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Mo*va*on
Free	Electron	Lasers	(FELs),	Energy	Recovery	Linacs	(ERLs)	light	sources,	Plasma-
based	accelerators,	etc.	demand	

• medium/high	average	current:	from	~µA	to	mA	and	higher	

• high	brightness	electron	beams	(HBEBs)	

• ultra-low	normalized	emiBance:	~mm	mrad	and	less		

• high	peak	current:	~kA		

• beam	charge	from	few	pC	to	1	nC	

• Careful	defini7on	and	specific	requirements	for	both	electron	sources	
and	injec7on	systems	

• The	final	beam	quality	is	set	by	the	linac	and	ul7mately	by	its	
injector	and	electron	source	

A	 large	 number	 of	 quasi-“monochroma7c”	 electrons,	 concentrated	 in	 very	 short	
bunches,	with	small	transverse	size	and	divergence,	means	high	par7cle	density	6D	
phase-space		 	 =>	high	brightness



Brightness

1939	von	Borries	and	Ruska	(Nobel	prize	in	Physics	in	1986	for	the	inven7on	of	the	
Electron	Microscope)	 introduced	 the	 so	 called beam	brightness	 (“Richstrahlwert”)	
defined	as:	
!
!
The	smaller	the	spot	the	larger	the	divergence.	
!
The	brightness	defines	 then	the	quality	of	 the	source	and	determines	 the	kind	of	
experiments	
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5D	Brightness
For	FEL	applica7ons	the	5D	brightness	is	o`en	used	to	compare	electron	sources	
!
!
!
and	it	is	the	rela7vis7c	analogue	of	the	microscopic	brightness.
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6D	Beam	Brightness

where	V6D	is	the	volume	occupied	by	the	beam	in	the	6D	phase	space	(x,	px,	y,	
py,	z,	pz)	
!
!
which	is	propor7onal	to	the	product	of	the	three	normalized	emiBances

The	meaningful	figure	of	merit	used	 to	describe	electron	 sources	 should	be	
the	6D	beam	brightness	defined	as
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Liouville	Theorem
The	6D	phase	space	of	non-interac7ng	par7cles	in	a	conserva7ve	dynamical	system	
is	invariant	->	Liouville	theorem	
!
As	 long	 as	 the	 par7cle	 dynamics	 in	 the	 beamline	 elements	 (transport	 op7cs,	
accelera7ng	 sec7ons)	 can	 be	 described	 by	 Hamiltonian	 func7ons	 (no	 binary	
collisions,	 stochas7c	 processes,	 etc.),	 the	 phase	 space	 density	 will	 stay	 constant	
throughout	the	accelerator.	
!
The	6D	brightness	of	a	beam	is	determined	by	the	source	and	cannot	be	improved,	
but	only	spoiled	along	the	downstream	accelerator.

The	brightness	generated	at	the	electron	source	represents	the	ul6mate	value	
!

Possible	sources	of	rms	emiFance	growth	
Non-linear	space	charge	forces	

Non	linear	forces	from	electromagne7c	components	
Synchrotron	radia7on	emission	(in	magne7c	compressors)



Brightness	Quantum	Limit
Due	 to	 the	 Pauli	 exclusion	 principle,	 there	 is	 a	 maximum	 brightness	 theore6cally	
achievable	by	an	electron	beam,	as	the	6D	phase	space	density	is	fundamentally	limited,	
with	one	electron	spin	up-down	pair	in	each	elementary	quantum	h3	unit	of	phase	space	
volume,	as	set	by	Heisenberg	uncertainty	principle
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The	degeneracy	parameter		 	 	 	represents	the	number	of	par7cles	per	elementary	volume	
of	the	phase	space
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Brightness	Quantum	Limit

The	degeneracy	factor	inside	a	metal	is	~1.	
!
How	do	we	lose	10-11	orders	of	magnitude	then?

