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Mo<va<ons	
•  Due	to	limited	research	facili<es,	PWFAs	research	is	much	behind	LWFAs		
•  PWFA	drivers	propagate	through	plasma	at	close	to	the	speed	of	light,	c,	

leading	to	a	plasma	wave	phase	velocity	much	higher	than	in	LWFA,	where	
laser	pulses	propagate	at	their	group	velocity,	vg,	which	is	less	than	c.	Limi<ng	
effect	such	as	overtaking	and	dephasing	of	accelerated	par<cles	are	mi<gated.		

•  In	PWFAs,	strong	transverse	focusing	fields	in	the	plasma	prevent	the	driver	
beam	expansion,	allowing	much	longer	accelera<on	lengths	than	that	in	
LWFAs.	Meters	long	plasma	was	demonstrated	

•  The	increased	wake	phase	velocity	reduces	unwanted	self	injec<on	of	plasma	
electrons	into	the	wakefield,	mi<ga<ng	the	dark	current	genera<on	

•  Beam	drivers	have	much	greater	parameter	stability	than	the	high	intensity	
laser	drivers	

•  Par<cle	beams	for	PWFAs	can	be	generated	with	MW	powers	with	efficiencies	
of	~10%.	In	contrast,	state-of-the-art	high	intensity	laser	systems	deliver	
output	power	of	~100W	with	0.1%	level	wall-plug	efficiency.	
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Ø Large energy stored in proton machines like Tevatron, 
HERA, SPS and LHC 
Ø For example, the SPS/LHC beam carries significant 
stored energy for driving plasma waves 

 
Ø SPS (450 GeV, 1.3e11 p/bunch)      ~ 10 kJ 
Ø LHC (1 TeV, 1.15e11 p/bunch)         ~ 20 kJ  
Ø LHC (7 TeV, 1.15e11 p/bunch)         ~ 140 kJ  

Ø SLAC (50 GeV, 2e10 e/bunch)        ~ 0.16 kJ 
Ø ILC (250 GeV, 2e10 e/bunch)           ~ 0.8kJ 
 

One stage plasma accelerator can bring electron 
bunch to the energy frontier! 

 

Why	protons?	
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High-energy	proton	machines	
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HERA TEVATRON LHC 

Circumference [km] 6.336 6.28 26.659 

Maximum energy [TeV] 0.92 0.98 7.0 

Energy spread [10-3] 0.2 0.14 0.113 

Bunch length [cm] 8.5 50 7.55 

Transverse emit. [10-9 π m rad] 5 3 0.5 

Particles per bunch [1010] 7 26 11.5 



Drive	beam:	p+	
E=1	TeV,	Np=1011	
σr=0.43	mm,	σθ=0.03	mrad,		
σz=100	μm,	ΔE/E=10	%	

Witness	beam:	e-	
E0=10	GeV,	Ne=1.5x1010	

Plasma:	Li+	
np=6x1014cm-3	

External	magne<c	field:	
Field	gradient:	1000	T/m	
Magnet	length:	0.7	m	

Proton-driven	PWFA	

600	GeV	e-	beam	

≤1%	ΔE/E	
in	~500	plasma	

*	A.	Caldwell	et	al.,	Nature	Physics	5,	363	(2009)	
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Short	proton	bunch	genera<on	

•  Laser	striking	thin	foil	can	produce	short	and	low	
energy	proton	beam	

•  Emipance	exchange	technique,	exchanges	the	
longitudinal	emipance	to	horizontal	emipance	

•  Fast	quads	tunning	for	low	momentum	compac<on	
factor	before	extrac<on	in	the	ring	

•  Conven<onal	magne<c	bunch	compression	
•  Plasma	wakefield	beam	slicing	via	modula<on	
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Bunch	compressor	design	
Value	

Bunch charge 1011 

Proton energy [TeV] 1 

Initial energy spread [%] 0.01 

Initial bunch length [cm] 1.0 

Final bunch length [µm] 165 

RF frequency [MHz] 704.4 

Average gradient of  RF [MV/m] 25 

Required RF voltage [MV] 65,000 

RF phase [degree] -102 

Compression ratio ~60 

Momentum compaction (MC) [m] -1.0 

Second order of  MC [m] 1.5 

Bending angle of  dipole [rad.] 0.05 

Length of  dipole [m] 14.3 

Drift space between dipoles [m] 190.6 

Total BC length [m] 4131 

Final beam energy [GeV] 986.5 

Final energy spread [%] 0.93 
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For	a	thousand-fold	compression,	one	
stage	compression	looks	infeasible	

