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Mo-va-on
❖ The	quality	of	beams	in	par/cle	accelerators	is	driven	by	applica/ons	

❖ Applied	Science		

❖ Novel	sources	(e.g.	FELs,	THz,	Thomson,	etc…)	for	material	science,	biology,	…	

❖ Fundamental	research	

❖ Par/cle	physics:	Build	mul/-stages	compact	colliders	

❖ The	fron-er	in	modern	accelerator	physics	is	based	on	R&D	for	the	upgrade	of	exis-ng	machines	
and	for	the	path	towards	compact	accelerators	

❖ Despite	the	recent	progresses	in	achieved	accelera-ng	gradient	performances,	plasma-based	
accelerators	have	not	yet	produced	a	beam	quality	really	compe--ve	with	the	exis/ng	RF	par/cle	
accelerators	in	terms	of	beam	brightness,	energy	spread	and	repe--on	rate		

❖ The	main	issue	is	now	on	the	beam	quality		

❖ Accelera/on	of	high	brightness	electron	beams	(HBEB)		

❖ The	development	of	fast	running	simula-ons	codes	and	adequate	beam	and	plasma	
diagnos-cs	tools,	mandatory	for	a	reliable	characteriza/on	of	the	plasma	accelerated	beam	
is	also	challenging



Energy	fron-er	accelerators
Livingston Plot

Courtesy)of)R.)Assmann,)2014)

Updated Livingston Plot

M.#Tigner,#Phys.#Today#(2001)#



Energy	fron-er	accelerators
❖ Prac-cal	limit	reached	

conven/onal	accelerator	
technology		(RF	metallic	
structures)	

❖ Gradient	limited		by	material	
breakdown		

❖ e.g.	X-band	demonstra/on	
around	100	MV/m	

❖ Ultra-high	gradients	require	
structures	to	sustain	high	fields	

❖ Dielectric	structures	(higher	
breakdown	limits):	~1	GV/m	

❖ Plasmas:	~10	GV/m

Satura-on	of	accelerator	technology



Principle	of	plasma	accelera-on
❖ High	gradients	require	high	peak	power		

❖ Laser	driven	

❖ Par/cle	beam	driven		

❖ Cri-cal	developments		

❖ Accelera'on	in	vacuum	and	gases	

❖ Intrinsically	limited	by	diffrac/on,	electron	slippage,	ioniza/on,	
and	smallness	of	laser	wavelength		

❖ Plasma-based	accelera'on	

❖ 	Accelera/on	is	the	result	of	the	axial	field	of	the	plasma	wave	
and	not	the	laser	field	directly



Accelera-on	in	vacuum
In	vacuum,	the	mo/on	of	an	electron	in	a	laser	field

~E(~r, t) = ~Es(~r, t) cos(!t)

is	determined	by	the	Lorentz	force	equa/on,	

Linear	 response	 of	 the	 electron	 to	 the	 electric	 field	E	 of	
the	laser:	it	is	responsible	for		“direct”	laser	accelera-on

Non-linear	 response	 to	 the	 vxB	 force:	 it	 is	
responsible	 for	 	 “ponderomo-ve”	 laser	
accelera-on

Let	consider	an	electron	ini/ally	(t=0)	on	the	beam	axis	of	the	laser	at	z	=	z(0),	moving	in	
the	longitudinal	direc/on	with	velocity	v(0)	=	v(0)z

We	are	 interested	 in	 the	net	 energy	 the	 electron	extracts	 from	 the	 laser	field	 as	 the	
pulse	propagates	indefinitely,	i.e.	no	limit	to	the	interac/on	distance

d~p

dt
= �e

h
~E +

1

c
(~v ⇥ ~B)

i



Accelera-on	in	vacuum
When	a	laser	field	propaga/ng	along	the	z	axis	is	focused	in	vacuum,	the	laser	spot	size	
and	intensity,	assuming	a	fundamental	Gaussian	mode,	evolve	as

The	finite	laser	spot	size	implies	the	existence	of	an	axial	component	of	the	laser	
electric	field	via		

The	amplitude	of	the	axial	field	can	be	very	large	=>	the	axial	field	might	be	directly	used	
for	laser	accelera/on	

