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Discover	New	Physics	

Accelerate	parJcles	to	
even	higher	energies		

à	Bigger	
accelerators:	circular	
colliders	

Future	Circular	Collider:	
FCC	
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Limita,ons	of	conven,onal	circular	accelerators:	
	
•  For	hadron	colliders,	the	limitaJon	is	magnet	

strength.	AmbiJous	plans	like	the	FCC	call	for	16	T	
magnets	in	a	100	km	tunnel	to	reach	100	TeV	
proton-proton	collision	energy.	

	
•  For	electron-positron	colliders:	Circular	machines	

are	limited	by	synchrotron	radia,on	in	the	case	of	
positron	colliders.	These	machines	are	unfeasible	for	
collision	energies	beyond	~350	GeV.		
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à	48	km	

Discover	New	Physics	

CLIC,	electron-positron	collider	with	3	TeV	energy		
	
	

Linear	colliders	are	favorable	for	acceleraJon		
of	low	mass	parJcles	to	high	energies.		

Limita,ons	of	linear	colliders:		
•  Linear	machines	accelerate	parJcles	in	a	single	

pass.	The	amount	of	acceleraJon	achieved	in	a	
given	distance	is	the	accelera&ng	gradient.	This	
number	is	limited	to	100	MV/m	for	convenJonal	
copper	caviJes.		



Conven,onal	Accelera,on	Technology	
Radiofrequency	CaviJes	
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LHC	Cavity	

(invenJon	of	Gustav	Ising	1924	and	Rolf	Wideroe	1927)	

Very	successfully	used	in	all	accelerators	(hospitals,	scienJfic	labs,…)	in	
the	last	100	years.		
AcceleraJng	fields		are	limited	to	<100	MV/m	

•  In	metallic	structures,	a	too	high	field	level	leads	to	break	down	of	surfaces,	
creaJng	electric	discharge.	

•  Fields		cannot	be	sustained,	structures	might	be	damaged.	

è	several	tens	of	kilometers	for	future	linear	colliders	
	



Satura,on	at	Energy	Fron,er	for	Accelerators	
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Livingston	plot	

è	Project	size	and	cost	increase	with	energy		



Plasma	Wakefield	Accelera,on	
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!AcceleraJon	technology,	which	obtains	~1000	factor	stronger	acceleraJon	than	convenJonal	technology.	



C. B. Schroeder et. al. Phys. Rev. ST Accel. Beams 13, 101301
 E. Adli et. al.,arXiv:1308.1145 [physics.acc-ph]


In	 2011	 and	 2013,	 the	 plasma	 acceleraJon	 groups	 from	Berkeley	 and	 SLAC	put	 forward	
white	papers	for	laser	and	beam-driven	plasma-based	linear	colliders.	à	3	TeV	in	~5km.	

Plasma	Based	Linear	Colliders	



Seminal	Paper	1979,	T.	Tajima,	J.	Dawson	
Use	a	plasma	to	convert	the	transverse	space	charge	force	of	a	beam	
driver	into	a	longitudinal	electrical	field	in	the	plasma	
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How	to	Create	a	Plasma	Wakefield?	
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accelerated	par,cles	(surfers)	

plasma	(lake)	

waves	

drive	beam	(boat)	



Principle	of	Plasma	Wakefield	Accelera,on	
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•  Plasma	wave/wake	excited	by	relaJvisJc	
parJcle	bunch	

•  Plasma	e-	are	expelled	by	space	charge	
force	

•  Plasma	e-	rush	back	on	axis	

•  Ultra-relaJvisJc	driver	–	ultra-relaJvisJc	
wake		"	no	dephasing	

•  AcceleraJon	physics	idenJcal	for	LWFA,	
PWFA	

plasma	wavelength	λpe	

Different	ways	to	excite	the	wakes	-		most	commonly	used:	
-  Laser	bunches	
-  Electron	beams	
-				Protons	bunches	(first	,me	done	at	CERN)	