O. J. Luiten et al., Ultracold electron sources, 
Proc. of the 46th Workshop of the INFN 

Eloisatron Project, Erice 2005 

Electron	emission	mechanism	and	Coulomb	interac7on
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Injectors:	a	bit	of	history

The	need	 for	 fast	and	precise	control	of	 the	electron	pulse	 shape	 for	beBer	beam	
quality	led	to	the	replacement	of	thermionic	gun	with	photocathode	RF	guns	because	
of	the	 impressive	reduc7on	 in	transverse	emiBance	(10	7mes	and	more),	promoted	
by	the	ability	to	shape	drive	laser	pulses	and	rapidly	accelerate	electrons	from	rest	
to	rela6vis6c	energies

Dowell, Rao, An Engineering Guide To Photoinjectors,

Los Alamos, 1985 

1 nC



Elements	of	an	Electron	Injector

Emission	and		
ini6al	accelera6on Beam	manipula6on Accelera6on

• Thermionic	cathode	
• DC	gun	
• NCRF	gun	

• Photo-electric	cathode	
• DC	gun		
• NCRF	gun	
• SCRF	gun	

• Field	emission	cathode	
• Pulse-DC	
• RF

• EmiBance	compensa7on	
• Solenoid	focusing	
• RF	focusing	
• Slice	phase	space	matching	

• Ballis7c	compression	
• …	

• Magne7c	compression	
• RF	harmonic	lineariza7on	

• RF	compression	
• Solenoid	focusing	

• Capture	into	the	booster	
• EmiBance	preserva7on	
• Longitudinal	phase	space	
preserva7on	

• An	electron	injector	is	the	first	part	of	the	accelera7ng	chain	
• The	electron	beam	generated	at	rest	energy	is	accelerated	and	guided	up	to	energies	where	

space	charge	force	effects	are	negligible	and	under	control,	therefore	its	evolu7on	is	not	
space	charge	dominated	anymore	

• Space	charge	forces	scale	inversely	with	the	square	of	the	beam	energy		
• Space	charge	forces	influence	the	beam	dynamics	and	are	one	the	main	performance	limita7ons	

in	high	brightness	electron	injectors
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ini6al	accelera6on Beam	manipula6on Accelera6on

• Thermionic	cathode	
• DC	gun	
• NCRF	gun	

• Photo-electric	cathode	
• DC	gun		
• Normal	Conduc6ng	
RF	gun	

• SCRF	gun	
• Field	emission	cathode	

• Pulse-DC	
• RF
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• …	

• Magne6c	compression	
• RF	harmonic	lineariza7on	

• RF	compression	
• Solenoid	focusing	

• Capture	into	the	booster	
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A	photo-injector	consists	of	a	laser	generated	electron	source	followed	by	an	electron	beam	
op7cal	system	which	preserves	and	matches	the	beam	into	a	high-energy	accelerator	

• Drive	laser	

• To	gate	the	emission	of	electrons	from	the	cathode	

• Photocathode	

• Releases	picosecond	electron	bunches	when	irradiated	with	laser	pulses	

• Electron	Gun	

• Accelerates	electrons	from	the	rest	

• The	high	electric	fields	produced	by	rf	guns	are	necessary	both	to	extract	the	high	
currents	and	to	minimize	the	effects	of	space	charge	on	emiBance	growth	while	the	
bunch	is	accelerated	to	rela7vis7c	energies	where	the	space-charge	forces	vanish	

• Acts	as	strong	defocusing	lens	=>	Solenoid	magnet	

• Accelera6ng	system	

• to	mi7gate	the	space	charge	emiBance	growth

High	Brightness	Photo-injector	Components



Typical	High	Brightness	Photo-injector	Layout

Photo-cathodes	
Metal:	Cu,	Mg,	…	
Semi-conductor:	CsTe,CsKSb,	…

Drive	Lasers	
Ti:Sa,	Nd:YLF…

Electron	beam		
~	6	MeV

!0.8%

!0.6%

!0.4%

!0.2%

0%

0.2%

0.4%

0.6%

0.8%

0% 0.05% 0.1% 0.15% 0.2% 0.25% 0.3% 0.35% 0.4% 0.45% 0.5%

RF%field%

Solenoid%field%

Gun

Solenoid

Master 
Oscillator

RF  
Klystron

Drive LaserRep	rate		
10	Hz

RF	frequencies	
1.3	GHz:	L-band	
2.856	GHz:	S-band	
5.6	GHz:	C-band	
11-	17	GHz	X-band

A	typical	photocathode	RF	system	depicts	a	1½-cell	gun	with	a	cathode	in	the	½	cavity	being	illuminated	by	a	laser	
pulse	train.	At	the	exit	of	the	gun	is	a	solenoid	which	focuses	the	divergent	beam	from	the	gun	and	compensates	for	
space	charge	emiBance.	The	drive	laser	is	mode-locked	to	the	RF	master	oscillator	which	also	provides	the	RF	drive	
to	the	klystron.	