However,																				and	near	the	focus	is			

Since																,	electrons	with																			will	phase	slip	with	respect	to	the	accelera-ng	
field	and	decelerate.															
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Lawson-Woodward	Theorem
This	phase	slippage	argument	forms	the	basis	for	the	so-called	Lawson-Woodward	theorem	
which	states	that,	under	certain	condi/ons:	

the	net	energy	gain	of	a	rela1vis1c	electron	interac1ng		with	an	electromagne1c	field	in	
vacuum	is	zero

The	theorem	assumes	that		

(i) the	laser	field	is	in	vacuum	with	no	walls	or	boundaries	present		

(ii) 	the	electron	is	highly	rela/vis/c	(v	≈	c)	along	the	accelera/on	path		

(iii) 		no	sta/c	electric	or	magne/c	fields	are	present		

(iv) 		the	region	of	interac/on	is	infinite		

(v) 		ponderomo/ve	effects	(nonlinear	forces,	e.g.	v	x	B	force)	are	neglected

J.D.	Lawson,	IEEE	Trans.	Nucl.	Sci.	NS-26,	4217,	1979	
P.M.	Woodward,	J.	Inst.	Electr.	Eng.	93,	1554,	1947

Accelera-on	mechanism	must	violate	the	Lawson-Woodward	theorem,	in	order	to	achieve	a	non-
zero	net	energy	gain



Direct	accelera-on

❖ Introduce	op-cs	to	limit	the	laser-electron	interac/on	to	approximately	a	
region	of	length	2ZR	about	the	focus,	such	that	minimal	phase	slippage	
occurs		

❖ this	method	requires	op/cs	placed	near	the	focus		

❖ 	laser	damage	at	high	intensity		

❖ the	electron	bunch	must	pass	through	a	small	aperture	in	the	op/cs,	
which	can	limit	the	amount	of	charge	that	can	be	accelerated



Accelera-on	in	gases
❖ Finite	energy	gains	can	be	achieved		

❖ introduce	a	background	of	gas	into	the	interac/on	region	(e.g.	
inverse	Cherenkov	accelerator	(Kimura	et	al.,	1995))	

❖ the	gas	can	reduce	the	phase	velocity	of	the	laser	field	to	less	
than	c,	reducing	the	slippage		

❖ In	principle,	diffrac/on	can	be	overcome		

❖ op-cal	guiding	self-focusing	in	the	gas			

❖ Nevertheless,	ioniza-on	of	the	gas,	which	occurs	at	a	rela/vely	
low	laser	intensity	1014	W/cm2	(for	λ	about	1μm)	and	increases	
the	phase	velocity,	remains	a	fundamental	limita/on	to	the	
accelera/ng	field	in	gas-filled	devices	



Plasma-based	accelera-on

❖ Fully	ionized	plasma	
❖ Ioniza/on	and	breakdown	are	not	limita/ons	

❖ Preformed	plasma	channels	and	self-focusing	
❖ Diffrac/on	can	be	overcome	

❖ Accelera-on	is	the	result	of	the	axial	field	of	the	plasma	wave	and	not	the	
laser	field	directly	=>	Ponderomo-ve	laser	accelera-on	
❖ The	phase	velocity	of	plasma	wave	is	typically	equal	to	the	group	velocity	of	

the	laser	pulse	(and	is	less	than	c)	
❖ The	plasma	acts	as	a	transformer,	conver/ng	the	transverse	laser	field	into	

the	axial	electric	field	of	the	plasma	wave		
❖ The	accelera-ng	wavelength	is	the	plasma	wavelength,	typically	10-1000	

/mes	larger	than	the	laser	wavelength

Plasma-based	accelerators	can	overcome	many	of	the	fundamental	limita-ons	
that	restrict	laser	accelera/on	in	vacuum	and	gases



Defini-on	of	plasma
❖ A	par/ally	or	completely	ionized	gas,	globally	neutral,	is	a	plasma	if	it	exhibits	a	

collec-ve	behavior		

❖ Coulomb	shielding	

❖ dimensions	>>	Debye	length	

❖ plasma	oscilla-ons		

❖ temporal	response	>>	ωp-1	

❖ Poten/al	energy	(nearest	neighbor)	<<	kine/c	energy			

❖ par/cles	do	not	bind				e2n1/3	<<	kBTe

2
0*

ne
kT

D
ε

λ =



Ponderomo-ve	force
We	want	to	study	the	response	of		a	homogeneous	plasma	to	a	high	frequency	field	
whose		amplitude	is	spa/ally	dependent	