Where	to	Place	the	Witness	Beam	(Surfer)?	
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AcceleraJng	for	e-	

DeceleraJng	for	e-	

Focusing	for	e-	

Defocusing	for	e-	

Maximum	acceleraJng	electric	field	
reached	with	drive	beam	of	N	and	σz:	

Eacc=	
N/(2	x	1010)	

(σz	/	0.6mm)2		

MV	

m	
110	

Examples	of	acceleraJng	fields	for	different	beam	parameters	and	plasma	parameters	fields:		

N	=	3x1010,	σz	=	300µm,	npe=	7x1014	cm-3	è	Eacc	=	600	MV/m	
N	=	3x1010,	σz	=		20µm,	npe=	2x1017	cm-3	è	Eacc	=	15	GV/m			

e-	



Plasma	Baseline	Parameters	

•  A	plasma	of	density	npe	is	characterized	by	the	plasma	frequency	

ωpe		
npe	e2	
me	ε0	√	

=	 !		
c	
ωpe		 …	unit	of	plasma	[m]	

•  This	translates	into	a	wavelength	of	the	plasma	oscillaJon	

c	
ωpe		

2π	λpe	 =	 !		 λpe	 ≈	 1	mm		 1015	cm-3	

npe	√	

13	

ωpe	
c		

kpe	=		

Example:	npe	=	7x1014	cm-3	(AWAKE)	!	ωpe	=	1.25x1012	rad/s	!			
c	
ωpe		

=	0.2mm	!	kpe	=	5	mm-1	

λpe		=	1.2	mm	 à	Produce	cavi,es	with	mm	size!	

•  Plasma	is	already	ionized	or	“broken-down”	and	can	sustain	electric	fields	up	to	three	orders	of	
magnitude	higher	gradients	"	order	of	100	GV/m.	



Experimental	Results	
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					SLAC	Experiment,	I.	Blumenfeld	et	al,	Nature	455,	p	741	(2007)	
•  Gaussian	electron	beam	with	42	GeV,	3nC	@	10	Hz,	σx	=		10µm,	

50	fs	
•  Reached	acceleraJng	gradient	of	50	GeV/m		
•  Accelerated	electrons	from	42	GeV	to	85	GeV	in	85	cm.	

High-Efficiency	accelera,on	of	an	electron	beam	in	a	plasma	
wakefield	accelerator,	M.	Litos	et	al.,	doi,		Nature,	6	Nov	2014,	
10.1038/nature	13992	

•  1.7	GeV	energy	gain	in	30	cm	of	pre-ionized	Li	vapour	plasma	
•  6	GeV	energy	in	1.3	m	of	plasma	
•  Total	efficiency	is	<29.1%>		with	a	maximum	of	50%.		
•  Final	energy	spread	of	0.7	%	(2%	average)	

•	Electric	field	in	plasma	wake	is	loaded	by	presence	of	witness	bunch	
•	Allows	efficient	energy	extracJon	from	the	plasma	wake	



Many,	Many	Electron	and	Laser	Driven	Plasma	Wakefield	Experiments…!		
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Now	first	Proton	Driven	Plasma	Wakefield	Experiment	



Beam-Driven	Wakefield	Accelera,on:	Landscape	
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Facility	 Where	 Drive	(D)	
beam	 Witness	(W)	beam	 Start	 End	 Goal	

AWAKE	 CERN,	Geneva,	
Switzerland	

400	GeV	
protons	

Externally	injected	electron	
beam	(PHIN	19	MeV)	 2016	 2020+	

Use	for	future	high	energy	e-/e+	collider.	
-  Study	Self-ModulaJon	Instability	(SMI).		
-  Accelerate	externally	injected	electrons.	
-  Demonstrate	scalability	of	acceleraJon	scheme.		