Cathode	physics

• Cathodes	are	a	fundamental	part	of	electron	sources	

• Most	injector	systems	use	photocathodes		

• Excep7on:	SACLA	XFEL	which	uses	a		thermionic	cathode	

• The	ideal	cathode	should	have	low	intrinsic	emiFance,	high	
quantum	efficiency,	long	life-6me,	uniform	emission	and	
should	allow	for	low	energy	spread,	high	current	density	
beams	and	full	control	of	bunch	distribu7on	=>	fast	response	

• Low	charge	regime:	the	ul7mate	brightness	performance	of	the	
linac	is	set	by	the	cathode	intrinsic	emiFance	

• High	repe77on	rates	photon	sources:	high	quantum	efficiency		
photocathodes	are	required



Electron	emission
The	emission	process	determines	the	fundamental	lower	limit	of	the	beam	emiFance,	called	as	
intrinsic	emiFance,	which	depends	on	the	three	emission	mechanisms		

	 1.	thermionic	emission	

	 2.	field	emission	

	 3.	photo-electric	emission	

The	probability	of	a	par7cle	to	occupy	a	given	energy	state	is	described	by	a	proper	sta7s7c.	

Par7cles	which	can	share	the	same	energy	state	follow	the	Maxwell-Boltzmann	(MB)	distribu6on,		

!

while	those	having	only	one	par7cle	per	energy	state	follow	the	Fermi-Dirac	(FD)	distribu6on		

!

!

The	MB	distribu7on	is	used	for	thermionic	emission,	while	field	and	photo-emission	calcula7ons	
use	the	FD	distribu7on,	since	the	excited	electrons	come	from	energy	levels	below	the	Fermi	
level,	i.e.	E<EF

fFD =
1

1 + e(E�EF )/kBT

D.	Dowell,	hHp://uspas.fnal.gov/materials/10MIT/MIT-High-Brightness.shtml

fMB = e�E/kBT



Fields	near	the	cathode	surface
Electric	poten6al	energy

SchoFky	effect	
applied	external	field	
lower	the	barrier

Image	charge
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1.	Thermionic	emission																													
2.	Photo-electric	emission	

Require	 electrons	 with	 energies	 greater	 than	 the	
work	func7on	to	escape	the	barrier

Three	different	emission	processes

Consequence	of	the	SchoBky	effect.	Electrons	tunneling	the	
barrier.	Very	fast	dependence	on	applied	field	=>	DARK	CURRENT3.	Field	emission																											



Photo-electric	Emission

1.	Photon	energy	absorp6on	by	electron		
• The	op7cal	skin	depth	depends	on	

photon	wavelength	(~14	nm	for	UV	
light	on	Cu)		
• reflec7vity	and	absorp7on	as	the	

photons	travel	into	the	cathode	
!

2.	electron	transport	to	the	surface	
• electron-electron	scaBering	
• electron-phonon	scaBering	
• angular	cone	of	escaping	electrons	
!

3.	electron	escape	through	the	barrier	
• 	SchoBky	effect	and	abrupt	change	in	

electron	angle	across	the	metal-
vacuum	interface	

• 	classical	escape	over	the	barrier	due	to	
the	applied	field	

Spicer’s three-step photoemission model

occupied valence states

Direc7on	normal	to	surface

En
er
gy

Optical depth
�
photon

1.	

2.	 3.	

Metal Vacuum

EF

�eff
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Quantum	Efficiency

QE(!) = [1�R(!)]Fe�e(!)
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Combining	the	three	steps	together,	the	quantum	efficiency,	QE,	can	be	expressed	in	terms	
of	the	probabili7es	for	these	processes	to	occur	
1.	absorp6on	of	the	photon	with	energy	
2.	migra6on	including	e-e	scaFering	to	the	surface	
3.	escape	for	electrons	with	kinema6cs	above	the	barrier

~!