Let	us	consider	a	charge	q	in	an	oscilla-ng	electric	field	with	a	non-uniform	envelope	
(e.g.	a	laser	field,	LWFA)

~E(~r, t) = ~Es(~r, t) cos(!t)

Hypotheses

1.	Slowly	varying	envelope	approxima/on	(SVEA):	 ~Es(~r, t) ⇡ ~Es(~r)

2.	Non	rela/vis/c	equa/on	of	mo/on	

but	not	negligible:	II	order	theory

3.		 Posi/on	of	q					=					“slow”	drij							+					“fast”	oscilla/on

The	 non-linear	 response	 to	 the	 vxB	 force	 is	 responsible	 for	 	 “ponderomo-ve”	 laser	
accelera-on



Ponderomo-ve	force

Any charge escapes from the region of 
greater radiation intensity, like under a 
pressure !

Electrons undergo a greater force than ions 
(force depends on the mass, ... pondus)!

Ponderomotive force per unit volume



Ponderomo-ve	force

Courtesy of L. Gizzi



Cold	wave-breaking
❖ Electron	plasma	wave:	In	the	linear	(a<<1)	3D	regime,	wakefield	genera/on	can	be	

examined	using	the	cold	fluid	equa/ons	
❖ Perturba/on	to	collision-less	neutral	plasma	(equal	number	of	electrons	and	ions)		
❖ Dynamics	governed	by	coupled	Maxwell	and	Vlasov	equa/ons

❖ The	natural	frequency	of	oscilla/on	is	the	plasma	frequency	
❖ The	amplitude	of	plasma	wave	electric	field	is

❖ With																and	large	density	perturba/on		
c
vp

p =β 0nn ≈δ



Limits	to	electron	energy	gain
❖ Laser	pulse	diffrac-on		

❖ Limits	laser-plasma	interac/on	length	to	~	Rayleigh	range	(typically	most	severe)		
❖ Controlled	by	transverse	plasma	density	tailoring	(plasma	channel)	and/or	rela/vis/c	self-

guiding	and	ponderomo/ve	self-channeling	
❖ guiding:	capillary		

❖ Electron	dephasing		
❖ Slippage	between	e-beam	and	plasma	wave	
❖ 																																																						is	the	distance	it	takes	a	trapped	electron	to	outrun	a	

plasma	wave	that	propagates	at	a	sub-luminous	phase	velocity		
❖ Determined	by	plasma	wave	phase	velocity	(approximately	laser	group	velocity)		

❖ Controlled	by	longitudinal	plasma	density	tailoring	(plasma	tapering):		
❖ tapering	density	or	capillary	

❖ Laser	pulse	energy	deple-on		
❖ Rate	of	laser	energy	deposi/on	into	plasma	wave	excita/on	

❖ staging		



Par-cle-driven	PWFA

❖ The	high-gradient	wakefield	is	driven	by	an	intense,	high-energy	charged	par/cle	
beam	as	it	passes	through	the	plasma.		

❖ The	space-charge	of	the	electron	bunch	blows	out	plasma	electrons	which	rush	
back	in	and	overshoot	semng	up	a	plasma	oscilla/on	

First	demonstra-on	of	the	excita/on	of	a	wakefield	by	a	rela/vis/c	beam	in	the	linear	
regime	(beam	density	typically	less	than	the	plasma	density)	(J.	Rosenzweig	et	al.,	Phys.	
Rev.	Le>.	61,	98	(1988)).		
The	 peak	 accelera/on	 gradient	was	 just	 1.6	MeV/m,	 however	 the	 experiment	 clearly	
showed	the	wakefield	persis/ng	for	several	plasma	wavelengths.

Single	bunch	for	par/cle	accelera/on	(∆E/E~1)



Two-bunch	train	PWFA

Bunch train (D+W) for bunch acceleration (∆E/E<<1)

❖ An	intense,	high-energy	charged	par-cle	beam	(driver)	drives	a	high-gradient	wakefield	
as	it	passes	through	the	plasma		
!

❖ The	space-charge	of	the	electron	bunch	blows	out	plasma	electrons	
!

❖ Plasma	electrons	rush	back	in	and	overshoot	semng	up	a	plasma	density	oscilla/on	
!
!