We	expect	that	the	ring	could	compress	the	
bunch	by	a	factor	of	10	and	the	rest	will	be	
realized	via	magne<c	chicane	
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Plasma	wakefield	slicing	via	modula<on	
•  Magne<c	bunch	compression:	formidable	RF	power	for	energy	chirp!	
•  Self-modula<on	via	plasma	wakefield	(the	transverse	instability	modulates	the	

long	bunch	into	many	ultra	short	beamlets	at	plasma	wakelength.	
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SPS	beam	at	5m	
Plasma	@	1e14	cm-3	

G.	Xia,	et	al.,	AIP	Proceedings	of	Advanced	Accelerators	Concepts	2010,	510-515.	

on-axis	(X	=	0)	beam	density	profile	
aDer	5	m	propaga6on	in	plasma	

electrons	
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From	concept	to	experiment	
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Abstract. The proton bunch-driven plasma wakefield acceleration (PWFA) has been
proposed as an approach to accelerate an electron beam to the TeV energy regime
in a single plasma section. An experimental program has been recently proposed to
demonstrate the capability of proton-driven PWFA by using existing proton beams
from the European Organization for Nuclear Research (CERN) accelerator complex.
At present, a spare Super Proton Synchrotron (SPS) tunnel, having a length of 600 m,
could be used for this purpose. The layout of the experiment is introduced. Particle-
in-cell simulation results based on realistic SPS beam parameters are presented.
Simulations show that working in a self-modulation regime, the wakefield driven by
an SPS beam can accelerate an externally injected ∼10 MeV electrons to ∼2 GeV
in a 10-m plasma, with a plasma density of 7 × 1014 cm−3.

1. Introduction

Over the past decade, there has been significant progress
in developing the advanced accelerator concepts and
possible technologies needed to produce and accelerate
particle beams to high energies in short distances [1, 2].
These so-called plasma accelerators have opened new
research frontiers and hold great promise to decrease
the scale and therefore the cost of future machines.
Developments in these research areas have paved the
way for a new generation of plasma accelerators not
only for high-energy physics [3] but also for many other
applications such as table-top x-ray Free Electron Lasers
(FELs) [4], compact proton (carbon) treatment facilities,
etc [5]. By employing an ultra-short, ultra-intense laser
pulse as a driver, the Laser Wakefield Acceleration
(LWFA) at Lawrence Berkeley National Laboratory
(LBNL) has successfully demonstrated generation of
1 GeV electron beam in a few centimeter long plasma
cell [6]. With rapid progress in laser technology and laser
guiding technique in plasmas, it is foreseen to reach a
few tens of GeV electron acceleration for high-energy
physics application [7]. Meanwhile, the electron beam-
driven plasma wakefield acceleration (PWFA) experi-
ment, conducted at the Final Focus Test Beam (FFTB)
at SLAC, has doubled the energy of some fraction of
electrons of the Stanford Linear Collider (SLC) beam
[8] in only 85 cm of plasma, which corresponds the
wakefield amplitude in excess of 50 GeV/m, more than

two orders of magnitude higher than the current radio-
frequency technology in use. The next generation PWFA
experiment foreseen at FACET will accelerate a separate
witness electron bunch to high energy with narrow
energy spread and preserved emittance [9]. However,
to reach the energy frontier of Teraelectron volts (or
TeV) energy regime, both LWFA and PWFA still face
some practical challenges, for instance, synchronizing
and aligning of many similar accelerating modules may
become difficult.

In general, plasma acts as an energy transformer
in both LWFA and PWFA. The plasma itself cannot
produce the net energy. However, it is a perfect medium
to transfer energy from a driver pulse (beam) to the
witness beam. Since plasma is already an ionized (broken
down) medium, there is no further breakdown. It can
therefore sustain very large electric fields. In contrast,
the metallic radiofrequency (RF) structures, from which
the particles gain energies in conventional accelerators,
are subject to material breakdown in high electric field.
Generally, the conventional RF cavity cannot endure
the electric field higher than 200 MeV/m [10].