SLAC-FACET	 SLAC,	
Stanford,	USA	

20	GeV	
electrons	
and	
positrons	

Two-bunch	formed	with	
mask	
(e-/e+	and	e--e+	bunches)		

2012	 Sept	
2016	

-  AcceleraJon	of	witness	bunch	with	high	quality	
and	efficiency		

-  AcceleraJon	of	positrons	
-  FACET	II	preparaJon,	starJng	2018	

DESY-Zeuthen	
PITZ,	DESY,	
Zeuthen,		
Germany	

20	MeV	
electron	
beam	

No	witness	(W)	beam,	only	
D	beam	from	RF-gun.	 2015	 ~2017	 -  Study	Self-ModulaJon	Instability	(SMI)	

DESY-FLASH	
Forward	

DESY,	
Hamburg,	
Germany	

X-ray	FEL	
type	
electron	
beam	1	
GeV	

D	+	W	in	FEL	bunch.	
Or	independent	W-bunch	
(LWFA).	

2016	 2020+	
-  Applica,on	(mostly)	for	x-ray	FEL		
-  Energy-doubling	of	Flash-beam	energy	
-  Upgrade-stage:	use	2	GeV	FEL	D	beam	

Brookhaven	
ATF	

BNL,	
Brookhaven,	
USA	

60	MeV	
electrons	

Several	bunches,	D+W	
formed	with	mask.	

On	
going	

-  Study	quasi-nonlinear	PWFA	regime.	
-  Study	PWFA	driven	by	mulJple	bunches	
-  VisualisaJon	with	opJcal	techniques	

SPARC	Lab	 FrascaJ,	Italy	 150	MeV	 Several	bunches	 On	
going	

-  MulJ-purpose	user	facility:	includes	laser-	and	
beam-driven	plasma	wakefield	experiments	



High	Energy	Plasma	Wakefield	Accelerators	

•  Electron/laser	driven	PWA:	need	several	stages,	and	challenging	wrt	to	relaJve	Jming,	tolerances,	
matching,	etc…	
•  effecJve	gradient	reduced	because	of	long	secJons	between	acceleraJng	elements….	
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Witness	beam	

Drive	beam:	electron/laser	

Plasma	cell	 Plasma	cell	 Plasma	cell	 Plasma	cell	 Plasma	cell	 Plasma	cell	

Witness	beam	

Drive	beam:	protons	

Plasma	cell	

•  Proton	drivers:	large	energy	content	in	proton	bunches	"	allows	to	consider	single	stage	acceleraJon:	
•  A	single	SPS/LHC	bunch	could	produce	an	ILC	bunch	in	a	single	PDWA	stage.	

Drive	beams:	
Lasers:	~40	J/pulse	
Electron	drive	beam:	30	J/bunch	
Proton	drive	beam:	SPS	19kJ/pulse,	LHC	300kJ/bunch	

Witness	beams:	
Electrons:	1010	parJcles	@	1	TeV		~few	kJ	

To	reach	TeV	scale:		



Seeded	Self-Modula,on	of	the	Proton	Beam	
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In	order	to	create	plasma	wakefields	efficiently,	the	drive	bunch	length	has	to	be		in	the	order	of	the	plasma	wavelength.	
CERN	SPS	proton	bunch:	very	long!	(σz	=	12	cm)		"	much	longer	than	plasma	wavelength	(λ	=	1mm)	 N.	Kumar,	A.	Pukhov,	K.	Lotov,	

	PRL	104,	255003	(2010)	

Self-Modula,on:		
a)  Bunch	drives	wakefields	at	the	iniJal	seed	value	when	entering	plasma.		

•  Ini,al	wakefields	act	back	on	the	proton	bunch	itself.	"	On-axis	
density	is	modulated.	"	ContribuJon	to	the	wakefields	is	∝	nb	.	

b)  Density	modulaJon	on-axis	"	micro-bunches.		
•  Micro-bunches	separated	by	plasma	wavelength	λpe.		
•  drive	wakefields	resonantly.		

proton	bunch	

micro-		
bunch	

⇒	Seeded	self-modula,on	(SSM)	

AWAKE:	Seeding	of	the	instability	by		
•  Placing	a	laser	close	to	the	center	of	the	proton	bunch	
•  Laser	ionizes	vapour	to	produce	plasma	

•  Sharp	start	of	beam/plasma	interacJon	

•  "	Seeding	with	ionizaJon	front	

laser	

vapour	plasma	
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AWAKE	at	CERN	
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Advanced	WAKEfield	Experiment	
•  Proof-of-Principle	Accelerator	R&D	experiment	at	
CERN	to	study	proton	driven	plasma	wakefield	
acceleraJon.	

