constant	the	current	
induced	on	the	walls	(of	the	
beam	pipe)	will	be	
independent	of	the	beam	
posi$on.		

•  By	inser$ng	a	ceramic	gap	
and	an	ammeter	the	total	
charge	travelling	in	a	beam	
pipe	can	be	measured.	
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Beam	current	monitor		
vs	Faraday	cup	

•  Both	devices	have	pros	and	
cons.	

•  A	Faraday	cup	destroys	the	
beam	but	it	gives	a	very	
accurate	charge	
measurements	

•  A	Beam	current	monitor	
does	not	affect	the	beam	
but	must	be	calibrated.	

•  Both	tend	to	be	used	but	at	
different	loca$ons	along	
the	accelerator.	
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Beam	posi$on	monitor	
•  If	instead	of	measuring	the	

charge	all	around	the	beam	
pipe,	two	electrodes	are	
posi$oned	at	opposite	
loca$ons,	they	will	be	
sensi$ve	to	the	beam	
posi$on.	

•  Here	the	electrodes	act	as	
antennas.	

•  Such	device	is	called	a	beam	
posi$on	monitor.	

•  Many	flavours	of	BPM	exist.	
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Beam	Posi$on	Monitor	(2)	
•  BPM are one of the most 

common diagnostic at an 
accelerator. 

•  They exist on many different 
configurations. 

•  At synchrotrons it is not 
possible to have electrodes in 
the horizontal plane so the 
electrodes have to be above or 
below the beam. 

•  Although the basic principle is 
simple, very advanced 
electronics are used to get he 
best possible precision. 

•  In typical synchrotrons there is 
a large number of BPMs, about 
1 every 4 meters in the ring!  

Nicolas	Delerue,	LAL	Orsay	
179	 Electrons	

sources	



Synchrotron	radia$on	

•  Synchrotron	radia$on	
carries	informa$on	about	
the	beam	which	emiGed	it.	

•  It	is	commonly	used	to	
study	the	beam	transverse	
profile.	
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Op$cal	Transi$on	Radia$on	
•  When	a	charged	par$cle	

experiences	a	transi$on	
between	two	different	media	
con$nuity	equa$ons	require	
some	EM	signal	to	be	emiGed.	

•  This	radia$on	can	be	observed	
by	using	a	45	degrees	screen.	

•  By	imaging	the	radia$on	
emiGed	from	the	screen	it	is	
possible	to	know	the	beam	
transverse	shape	(and	possibly	
other	things).	

•  As	this	is	a	surface	effect,	very	
thin	(non	disrup$ve)	screens	
can	be	used.		
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Op$cal	Diffrac$on	Radia$on	

•  It	is	also	possible	to	
use	a	screen	to	reflect	
the	wake	created	by	
the	charged	par$cles	
bunch.	

•  This	technique	is	
called	ODR.	

•  It	is	even	less	
disrup$ve	than	OTR.	

Nicolas	Delerue,	LAL	Orsay	 182	
TESHEP	2012	-	Par$cle	accelerators																		

Diagnos$cs	



Nicolas	Delerue,	LAL	Orsay	

Longitudinal	profiles	
•  Longitudinal	profiles	of	short	beams	are	one	

of	the	most	difficult	measurement.	
•  Several	techniques	use	radia$on	induced	by	

the	beam.	
•  In	the	Smith-Purcell	method	a	gra$ng	is	

used.	
•  The	beam	interacts	coherently	with	the	

gra$ng	and	emits	radia$on.	
•  The	intensity	and	wavelength	of	this	

radia$on	depends	on	the	longitudinal	profile	
of	the	beam.		

•  Most	longitudinal	profile	measurement	
techniques	actually	measure	the	
Fourier	transform	of	the	beam		
=>	reconstruc$on	needed!	
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Energy	measurements	
•  To	measure	(or	select)	the	

energy	of	the	par$cles	a	
bending	magnet	is	oren	the	
best	solu$on.	

•  This	can	be	done	in	an	“energy	
chicane”.	
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Diagnos$cs	overview	
InteracIon	with	maMer	 RadiaIon	

Charge	 Faraday	cup	 Beam	current	monitor	

Posi$on	 Screen	 BPM	

Size	or	shape	(transverse)	 Screen	or	wire-scanner	 Synchrotron	radia$on	or	
op$cal	transi$on	radia$on	

Size	or	shape	(longitudinal)	 RF	cavity		+	screen	 Radia$on	detectors		
(eg:	Smith-Purcell)	

Energy	 Bending	magnet	

Losses	 Scin$llator	
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EmiGance	measurement:	
Mul$	screen/wire	method	

•  The emittance is not directly an observable. 
•  The beam size is an observable. 
•  By measuring the beam size at several locations it is 

possible to fit the best emittance. 
•  The beam size can be measured by using screens or wires 

(beam size measurements will be discussed next week 
during the diagnostics lecture). 