More recently, Caldwell et al. [11] proposed a new
scheme, the so-called ‘proton-driven plasma wakefield
acceleration’. The underlying physics is similar to the
other beam-driven plasma wakefield acceleration. That
is, the space charge of the drive beam sets the ambient
plasma electrons in motion. The heavy plasma ions
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The primary goal of 
AWAKE is to 
demonstrate 
acceleration of a �
10-20 MeV single 
bunch electron beam 
up to 1 GeV in a 10 m 
of plasma.

		AWAKE:	Advanced	Wakefield	Experiment	
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‣  2013
Approval of project at CERN including funding profile.

‣  2014-2015
 Design, procurement and installation of the equipment, development of plasma 

cells.
 Modification and installation of the beam line and the experimental facility.!

‣  2016
First proton beam to the AWAKE experiment, beam–plasma commissioning.
Beginning of taking data

‣  2017
Installation of the electron source and beam line and diagnostics.!
Delivery and installation of the electron photo-injector, commissioning of the 

magnetic spectrometer.
‣ More data taking!!
‣  International Effort
‣  16 institutions in 9 countries across Europe and Asia.

AWAKE	<me	line	
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Proton beam line 

2m 

2m 

10m 

Lasers 

Plasma cell 
(10m long) 

Electron spectrometer 

Electron gun 

Klystron system 

CNGS target area 

Access gallery 

Experimental  
Diagnostics 

Laser & proton beam 
junction 

Items in dark blue: ventilation ducts 
Items in light blue: AWAKE electronic racks 
Items in cyan: existing CNGS equipment (cable trays, pipes,…) 

Laser power  
supplies 

Electron beam line 

AWAKE	experiment	layout	
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AWAKE	at	CERN	

14	
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AWAKE	installa<on	

Proton	beam	line	installed.	
Detectors	installed.	
Laser	and	laser	line	installed.	
Plasma	cell	installed.	
Plasma	wakefield	simula<ons.	
Fire	safety	compartments.	
Safety	clearance	HW/beam	permits.	
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Proton	beam	specifica<ons	

16	

Nominal	SPS	Proton	Beam	Parameters 

Momentum 400	GeV/c 

Protons/bunch 3	1011 

Bunch	length σz	=	0.4	ns	(12	cm) 
Bunch	size	at	plasma	entrance σ*

x,y	=	200	µm 

Normalized	emipance	(r.m.s.) 3.5	mm	mrad 

Rela<ve	energy	spread Δp/p	=	0.35% 

Long	proton	beam	σz	=	12cm!	çèCompare	with	plasma	wavelength	of	λ	=	1mm.		
è	Experiment	based	on	Self-Modula<on	Instability!	

Self-modula6on	instability	of	the	proton	beam:		modula<on	of	a	long	(SPS)	beam	in	a	series	of	‘micro-
bunches’	with	a	spacing	of	the	plasma	wavelength.		
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Drive	beam	diagnos<cs	
Direct	Measurement	of	self-modula6on	instability	of	the	proton	beam		

à	results	in	radial	modula6on	of	the	proton	beam	(micro-bunches)		
–  Measured	by	using	the	radia<on	emiped	by	the	bunch	when	traversing	a	dielectric	interface	or	by	directly	sampling	

the	bunch	space	charge	field.	à	streak-camera.	

17	

σp	~ 400 ps

      4 ps

CTR  & TCTR 

OTR 

Op<cal	Transi<on	Radia<on	(OTR)	
Coherent	Transi<on	Radia<on	(CTR)		
Transverse	Coherent	Transi<on	Radia<on	(TCTR)	

Laser		
dump	

SPS	
protons	

10m	

SMI	

Proton		
beam		
dump	

Laser	

p		

BTV	 BTV	

Laser		
dump	

Indirect	Measurement	by	observing	the	proton	bunch	defocusing	downstream	the	plasma	
à	Proton	bunch:	1mrad	divergence	
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Witness	beam	
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à	Op<mal	electron	energy	is	10-20	MeV	
–  Electron	energy	=	wakefield	phase	velocity	at	self-modula<on	stage.	