D.	H.	Dowell,	F.	K.	King,	R.	E.	Kirby,	and	J.	F.	Schmerge,	PRST	AB	9,	063502	(2006)

Probability	of	a	photon	to	
be	absorbed	by	the	metal	
=>	op6cal	reflec6vity	
!
R(w)	~	40%	for	metals	
R(w)~	10%	for	
semiconductors

Probability	that	an	electron	reaches	the	
surface	without	scaBering	=>	transport	
to	surface	
!
e-e-	scaBering	for	metals	
e-phonon	scaBering	for	semiconductors		
with	another	electron	
!
Fe-e(w)	~	0.2

Probability	 that	 an	 electron	will	 be	 excited	
into	 a	 state	 with	 sufficient	 perpendicular	
momentum	 to	 escape	 	 the	 material	 =>	
escape	over	the	barrier	
!
-	 occupied	 states	 with	 enough	 energy	 to	
escape	~0.04	
-	electrons	with	angle	within	the	max	angle	
for	escape	~0.01	
-	azimuthally	isotropic	emission	~1

QE(Cu)	~	0.6*0.2*0.04*0.01*1	~	5*10-5
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Intrinsic	EmiFance

The	usual	defini7on	of	rms	emiBance	is	

D.	H.	Dowell,	F.	K.	King,	R.	E.	Kirby,	and	J.	F.	Schmerge,	PRST	AB	9,	063502	(2006)
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The	total	energy	 inside	the	cathode	a`er	absorp7on	of	the	photon	is	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ,	 therefore	the	total	
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Space	Charge	Effects
As	 emiBed	par7cles	 come	out	 from	 the	 cathode,	 they	 create	 their	 own	electric	
field	

As	electrons	are	extracted	they	start	to	fill	the	en7re	
region	of	length	d

This	field	in	the	beam	tail	is	opposed	to	the	external	
field,	growing	with	the	extracted	charge	

The	effec6ve	total	poten6al	is	distorted	by	this	field		
• The	 poten7al	 distor7on	 creates	 asymmetries	 in	 the	
electron	beam	 (tails)	 and	 set	 a	maximum	extractable	
current	in	the	steady	state	regime	



Child-Langmuir	Law
The	maximum	current	density	in	an	electron	source	is	typically	given	by	the	Child-Langmuir	law,	
expressing	how	the	steady	state	current	varies	with	both	the	gap	distance	and	the	bias	poten7al	
of	the	parallel	plates:		

!
Assump6ons		

• infinitely	wide	beam	in	the	transverse	dimensions	(1D	approxima7on)	
• the	beam	completely	fills	the	accelera6ng	gap	so	that	a	steady	state	solu7on	can	be	found	
• rela6vis6c	effects	can	be	neglected

BUT

In	state-of-art	photo-injectors		

• the	ini7al	electron	beam	pulse	length	is	always	much	smaller	than	the	accelera6ng	gap	

• the	laser	spot	size	on	the	cathode	tends	to	be	small	(sub-mm)	to	decrease	the	cathode	
emiBance	contribu7on	

The	1D	Child-Langmuir	formula	is	not	valid	anymore

jCL,1D =
4"0
9

r
2e

m

V 3/2
0

d2



Space	Charge	Limit
Let’s	consider	short	bunches	and	introduce	the	aspect	ra6o		

R

�ze
<<1	cigar-like	beams

Only	a	small	part	of	the	beam	
contributes	to	the	space	charge	field	and	
higher	charge	can	be	extracted

>>1	pancake-like	beams
R

�ze

The	maximum	surface	density	is	set	by	
the	cathode	extrac7on	field	

Courtesy	of	P.	Musumeci



Space	Charge	Limit	EmiFance	

"SCL

photo

=

s
Q

bunch

(~! � �
eff

)

4⇡"0mc2E
a

The	SCL	sets	a	minimum	value	for	the	beam	emiBance,	once	the	applied	field	(RF	field)	value	
and	the	requested	charge	are	known.		

For	a	cylindrical	uniformly	filled	beam	with	radius	R,	the	rms	size	is	

�
x

=
R

2
=

r
Q

bunch

4⇡"0Ea

"SCL

photo

= ���
x

�
x

0Subs7tu7ng	the	normalized	divergence	for	photo-electric	emission,						,	the	normalized	
cathode	emiBance	results	in	the	SCL	photoelectric	emiBance



RF	Gun

These	are	the	transverse	magne6c	(TM)	modes.		
The	TMmnp	designa7on	denotes	the	mode	is	transverse	magne7c	since	Bz	=	0	

dU

dt
= q~v · ~E

The	longitudinal	electric	field	for	a	pill	box	cavity	is

Emnp
z (r, z) = E0Jm(kmnr) cos(m✓) cos

✓
2p⇡z

�

◆
ei!