•  Final	Goal:	Design	high	quality	&	high	energy	electron	
accelerator	based	on	acquired	knowledge.	

•  Approved	in	August	2013	

•  First	beam	end	2016	



AWAKE	
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AWAKE	CollaboraJon:	18+3	InsJtutes	world-wide:	
Collabora,on	members:	
•  University	of	Oslo,	Oslo,	Norway	
•  CERN,	Geneva,	Switzerland	
•  University	of	Manchester,	Manchester,	UK	
•  Cockcro�	InsJtute,	Daresbury,	UK	
•  Lancaster	University,	Lancaster,	UK	
•  Max	Planck	InsJtute	for	Physics,	Munich,	Germany	
•  Max	Planck	InsJtute	for	Plasma	Physics,	Greifswald,	Germany	
•  UCL,	London,	UK	
•  UNIST,	Ulsan,	Republic	of	Korea	
•  Philipps-Universität	Marburg,	Marburg,	Germany	
•  Heinrich-Heine-University	of	Düsseldorf,	Düsseldorf,	Germany	
•  University	of	Liverpool,	Liverpool,	UK	
•  ISCTE	-	InsJtuto	Universitéario	de	Lisboa,	Portugal	
•  Budker	InsJtute	of	Nuclear	Physics	SB	RAS,	Novosibirsk,	Russia	
•  Novosibirsk	State	University,	Novosibirsk,	Russia	
•  GoLP/InsJtuto	de	Plasmas	e	Fusão	Nuclear,	InsJtuto	Superior	

Técnico,	Universidade	de	Lisboa,	Lisbon,	Portugal		
•  TRIUMF,	Vancouver,	Canada	
•  Ludwig-Maximilians-Universität,	Munich,	Germany	

Novosibirsk	Vancouver	

Oslo	

Hamburg,	Greifswald	
Dusseldorf	
Munich	

CERN	
Lisbon	

Manchester	

London	

Glasgow	

Associated	members:	
•  University	of	Wisconsin,	Madison,	US	
•  Wigner	InsJtute,	Budapest	
•  Swiss	Plasma	Center	group	of	EPFL		
	

Korea	



AWAKE	Timeline	
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2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	 2021		 2022/23/24	

Proton	and	
laser	beam-

line	

Experimental		
area	

e-	source	and	
beam-line	

	
	

Studies,	design	 FabricaJon	 InstallaJ
on	

Com
m
issioning	

Com
m
issi

oning	

InstallaJon	

ModificaJon,	Civil	Engineering	and	installaJon	

Study,	Design,		
Procurement,	Component	
preparaJon	

Study,	Design,		
Procurement,	Component	preparaJon	

Data	taking	 Data	taking	

Phase	1	

Phase	2	

Long	Shutdown	2	
24	months		 AWAKE	

RUN	2	

AWAKE	
RUN	1	 AWAKE++:	Aoer	Run	2:	

kick-off	parJcle	physics	
driven	applicaJons	

AWAKE	Run	2:	proposed	for	aoer	LS2:	
achieve	high-charge	bunches	of	electrons	accelerated	to	high	energy,	about	10	GeV,	while	
maintaining	beam	quality	through	the	plasma	and	showing	that	the	process	is	scalable.		