❖ A	second	beam	(witness),	injected	at	the	accelera/ng	phase,	is	then	accelerated	by	the	
wake

! = !p =

s
4⇡n0e2

me

ALaDyn sim., courtesy of A. Marocchino



Limita-on	of	PWFA

Wakefield theorem*"
❖ Symmetric drive bunch current profile in a single-mode 

structure: the maximum accelerating field behind the 
drive bunch cannot exceed 2 times the maximum 
decelerating field amplitude along the drive bunch

❖ PWFA acting as an energy transformer has the great potential to double beam energy in 
a single stage!

❖ The energy transfer from the drive bunch to the plasma is optimized by maximizing the 
transformer ratio

R =
|E+,max

|
|E�,max

|  2

F. Massimo et al., NIM A 740, 242–245 (2014) *V. V. Tsakanov, Nucl. Instrum. Methods Phys. Res., Sect. A 432, 202 (1999)



Enhancing	Transformer	Ra-o

❖ Tailoring longitudinal current profile such that all longitudinal slices lose energy at the 
same rate!

❖ Asymmetric drive bunch current profile, "
i.e. triangular, double triangle, doorstep-like !
distributions, or multiple ramped bunch trains, !
overcome this limit (R.Ruth et al., PA 1985; W. Lu et al.,!
PAC 2009)  

The maximum possible transformer ratio for a bunch with given length and total charge 
corresponds to that charge distribution which causes all particles in the bunch to see the same 

retarding field*

*K. Bane, P. Chen, and P. B. Wilson, SLAC-PUB-3662,1985

❖ By properly tailoring the driver bunch shape, the witness beam energy might be more 
than doubled when 



Enhancing	Transformer	Ra-o

F. Massimo et al., NIM A 740, 242–245 (2014) 

Linear regime:  = 10-4 



Plasma-based	par-cle	accelerators
❖ The	“easiest”	to	

implement	(requires	
“only”	to	tune	the	laser	
and	the	target)	

❖ Difficult	control	over	the	
whole	process

❖ Easier	implementa/on	
than	laser+electrons	(no	
need	for	independent	
synchroniza/on	system	
and	driver	guiding)	

❖ Produced	e-beams	
quality	and	energy	
depends	heavily	on	the	
ability	to	properly	taylor	
the	driver(s)	and	witness	
phase	spaces

❖ In	principle	has	the	best	
poten/ali/es	in	term	of	
e-beam	brightness	and	
energy	

❖ The	hardest	to	
implement	(laser	
guiding,	synchroniza/on	
issues,	...)

Laser	only Electrons	only Laser	and	electronsLaser only 
 
!  Laser Wake Field 

Acceleration (LWFA) with 
self-injection 

!  Heavy particles 
acceleration (protons and 
light ions) by different 
physical mechanisms 
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Goals
❖ Plasma-based	accelera/on	has	already	proved	the	ability	to	reach	ultra-high,	~GV/m,		

accelera-ng	gradients	
❖ J.	Rosenzweig	et	al.,	Phys.	Rev.	Ler.	61,	98	(1988):	First	experimental	demonstra'on	

of	PWFA	
❖ Mangles,	Geddes,	Faure	et	al.,	Nature	431,	(2004):	The	dream	beam		
❖ W.	P.	Leemans,	Nature	Physics	vol.	2,	p.696-699	(2006):	GeV	electron	beams	from	a	

cen'metre-scale	accelerator		
❖ I.	Blumenfeld	et	al.,	Nature	445,	p.	741	(2007):	Doubling	energy	in	a	plasma	wake		
❖ P.	Muggli	et	al,	in	Proc.	of	PAC	2011,	TUOBN3:	Driving	wakefields	with	mul'ple	

bunches		

❖ The	next	step	is	the	extrac/on	and	transport	of	the	beam,	preserving	its	quality,	i.e.	6D	
high	brightness,	stability	and	reliability	to	drive	a	plasma-based	user	facility	(the	
EUPRAXIA	Design	Study	has	been	funded	from	EU)	
❖ Litos,	Nature	515,	92	(2014):	High	efficiency	accelera'on	in	the	driver-trailing	bunches	
❖ S.	Steinke	et	al.,	Nature	000	(2016)	doi:10.1038/nature16525:	Mul'-stage	coupling



Our	strategy

External	injec1on	of	high	brightness	electron	beams	(HBEBs)	in	
either	par/cle-driven	or	laser-driven	plasma	wakefield	