z
c

Consider	the	pi-mode	for	a	one	and	a	half	cell	gun,	therefore	m=0,	n=0,	p=1,	then	the	gun	field

Ez = E0 cos(kz) sin(!t+ �0) , k =

!

c

Since	we	wish	to	accelerate	electrons,	the	relevant	modes	are	those	with	 large	 longitudinal	electric	
fields,	Ez

m	mode	number:	azimuth	angle,	θ-dependence	or	 rotational	
symmetry	of	the	fields	=>	m	=	0	for	all	RF	guns,	since	a	beam	
with	rotational	symmetry	is	desired		
n	mode	number:	radial	dependence	of	the	field	
p	mode	number:	longitudinal	mode	of	cavity	=>	RF	emiBance	
The	full	cell	length	for	most	RF	guns	is	λ/2	and	p	=	1.	



RF	Gun

First	order	approxima7on	from	Maxwell	equa7ons	solu7on	for	fundamental	accelera7ng	mode	in	
a	pillbox	cavity.		

Maxwell’s	equa7on	connect	the	momentum	kicks	of	the	radial	electric	field	to	the	z-	and	t-	
deriva6ve	of	the	longitudinal	electric	field:

= �r

2

@

@z
Ez

=
r

2c

@

@t
Ez

Fr = e(Er � �cB✓)
Radial	force



Op6cal	proper6es	of	the	gun	RF	field
The	radial	momentum	kick	is	

�pr = e

Z
Er

dz

�c
= �e

2

Z
r

�c

@Ez

@z
dz

If	we	assume	that	the	RF	field	is	a	constant	step	func7on	in	over	the	gun	length,	and	integrate	
the	force	impulse	over	the	posi7on	at	the	exit	iris,	the	change	in	radial	momentum	is	obtained	

�pr = � eE0

mc2
r sin� � = !t+ �0 � kzzf(                          )

Moving	from	cylindrical	to	cartesian	coordinates	we	obtain	the	change	in	transverse	momentum	
at	the	exit	of	the	iris	in	terms	of	a	kick	angle

�p

x

= ��x

0 = � eE0

2mc

2
x sin� x

0 = � eE0

2��mc

2
x sin�

If	we	define	the	angular	kick	the	beam	gets	at	the	iris	exit	in	terms	of	the	RF	gun	focal	length

fRF = � 2��mc2

eE0 sin�

� = 30degE0 = 110 MV/m , Egun = 5 MeV

The	beam	out	of	the	gun	
require	a	focusing	force

fRF u �18 cm
In	numbers:	

x

0 =
x

fRF



Linear	and	non-linear	RF	emiFance
Phase	dependent	focal	strength:	electrons	at	various	longitudinal	posi7ons	along	the	bunch	
length,	arriving	at	different	phases	at	the	gun	exit,	experience	different	kicks

0 deg	
red solid: center slice	
blue dash: head slice	
green dash: tail slice 	
90 ̊ phase spaces 	
all lie on the same diagonal 
line 	
The linear (first-order) 
emittance for an exit phase 
of 90 ̊ is zero, as shown by 
the diagonal line.

�
�

= 4deg , 10 ps FWHM

�
x

= 1 mm , E0 = 100 MV/m

"RF

n

=

eE0

2mc2
�2
x

�
�

s

cos

2 �+

�2
�

2

sin

2 �

1st	order	RF	emiQance	linear	in	��

x

0 =
x

fRF
! �x

0 = � d

d�

✓
1

fRF

◆
�x��

�
x

0
=

eE0 cos�

2�mc2
�
x

�
�

"

n

= ��

p
< x

2
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> � < xx

0
>
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x

�

x

0

CorrelaRon	 is	 neglected	 for	
exit	phase	far	from	90	deg



Space	Charge	Effects
Space	charge	forces	influence	the	beam	dynamics	and	are	one	of	the	main	performance	limita7ons	in	high	
brightness	photo-injectors	

Let’s	consider	first	space	charge	forces	in	highly	rela7vis7c	bunches		

• Laboratory	system:	N	rela7vis7c	electrons	uniformly	distributed	in	a	cylinder	with	radius	rb	and	length	Lb	

• Co-moving	par7cle	coordinate	system:	electrons	are	at	rest	and	a	pure	Coulomb	field	inside	the	bunch