AWAKE	Run	1:	Proof-of	Concept	
2016/17:	Seeded	Self-ModulaJon	of	proton	beam	in	plasma	
2018:	Electron	accelera,on	in	plasma	



AWAKE	at	CERN	
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AWAKE	experiment	

beam	
dump	

~1100m	

SPS	

LHC	

protons	

~1000m	

Control		
room	

~50m	

AWAKE	

AWAKE	installed	in	CERN	underground	area	



AWAKE	Experiment	
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AWAKE	Proton	Beam	Line	
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750m	proton	beam	line	

Plasma	linear	theory:	kpe	σr	≤	1			
With	σr	=	200	µm	
kpe	=	ωpe	/c	=	5	mm-1	
!		npe	=	7x1014	cm-3		

The	AWAKE	beamline	is	designed	to	deliver	a	high-quality	beam	to	the	
experiment.	The	proton	beam	must	be	steered	around	a	mirror	which	
couples	a	terawar	class	laser	into	the	beamline.		
Further	downstream,	a	trailing	electron	beam	will	injected	into	the	
same	beamline.	



AWAKE	Plasma	Cell	

CirculaJon	of	Galden	HT270	
at	210	[°C]	in	plasma	cell	
		

26	

Pl
as
m
a	
de

ns
ity

	 10	m	 few	cm	few	cm	

Plasma	density	profile	

•  10	m	long,	4	cm	diameter	

•  Rubidium	vapor,	field	ionizaJon	threshold	~1012	W/cm2		

•  Density	adjustable	from	1014	–	1015	cm-3	!	7x	1014	cm-3		

•  Requirements:		
•  density	uniformity	berer	than	0.2%	

•  Fluid-heated	system	(˜220	deg)	
•  Complex	control	system:	79	Temperature	probes,	valves	

•  Transi,on	between	plasma	and	vacuum	as	sharp	as	possible	



AWAKE	Plasma	Cell	
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Plasma	cell	in	AWAKE	tunnel	



AWAKE	uses	a	short-pulse	Titanium:Sapphire	laser	to	ionize	the	rubidium	source.	
"	Seeding	of	the	self-modulaJon	with	the	ionizaJon	front.	
The	laser	can	deliver	up	to	500	mJ	in	a	120	fs	pulse	envelope.	

Laser	and	Laser	Line	
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Laser,	compressor	in	laser	room	

Diagnostic	laser	

e-source	laser	Laser	beam	



Electron	Beam	System	
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Laser	line	

Electron	source	
Diagnos,cs	and	booster	

structure	

Transfer	line	

e-source	laser	Laser	beam	

A	Photo-injector	originally	built	for	a	CLIC	test	facility	is	now	used	as	electron	source	for	AWAKE	producing	short	electron	bunches	at	an	
energy	of	~20	MeV/c.		
A	completely	new	12	m	long	electron	beam	line	was	designed	and	built	to	connect	the	electrons	from	the	e-source	with	the	plasma	cell.	
		
Challenge:	cross	the	electron	beam	with	the	proton	beam	inside	the	plasma	at	a	precision	of	~100	µm.		
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Seeded	Self-Modula,on	Results	
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λp	=	1.2	mm	

No	plasma	

Second	half	of	the	proton	bunch	sees	plasma	

protons	Wake	poten,al	

A.	Petrenko,	CERN	

Short	laser	pulse	



Diagnos,cs	for	Seeded	Self-Modula,on	
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Imaging	sta,on	

Indirect	SSM	Measurement:	
Measure	,me	integrated	transverse	bunch	
distribu,on.			
"  Image	protons	defocused	by	the	strong	plasma	

wakefields	
"  ScinJllaJon	light	from	screen	measured	with	

digital	camera.	