à  Electron	bunch	length:			
-  Should	be	small	to	be	in	phase	with	high	field	region.	

à  Electron	beam	should	have	small	enough	size	and	angular	
divergence	to	fit	into	high	capture	efficiency	region.		

à  Electron	beam	intensity:		get	good	signal	in	diagnos<cs!	

Electron	beam	 Baseline	 Range	for	upgrade	
phase	

Momentum	 16	MeV/c	 10-20	MeV	
Electrons/bunch	(bunch	charge)	 1.25	E9	 0.6	–	6.25	E9	
Bunch	charge		 0.2	nC	 0.1	–	1	nC	
Bunch	length	 σz	=4ps	(1.2mm)	 0.3	–	10	ps	
Bunch	size	at	focus	 σ*

x,y	=	250 µm 0.25	–	1mm	

Normalized	emipance	(r.m.s.)	 2	mm	mrad	 0.5	–	5	mm	mrad	

Rela<ve	energy	spread	 Δp/p	=	0.5%	 <0.5%	
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Electron	source	

19	

PHIN	Photo-injector	for	CTF3/CLIC:	
–  Charge/bunch:	2.3	nC	
–  Bunch	length:	10	ps		
–  1800	bunches/train,	1.2µs	train-length	
à  Program	will	stop	end	2015	

à  Fits	to	requirements	of	AWAKE	
à  Photo-injector	laser	derived	from	low	power	

level	of	plasma	ioniza<on	laser	system.		

Length	~	4	m	

F
C 

E, ΔE 

MS 

BPR 

Laser 
+Diagnostics 

RF GUN 

 Emittance 

Incident, Reflected 
Power and phase 

Spectrometer 

Corrector 

MTV 

VP
I 

FCT 

Accelerator 
MTV, 
Emittance 

Matching 
triplet 

BPR BPR 

Incident, Reflected, 
transmitted Power 

Klystron	from	CTF3	

electron	beam	line	

1m	booster	linac	
(CockcroD)	

e-beam	diagnos6cs	

Laser	beam	for	electron	source	

Laser	type	 Ti:Sapphire	Centaurus	
Pulse	wavelength	 λ0	=	260	nm	
Pulse	length	 10	ps	
Pulse	energy	(a:er	compr.)	 500	µJ	
Electron	source	cathode	 	Copper	
Quantum	efficiency	 3.00	E-5	
Energy	stability	 ±2.5%	r.m.s.	
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AWAKE	<meline	
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2016	Phase	1:	Self-Modula<on	Instability	physics	
2017-18	Phase	2:	Electron	accelera<on	physics		

Run-scenario	 Nominal	
Number	of	run-periods/year	 4	

Length	of	run-period	 2	weeks	
Total	number	of	beam	shots/year	(100%	efficiency)	 162000	

Total	number	of	protons/year	 4.86×1016	p	
Ini<al	experimental	program	 3	–	4	years	
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AWAKE	Run	I:	Phase	I	
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Laser		
dump	SPS	

protons	

10m	plasma	cell	 Proton		
beam		
dump	

Laser	

Proton	diagnos6cs	
OTR,	CTR,	TCTR	

p		

•  Perform	benchmark	experiments	using	proton	bunches	to	drive	wakefields	for	the	first	<me	ever.	
•  Understand	the	physics	of	self-modula6on	instability	processes	in	plasma.	
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Self-modulated	proton	bunch	
resonantly	driving	plasma	
wakefields.	

laser	pulse	

proton	bunch	
gas	plasma	

J.	Vieira	et	al	PoP	19063105	(2012)	
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AWAKE	Run	I:	Phase	II	
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Laser		
dump	

e-	spectrometer	

e-		
SPS	

protons	

10m	

SMI	 Accelera6on	

Proton		
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dump	

RF	gun	
Laser	

Proton	diagnos6cs	
OTR,	CTR,	TCTR	

p		

Probe	the	accelera6ng	wakefields	with	externally	injected	electrons,	including	energy	spectrum	
measurements	for	different	injec<on	and	plasma	parameters.	