Lb

rb

Laboratory	system Co-moving	par6cle	system

L*b	=			Lb�

r*b	=	rb

																																						:	the	approxima7on	of	infinitely	long	cylindrical	charge	distribu7on	
is	valid	and	the	electric	field	has	only	a	radial	component
� � 1 , L⇤

b � Lb

E⇤
r (r) = � Ne

2⇡"0L⇤
b

r

r2b
, r 6 rb

E⇤
r (r) = � Ne

2⇡"0L⇤
b

1

r
, r > rb



Space	Charge	Effects
Transforming	back	to	the	laboratory	frame	the	radial	component	of	the	electric	field	
yields	to	a	radial	electric	field	and	an	azimuthal	magne7c	field

Er(r) = �E⇤
r (r) = � Ne

2⇡"0Lb

r

r2b

B� =
v

c2
Er(r) , r 6 rb

The	force	a	test	electron	inside	the	bunch	experiences	due	to	the	Er	and	Bphi	field	is	
determined	through	the	Lorentz	force

~F = �e( ~E + ~v ⇥ ~B)

Fr(r) =
Ne2

2⇡"0Lb

r

r2b

✓
1� v2

c2

◆
=

Ne2

2⇡"0Lb

r

r2b

1

�2

Fr(r) The	 overall	 force	 points	 outwards	 and	 is	 then	 a	
defocusing	force,	which	vanishes	for			� ! 1



Space	Charge	Dependence	on	Charge	Density	Distribu6on

For	the	cylindrical	electron	bunch	with	constant	charge	density,	this	is	possible	because	
the	total	space	charge	force	depends	linearly	on	the	displacement	r	from	the	axis

Fr(r) =
Ne2

2⇡"0Lb

r

r2b

1

�2

What	happens	in	case	of	a	Gaussian	transverse	density	distribu7on?

Fr(r) =
Ne2

2⇡"0Lbr

h
1� e�

r2

2�2

i 1

�2

The	repulsive	space	charge	forces	remain	an	unavoidable	problem:	is	it	possible	to	
counteract	these	internal	forces	at	least	par7ally	by	applying	an	external	focusing	field?

Q(r)

F(r)
F(r)

Q(r)



• The	beam	wants	to	diverge	for	2	reasons		
• Space	charge		

• The	electron	bunch	coming	off	the	cathode	is	very	dense	
and	wants	to	expand	violently	due	to	the	electrosta7c	
force		

• Divergent	RF	Fields	within	the	RF	gun		
• Any7me	the	electric	field	varies	longitudinally	there	is	a	
radial	field		

• The	solenoid	focuses	the	low	energy	beam	radially	

(Gun)	Compensa6ng	Solenoid



• It	cancels	the	strong	nega7ve	RF	lens	effect	
• it	is	crucial	for	emiFance	compensa6on	by	aligning	the	slices	transversely	along	the	bunch	
to	minimize	the	projected	emiBance	

• Imaging	the	electron	emission	from	the	cathode	to	have	a	good	representa7on	of	the	true	
QE	map

Mul6ple	Role	of	the	Gun	Solenoid

Above:  Laser cathode image of air force mask in laser room. 
Below:  Resulting electron beam.

Above:  Laser cathode image with mask removed showing smooth profile. 
Below:  Resulting electron beam showing hot spot of emission.

Courtesy of William S. Graves



Matching	the	low	energy	beam	to	the	booster	linac

At	or	near	the	waist,	the	slices	are	once	again	lined	up	and	the	emiFance	goes	through	a	minimum

EmiBance	Oscilla7ons	are	
driven	by	space	charge	
differen7al	defocusing	in	core	
and	tails	of	the	beam



Matching	the	low	energy	beam	to	the	booster	linacMatching	the	low	energy	beam	to	the	booster	linac

M. Ferrario et al.,  
“Direct measurement of double emittance minimum in the SPARC high brightness photoinjector”,  
submitted to Physical Review Letters 

charge! 0.5 nC!
pulse length (FWHM)! 5 ps!

rise time! 1.5 ps!
rms spot size! 0.45 mm!

RF phase (ϕ-ϕmax)! +12°!