2
0 0 0( 2 )s sσ β α γ= ∈ − +

Nicolas	Delerue,	LAL	Orsay	 Electrons	
sources	



187	

Quad	scan	

•  The emittance can also be measured by changing the 
strength of a quadrupole and measuring the location 
at a fixed position. 

•  This modifies the beta function of the beam and once 
again this can be fitted to find the best emittance 
value. 

2
0 0 0( 2 )s sσ β α γ= ∈ − +
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Quad	scan	emiGance	measurement	

Source:	LCLS	Nicolas	Delerue,	LAL	Orsay	 Electrons	sources	



189	

Pepper-pot	(1)	
•  A	grid	of	dense	material	inserted	

in	the	beam	path	will	split	the	
beam	in	several	beamlets.	

•  The	transverse	posi$on	at	which	
these	beamlets	were	created	is	
know	(it	is	the	posi$on	of	the	
grid).	

•  A	measurement	of	the	size	of	
the	beamlets	downstream	gives	
access	to	the	beam	divergence.	

•  The	beam	size	plus	the	beam	
divergence	can	be	combined	to	
give	the	value	of	the	emiGance.	

Pepper-pot	measurement	of	the	
transverse	emiGance	of		

a	van	de	graaff	
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Pepper-pot	(2)	

•  In	the	phase	space,	the	effect	of	pepper-pot	is	shown	above:	
–  The	beam	is	sampled	at	given	x	posi$ons	
–  Arer	the	pepper-pot,	the	beam	drirs	

•  The	measurement	must	be	made	close	enough	so	that	the	beamlets	do	not	
overlap.	

•  The	Pepper-pot	method	is	a	destruc$ve	single-shot	technique	(the	beam	is	
destroyed	arer	the	measurement	but	a	single	pulse	is	enough	to	make	the	
measurement).	

•  It	is	used	a	low	energy,	for	example	for	the	study	of	par$cle	gun	proper$es.	
Nicolas	Delerue,	LAL	Orsay	 Electrons	sources	



Quizz	

•  If	you	want	to	study	the	effect	of	space	charge	
in	your	photo-injector	which	diagnos$c	will	
you	use?	
(a)	Faraday	cup	
(b)	Beam	posi$on	monitor	
(c)	Screen	
(d)	Spectrometer	magnet	
(e)	Pepper-pot	
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Answer	(e)	[or	(c)]	

•  Space	charge	will	affect	the	emiGance	and	the	
size	of	the	beam.	

•  The	most	appropriate	diagnos$c	would	be	a	
pepper-pot	that	accurately	measure	the	
change	in	emiGance	(e).	

•  However	a	screen	located	at	the	correct	
loca$on	would	also	be	suitable	(c).	
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Beam	diagnos$cs	specific		
to	ion	sources		

•  Some	diagnos$cs	are	specific	to	ion	sources.	
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Quizz	

•  How	to	measure	the	charge	of	a	beam?	
(2	answers)	
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Answer	

•  Faraday	cup	(intercep$ng).	
•  Beam	current	monitor	(non	intercep$ng).	
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Profile	measurements	
•  Screens	are	more	difficult	to	use	with	low	energy	
ions	because	they	have	very	liGle	kine$c	energy.	

•  Grids	of	wires	can	be	used	instead.	
•  Gas	fluorescence	monitors	can	also	be	used.	
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Diagnos$cs	summary	
•  The	proper$es	of	a	par$cle	beam	can	be	measured,	
either:	
-	through	its	interac$ons	with	maGer	(destruc$ve	
measurement)	
-	or	by	detec$ng	the	radia$on	measurements	(almost	
non	perturba$ve	measurement)	

•  The	more	accurate	the	measurement	has	to	be	the	
more	precise/expensive	the	measuring	equipment	will	
be.	

•  Diagnos$cs	for	par$cle	accelerators	are	an	ac$ve	
research	area	with	conferences	dedicated	to	the	topic	
every	year.		
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Last	year’s	exam	

4)	Describe	in	detail	one	physical	process	that	
allows	to	ionize	atoms	in	an	ion	source	(2/20).	
5)	Discuss	on	the	rela$ve	difficulty	of	producing	
ions	using	Fluor	(Z=9),	Neon	(Z=10)	and	Sodium	
(Z=11).	The	atomic	configura$on	of	sodium	is	
1s2	2s2	2p6	3s1.	(2/20)	
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Homework	

•  Which	source	is	used	for	the	LHC	on	Linac	2,	
on	Linac	3	and	on	Linac	4?	Why?	

•  Which	source	is	used	at	Synchrotron	SOLEIL?	
(You	will	be	able	to	answer	why	arer	the	
beam	dynamics	courses)	

•  Which	source	will	be	used	at	the	Europeean	
XFEL?	Why?	

The	answers	to	these	quesBons	will	be	assumed	
as	known	for	the	exam.	
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Recommended	readings	
(and	credits	for	some	of	the	material	used	in	this	lecture)	

•  CERN	Accelerator	School	(CAS)	on	Ion	source,	
June	2012:		
hGp://cas.web.cern.ch/cas/Slovakia-2012/Senec-advert.html	
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