❖ resonant	plasma	wave	excita/on	in	a	capillary	discharge	

❖ Bunch	trains	genera/on	with	the	comb	technique	based	on	RF	
Velocity	Bunching	(VB)	to	increase	the	transformer	ra/o	

❖ laser-driven	wakefield	excita/on	in	a	plasma-filled	guiding	capillary		

❖ Hybrid	compression,	both	VB	and	magne/c	to	deliver	HBEBs	

❖ Synchroniza/on	issue



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    



enrica.chiadroni@lnf.infn.it

FLAME Laser

Max Energy on Target: 5 J

Min Pulse Duration: 23 fs



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



RF	Compression:	Velocity	Bunching
Sub-rela/vis/c	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	accelera/ng	phase	and	
becomes	simultaneously	accelerated	and	compressed.	Rec/linear	trajectories	=>	non	coherent	
synchrotron	radia/on	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.	
Charopadhyay	et	al.	©	2001	American	Ins/tute	of	Physics	

- M.	Ferrario	et	al.,	Experimental	Demonstra'on	of	Emi`ance	Compensa'on	with	Velocity	Bunching,	Phys.	Rev.	Ler.	104,	054801	(2010)	



Mul--bunch	trains

Longitudinal	 Phase	 Space	 of	 a	 4-bunches	
electron	beam

Genera/on	and	manipula/on	of	bunch	trains:	Laser	comb	technique	

P. O. Shea et al., Proc. of 2001 IEEE PAC, Chicago, USA (2001) p.704. 
M. Ferrario. M. Boscolo et al., Int. J. of Mod. Phys. B, 2006 



Coherent	plasma	Oscilla-on	by	Mul-ple	
electron	Bunches

❖ Bunch	spacing	depends	on	the	plasma	density																															

�z = �p

�z0 ⇡ �p

2

�p(µm) ⇡ 3.3 · 104 n�1/2
e (cm�3) = 330 µm @ ne = 1016 cm-3

❖ Mul--bunch	shaping	is	one	of	the	most	promising	candidates		
❖ Increase	in	energy	of	a	trailing	par/cle		
❖ Preserva/on	of	witness	emirance	and	length	
❖ Berer	control	of	the	energy	spread

Driver

Witness

�� = R�



Coherent	plasma	Oscilla-on	by	Mul-ple	
electron	Bunches

❖ Weak	blowout	regime	with	resonant	amplifica/on	of	plasma	wave	by	a	train	of	
HBEBs	injected	into	the	preformed	plasma	(by	electric	discharge)	

❖ 	5GV/m	with	a	train	of	3	bunches,	100	pC/bunch,	20	μm	spot	size,	n0	≈	1016	
cm-3	at	λp	=	300	μm

❖ Ramped	bunch	train	configura/on	to	enhance	transformer	ra/o		
❖ Synchroniza-on	with	an	external	laser	is	not	needed	
❖ Challenge:	crea-on	and	manipula-on	of	driver	bunches	and	matching	all	the	

bunches	with	the	plasma		
❖ High	quality	bunch	preserva/on	during	accelera/on	and	transport

Ez /
✓
N

�z

◆2

NT & GV/m



Quasi-non	linear	regime
❖ Condition for blowout!

❖ Bubble formation w/o wave-breaking, λp is constant!
❖ resonant scheme in blowout!

❖ Linear focusing force -> emittance is preserved !

❖ A measure of non-linearity is the normalized charge!

!

❖ Using low emittance, high brightness beam we have!

!
❖ These conditions define quasi-non-linear regime!

❖  np= 1016cm-3,  QD= 200 pC, σt=180 fs, σx=5.5 um → nb~5np and

nb

np
> 1

Q̃ ⌘
Nbk3p
np

= 4⇡kpreNb

Q̃ < 1
nb

np
> 1

Q̃ ⇡ 0.8

⌧ 1
> 1

linear regime

blowout regime



❖ Plasma-based	accelera1on	provide	ultra-high	gradients		

❖ Plasma-based	accelerators	demand	high	brightness	beams	

❖ Many	poten/al	applica/ons	possible	for	compact	plasma-
based	accelerators,	delivering	ultra-short,	high	peak	current	
electron	beams	(e.g.	FEL,	γ	rays,…)	

❖ S/ll	some	effort	to	guarantee	stability	and	reliability	needs	to	
be	done	

❖ Accelerated	electron	beam	diagnos/cs	is	challenging	

Conclusions