M.	Ferrario	et	al.,	Direct	Measurement	of	double	emiQance	
minimum	in	the	SPARC	high	brightness	photo-injector	

PRL	99,	234801	(2007)

Experimental	evidence	of	emiBance	oscilla7ons	in	the	dri`	before	the	
booster	has	been	proved	at	the	SPARC_LAB	high	brightness	photo-injector
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booster	has	been	proved	at	the	SPARC_LAB	high	brightness	photo-injector



The	beam	needs	to	be	matched	into	a	high-gradient	booster	to	damp	the	emiBance	
oscilla7ons	
!
Matching	condi6on:	Ferrario's	working	point	(M.	Ferrario	et	al.,	“HOMDYN	study	for	the	
LCLS	RF	photo-injector”,	SLAC-PUB-8400,	LCLS-TN-00-04,	LNF-00/004(P))	
!
RF	focusing	aligns	the	slices	and	accelera6on	damps	the	emiFance	oscilla6ons.

Matching	the	low	energy	beam	to	the	booster	linac

Courtesy of M. Ferrario

z	(m)



...
• To	preserve	brightness,	it	is	desirable	to	accelerate	the	beam	as	
quickly	as	possible,	thus	‘freezing-in’	the	space	charge	forces,	before	
they	can	significantly	dilute	the	phase	space	
• RF	gun		

• Space	charge	can	be	controlled	by	reducing	the	beam	charge	density,	
especially	in	the	cathode	region	where	the	beam	energy	is	low	
• Larger	transverse	beam	sizes	at	the	cathode	to	reduce	the	density,	
but	this	increases	the	cathode	intrinsic	emiBance	

• Space	charge	can	be	also	controlled	by	increasing	the	bunch	length	
• Increase	of	longitudinal	emiBance	

• This	in	turn	necessitates	compression	methods



Magne6c	Compression
Picosecond	electron	bunches	are	produced	in	RF	guns	with	peak	current	less	than	100	A.	Bunch	
compressors	are	used	to	compress	the	bunches	to	tens	of	femtoseconds	to	produce	kA	peak	
current	at	higher	beam	energy.

~	ps,	~102	A
~	10-100	fs	

~	kA		

zf = zi +R56�i
Final	posi6on	of	an	electron

change	in	bunch	length

�zf = �zi +R56��i

h1	is	the	linear	chirp	induced	by	the	cavity	

h1 = �eVRF kRF

E1c
sin'RF

Accelera6ng	voltage

V (t) = VRF cos('RF + kRF z)



Chicane	Compression
A	chicane	consists	of	four	rectangular	dipoles	length	L	with	the	1st	and	2nd	(also	3rd	and	4th)	
separated	by	distance	D.	The	distance	between	2nd	and	3rd	does	not	contribute	to	R56.

Chirped,	uncompressed	bunch Compressed	bunch



RF	Compression:	Velocity	Bunching
Sub-rela7vis7c	electrons	(       <	1)	injected	into	a	traveling	wave	cavity	at	zero	crossing	move	more	
slowly	than	the	RF	wave	(		      ~	1).	The	electron	bunch	slips	back	to	an	accelera7ng	phase	and	
becomes	simultaneously	accelerated	and	compressed.	Rec7linear	trajectories	=>	non	coherent	
synchrotron	radia7on	emission

�c

�RF

- L.	Serafini	and	M.	Ferrario,	Velocity	Bunching	in	Photo-injectors,	Physics	of,	and	Science	with	the	X-Ray	Free-Electron	Laser,	edited.by	S.	
ChaBopadhyay	et	al.	©	2001	American	Ins7tute	of	Physics	

- M.	Ferrario	et	al.,	Experimental	DemonstraRon	of	EmiQance	CompensaRon	with	Velocity	Bunching,	Phys.	Rev.	LeB.	104,	054801	(2010)	



RF	Compression:	Velocity	Bunching
An	energy/phase	correla7on	is	imparted	and	removed	smoothly,	through	phase	slippage	and	
accelera7on,	inside	of	the	RF	linac	sec7on.	