33	

Results:	Indirect	Seeded	Self-Modula,on	Measurement	

•  Protons	are	defocused	by	the	transverse	wakefield	(SSM)	and	form	a	halo	
•  Proton	density	in	core	decreases,	proton	density	at	large	radii	increases	(appearance	of	halo).	
•  Protons	get	defocused	up	to	a	maximum	radius	of	14.5	mm	for	a	plasma	density	of	7.7e14/cm3.	
•  Halo	symmetric	⇒	no	hose	instability.	
•  EsJmate	of	the	transverse	wakefields	amplitude	(∫Wperdr)	

Core	camera	 Halo	camera	

no	
plasma	

plasma	

Combina,on	of	core	and	halo	image	projec,ons	 From	the	radial	distribu,on	of	the	defocused	protons,	
we	learn	about	the	transverse	effects	of	SSM	

M.	Turner	et	al.	(AWAKE	CollaboraJon),	
‘Experimental	observaJon	of	plasma	
wakefield	growth	driven	by	the	seeded	self-
modulaJon	of	a	proton	bunch’.	Phys.	Rev.	
Ler.	122,	054801	(2019).	



Diagnos,cs	for	Seeded	Self-Modula,on	
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Direct	SSM	Measurement:	
Measure	longitudinal	structure	of	self-modulated	
proton	bunch.	
"	Image	OTR	light	onto	the	slit	of	a	streak	camera.	
"	Time	resolved	measurement.	



Results:	Direct	Seeded	Self-Modula,on	Measurement	
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•  Effect	starts	at	laser	Jming	→	SM	seeding	
•  Density	modula,on	at	the	ps-scale	visible		
•  Micro-bunches	present	over	long	,me	scale	from	seed	point	
•  Reproducibility	of	the	µ-bunch	process	against	bunch	parameters	variaJon	
•  Phase	stability	essenJal	for	e-	external	injecJon.	

AWAKE		
collaboraJon	

à	1st	AWAKE	Milestone	reached	

Vapor	Plasma	
Laser	

p+	

AWAKE	CollaboraJon,	‘Experimental	observaJon	of	proton	bunch	
modulaJon	in	a	plasma,	at	varying	plasma	densiJes’.	Phys.	Rev.	Ler.	122,	
054802	(2019).	
M.	Turner	et	al.	(AWAKE	CollaboraJon),	‘Experimental	observaJon	of	
plasma	wakefield	growth	by	the	seeded	self-modulaJon	of	a	proton	bunch’,	
PRL,	122,	054801	(2019).			



Other	Studies	
•  Seeded	Self-ModulaJon	(not)	stability	

• Hosing	Instability	
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??	Vapor	Plasma	

Laser	

p+	

Vapor	Plasma	

Laser	

p+	



Electron	Accelera,on	Results	2018	
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protons	

electrons	

A.	Petrenko,	CERN	 A.	Caldwell	et	al.,	AWAKE	Coll.,	Nucl.	Instrum.	A	829	(2016)	3	

with	baseline	parameters:	~1.6	GeV	

Electron	accelera,on	aoer	10m:	
What	we	expect	with	the	AWAKE	Run	1	setup:	



Electron	Accelera,on	–	Injec,on	into	Plasma	
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Laser	pulse	

rb	Challenge:		
•  During	the	Seeded	Self-ModulaJon	the	proton	bunch	distribuJon	

evolves.		

•  Short	density	ramp	at	the	entrance	of	the	plasma	"	change	of	
wakefield	phase	

	

	



e-	

p+	

Electron	Accelera,on	–	Injec,on	into	Plasma	
Challenge:		
•  During	the	Seeded	Self-ModulaJon	the	proton	bunch	distribuJon	

evolves.		

•  Short	density	ramp	at	the	entrance	of	the	plasma	"	change	of	
wakefield	phase.	

	

	

•  Instead	of	injecJng	bunches	co-linear	"	cross	the	electron	and	
proton	bunch	at	a	defined	locaJon	inside	the	plasma.	
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Laser	pulse	

rb	



Electron	Accelera,on	–	Injec,on	into	Plasma	
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Laser	pulse	

rb	

Beam	screens	

e-	

p+	

electrons	

protons	

Challenge:		
•  During	the	Seeded	Self-ModulaJon	the	proton	bunch	distribuJon	

evolves.		

•  Short	density	ramp	at	the	entrance	of	the	plasma	à	change	of	
wakefield	phase.	