The	beam	has	no	ini6al	phase-energy	correla6on,	injected	at	the	zero-crossing	of	the	wave,	and	
ends	with	maximum	energy	spread	and	minimum	phase	extent

- L.	Serafini	and	M.	Ferrario,	Velocity	Bunching	in	Photo-injectors,	Physics	of,	and	Science	with	the	
X-Ray	Free-Electron	Laser,	edited.by	S.	ChaBopadhyay	et	al.	©	2001	American	Ins7tute	of	Physics

Initial      = 0.994 at 4 MeV�c

Zoom in of the phase space plot for a slow wave

extraction

injection



Velocity	Bunching

• It	has	been	demonstrated	to	be	well	integrated	in	emiFance	compensa6on	
schemes		

• M.	Ferrario	et	al.,	Experimental	DemonstraRon	of	EmiQance	CompensaRon	
with	Velocity	Bunching,	Phys.	Rev.	LeQ.	104,	054801	(2010)	

• Compression	happens	along	rec6linear	trajectories	

• No	Coherent	Synchrotron	Radia6on	which	causes	emiBance	dilu7on	

• Compression	and	accelera7on	take	place	at	the	same	7me	and	within	the	
same	accelera7ng	cavity	

• space	charge	force	mi7ga7on



Virtual	Opera6on	of	a	HB	Photo-injector		
The	SPARC_LAB	experience	



The	SPARC_LAB	Test	Facility

https://www.google.it/maps/@41.8231995,12.6743967,3a,69.7y,130.68h,76.68t/data=!3m6!1e1!3m4!1sYyB35yaBMxJgQ92-wp3oYQ!2e0!7i13312!8i6656?hl=en

Thomson back-scattering beamline 

External injection beamline 

Undulator beamline 

Test bench beamline 

r-PWFA experiments  

2 S-band structures 
1 C-band structure 

THz source 

FLAME laser transport line (Ti:Sa laser, 300 TW, < 30 fs) 

http://www.lnf.infn.it/~chiadron/index.php

Sources for Plasma Accelerators and Radiation Compton with Lasers And Beams

Ti:Sa Laser

S-band  
RF gun

Beam energy         90 – 180 MeV 
Bunch charge         50 – 700 pC 
Rep. rate                      10 Hz 
εn!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!<!2 mm-mrad 
σγ!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!0.05%!'!1%!!
Bunch length    <100 fs –  10 ps    



The	SPARC_LAB	Test	Facility
M. Ferrario et al., SPARC_LAB present and future, NIM B 309, 183–188 (2013)



Electron	Emission

The	 photo-cathode	 laser	 (266	 nm)	
impinges	 on	 the	 copper	 cathode	
and	electrons	start	to	be	extracted

The	extracted	charge	depends	on	the	applied	RF	field	and	the	RF	
gun	phase	
Radial	 expansion	 of	 the	 beam	 indicates	 the	 laser	 pulse	 is	well	
aligned	on	the	cathode,	therefore	the	electron	beam	experience	
a	radial	force



Phase	Scan
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Beam	Injec6on	and	“on	crest”	accelera6on
Tr

an
sv

er
se

 b
ea

m
 s

iz
e 

(m
m

)

Current (A) z (m)
102 40 6 8 12

Envelope evolution along the linac

Experimental data
Simulation

0

0.2

Tr
an

sv
er

se
 b

ea
m

 s
iz

e 
(m

m
)

1.6



On	Crest	EmiFance	Compensa6on
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Quadrupole	scan	emiFance	measurement
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On	Crest	Energy	Measurement

Sub-ps	laser	pulse		
=>	 The	 electron	 beam	 does	 not	 experience	 RF	
non-lineari6es:	linear	longitudinal	phase	space	

few	ps	laser	pulse		
=>	 The	 electron	 beam	 experiences	 RF	 non-
lineari6es:	C-shape	longitudinal	phase	space
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RF	Compression

Longitudinal	 Phase	 Space	 of	 a	 4-bunches	
electron	beam



SASE	FEL	Radia6on

Ti:Sa Laser 

1.6 cell S-band  
RF gun 

3 S-band travelling wave  
sections  

Solenoid coils 

FLAME laser transport line (Ti:Sa laser, 300 TW, < 30 fs) 

Thomson back-scattering beamline 

Undulator beamline 

Test bench beamline 

THz source Electron	beam	 image	on	view	screens	while	 the	gap	 is	closing.	Weak	FEL	 radia7on	already	a`er	
the	third	module.	Measurements	at	the	SPARC_LAB	Test	Facility	(INFN-LNF)

S. Reiche, Simulation Code Genesis 1.3

L.	Giannessi	et	al.,		
PRL	106,	144801	(2011)

FEL spectrum showing a single spike	

(a) experiment

b) GENESIS 1.3 simulation
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