	

	

•  Instead	of	injecJng	bunches	co-linearly	"	cross	the	electron	and	
proton	bunch	at	a	defined	locaJon	inside	the	plasma.	
	

May	Run	2018:	electron	beam:	
•  19	MeV	
•  14mm	mrad	
•  650	pC	at	source	
•  FWHM	=	5.2	ps.		



Electron	Accelera,on	Diagnos,cs	
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camera	

scinJllator	screen	
Lanex,	1m	x	6cm	

Spectrometer:		
Dipole:	B	=	0.1	-	1.5	T,	MagneJc	length	=	1m	
"	detect	electrons	with	energies	ranging	from			
30MeV	-	8.5	GeV	

Electrons	will	be	accelerated	in	the	plasma.	To	measure	the	energy	the	electrons	pass	through	a	dipole	spectrometer	
and	the	dispersed	electron	impact	on	the		scin,llator	screen.	
The	resulJng	light	is	collected	with	an	intensified	CCD	camera.	



Electron	Spectrometer	Image	Analysis	
Op,cal	line	correc,ons		
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camera	

Background	subtrac,on	

Charge	response	calibra,on		
Screen	and	camera	calibrated	at	the	

CLEAR	Facility	at	CERN	

1000	mm	

60	mm	

Posi,on	ß	à	Energy	conversion	



Electron	Accelera,on	Results	I	

Event	at	npe	=1.8	x	1014	cm-3	with	5%/10m	
density	gradient.	

	

•  AcceleraJon	to	800	MeV.		

•  Accelerated	bunch	charge	of	0.2pC	"	
Capture	efficiency	not	yet	opJmized.	

è	recent	measurements	factor	50-100	higher	
capture	efficiency!!	
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E.	Adli	et	al.	(AWAKE	CollaboraJon),	Nature,	doi:10.1038/s41586-018-0485-4	(2018)	

Results	from	May	2018	Run	



Electron	Accelera,on	Results	II	

•  Consecu,ve	electron	injec,on	events	at	
npe	=	1.8	x	1014cm-3.	

•  Quadrupole	scan	performed	over	this	
period.	

•  Stability	crucial	for	further	development.		
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E.	Adli	et	al.	(AWAKE	CollaboraJon),	Nature,	doi:10.1038/s41586-018-0485-4	(2018)	



Electron	Accelera,on	Results	III	

•  Accelera,on	up	to	2	GeV	has	been	achieved.		
•  Charge	capture	decreases	with	plasma	density	npe.		

45	E.	Adli	et	al.	(AWAKE	CollaboraJon),	Nature,	doi:10.1038/s41586-018-0485-4	(2018)	



Electron	Accelera,on	Results	III	

•  Accelera,on	up	to	2	GeV	has	been	achieved.		
•  Charge	capture	decreases	with	plasma	density	npe.		

46	E.	Adli	et	al.	(AWAKE	CollaboraJon),	Nature,	doi:10.1038/s41586-018-0485-4	(2018)	



Outline	

• Plasma	Wakefield	AcceleraJon	

• AWAKE,	The	Advanced	Wakefield	Experiments	

• AWAKE	Results	

• What’s	Next	

47	



AWAKE	Run	2	
	Goals:		
•  Accelerate	an	electron	beam	to	high	energy	(gradient	of	0.5-1GV/m)	

•  Preserve	electron	beam	quality	as	well	as	possible	(emi�ance	preservaJon	at	10	mm	mrad	level)		

•  Demonstrate	scalability	of	the	AWAKE	concept	(R&D	plasma	sources)	
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Proposing	Run	2	for	2021	a�er	CERN	Long	Shutdown	2		

Laser		
dump	

Op,mized	
SPS	

protons	

>10m	plasma		

SSM	 Accelera,on	

Proton		
beam		
dump	

RF	gun	
Laser	

Proton	diagnosJcs	
BTV,OTR,	CTR	

e-	spectrometer	

~8m	plasma		

e-	(~100	fs,	>	20	MeV)	
Bunch	compression,	increased	acceleraJon	

e-	emirance	
measurement	

E.	Adli	(AWAKE	CollaboraJon),	IPAC	2016	proceedings,	p.2557	(WEPMY008)	

Proposal:	X-band	electron	source	



Applica,on:	Fixed	Target	Experiments	
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"  Fixed	target	test	facility:	Use	bunches	from	SPS	with	3.5	E11	protons	every	~5sec,	
"	electron	beam	of	up	to	O	(50GeV),	3	orders	of	magnitude	increase	in	electrons		

"  deep	inelasJc	sca�ering,	non-linear	QED,	search	for	dark	photons	a	la	NA64	

NA64	experiment:	~3x1012	electrons	on	target	

Projected	sensiJviJes	to	the	dark	photon	visible	mode	



Applica,on:	Fixed	Target	Experiments	
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AWAKE	experiment	

dump	

~1100m	

SPS	

LHC	

protons	

≈	50-100	m	(depending	on	the	energy	needed)	

Plasm
a	 Plasma	cell	

≈	5-20	m	

p-beam	
dump	

400	GeV/c	
protons	

e-	

nplasma	=	7e14/cm^3,	

NA64-like	experiment	

Install	in	the	current	AWAKE	facility,	empty	old	CERN	Neutrinos	to	Gran	Sasso	Area		

Baseline	scenario	(based	on	AWAKE	Run	2	parameters)	

•  50	m	long	plasma	accelerator	

•  33	GeV/c	electrons,	∆E/E	=	2%,	~100	pC	
•  For	100	m	accelerator:	53	GeV/c	e,	∆E/E=2%,	~130	pC	



Applica,on:	Colliders	

Using	the	SPS	or	the	LHC	beam	as	a	driver,	TeV	electron	beams	are	possible	"	Electron/Proton	or	Electron/
Ion	Collider		

•  PEPIC:	LHeC	like	collider:	Ee	up	to	O	(70	GeV),	colliding	with	LHC	protons	"	exceeds	HERA	centre-of-mass	energy	

•  VHPeC:	choose		Ee	=	3	TeV	as	a	baseline	and	with	EP	=	7	TeV	yields	√s	=	9	TeV.	"	CM	~30	higher	than	HERA.	
Luminosity	~	1028	−	1029	cm-2	s-1	gives	~	1	pb−1	per	year.	
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VHEeP:	A.	Caldwell	and	M.	Wing,	Eur.	Phys.	J.	C	76	(2016)	463	

SPS,	p	450	GeV	

LHC,	p	7	TeV	

plasma	accelerated	
electrons,	50-70	GeV	

protons	7	TeV	

plasma	

PEPIC	



Summary	
" Many	encouraging	results	in	the	plasma	wakefield	acceleraJon	technology.	Plasma	wakefield	acceleraJon	is	an	
exciJng	and	growing	field	with	a	huge	potenJal.	

" AWAKE:	Proton-driven	plasma	wakefield	acceleraJon	interesJng	because	of	large	energy	content	of	driver.	
ModulaJon	process	means	exisJng	proton	machines	can	be	used.	

" AWAKE	has	for	the	first	,me	demonstrated	proton	driven	plasma	wakefield	accelera,on	of	externally	
injected	electrons.		

" AWAKE	Run	1	was	a	proof-of-concept	experiment.	"	DONE!	

" Aim	of	AWAKE	Run	2	starJng	2021	a�er	CERN’s	Long	Shutdown	2	is	to	achieve	high-charge	bunches	of	
electrons	accelerated	to	high	energy,	about	10	GeV,	while	maintaining	beam	quality	through	the	plasma	and	
showing	that	the	process	is	scalable.		

" Use	the	AWAKE	scheme	for	par,cle	physics	applica,ons	such	as	fixed	target	experiments	for	dark	photon	
searches	and	also	for	future	electron-proton	or	electron-ion	colliders.	
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