laser	pulse	

proton	bunch	
gas	plasma	

electron	bunch	
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•  Trapping	efficiency:	10	–	15	%	
•  Average	energy	gain:	1.3	GeV	
•  Energy	spread:	±	0.4	GeV	
•  Angular	spread	up	to	±	4	mrad	
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AWAKE	Run	II	
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E.	Gschwendtner	(CERN)	



AWAKE	Run	II:	electron	injector	
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AWAKE	milestone	in	2016	
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Future	perspec<ves	

IP	beam	sizes:	42	nm	(horizontal)	and	1	nm	(ver<cal)		

L=	5×1032	cm-2s-1		



e+e-	and	e-p	colliders	
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An e+ e- collider 

An e-p collider 

Collider design issues based on proton-driven plasma
wakefield acceleration

G. Xia a,b,n, O. Mete a,b, A. Aimidula b,c, C.P. Welsch b,c, S. Chattopadhyay a,b,c,
S. Mandry d, M. Wing d,e

a School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
b The Cockcroft Institute, Sci-Tech Daresbury, Daresbury, Warrington, United Kingdom
c The University of Liverpool, Liverpool, United Kingdom
d Department of Physics and Astronomy, University College London, London, United Kingdom
e Deutsche Elektronen-Synchrotron DESY, Hamburg, Germany

a r t i c l e i n f o

Keywords:
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Dephasing

a b s t r a c t

Recent simulations have shown that a high-energy proton bunch can excite strong plasma wakefields
and accelerate a bunch of electrons to the energy frontier in a single stage of acceleration. It therefore
paves the way towards a compact future collider design using the proton beams from existing high-
energy proton machines, e.g. Tevatron or the LHC. This paper addresses some key issues in designing a
compact electron–positron linear collider and an electron–proton collider based on the existing CERN
accelerator infrastructure.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the recent discovery of the Higgs boson at the Large
Hadron Collider (LHC) at CERN [1,2], the high energy physics
community anticipated the construction of a dedicated Higgs
factory, which may be an electron–positron ðeþ e# Þ linear collider
for the precise measurement of the properties of the Higgs
particle, e.g. its mass, spin, couplings with other particles and
self-couplings, etc. However, current eþ e# linear collider designs
at the energy frontier (TeV, or 1012 electronvolts) such as the
International Linear Collider (ILC) and Compact Linear Collider
(CLIC) extends over 30 km and costs over multi-billion dollars. The
sizes of these machines are heavily dependent on the length of the
RF linac, which is subject to a maximum material breakdown field
(of % 150 MeV=m) and is the main cost driver for next generation
linear colliders. The obvious question is can we make the future
machine more compact and cost effective?

In addition, the possibility of a lepton–hadron (e.g. ep) collider
at CERN has been of interest since the initial proposal of the LHC. It
has long been known that lepton–hadron collisions play an
important role in the exploration of the fundamental structure of
matter. For example, the quark-parton model originated from
investigation of electron–nucleon scattering. The currently

proposed LHeC design employs the LHC beam colliding with the
electron beam from a newly designed energy recovery linac (ERL)
based ring or from a linac [3]. However, this design is expensive,
e.g. the ring based design needs about 9 km tunnel and a 19 km
bending arcs. The electron beam power is greater than 100 MW
and the project is not listed as the high priority for the recently
updated European strategy for particle physics [4].

The development of plasma accelerators has achieved tremen-
dous progress in the last decade. Laser wakefield accelerators
(LWFAs) can routinely produce %GeV electron beams of percen-
tage energy spread with only a few centimeter plasma cell and the
accelerating gradient ð % 100 GeV=mÞ is more than three orders of
magnitude higher than the fields in conventional RF based
structures [5]. Charged particle beam driven plasma wakefield
acceleration (PWFA) has successfully demonstrated energy dou-
bling from 42 to 85 GeV of the electron beam from the Stanford
Linear Collider (SLC) within an 85 cm plasma cell [6]. These
significant breakthroughs have shown great promise to make a
future machine more compact and cheaper. Based on these LWFA/
PWFA schemes, a future energy frontier linear collider will consist
of multi-stages, on the order of 100/50, to reach the TeV energy
scale with each stage yielding energy gains of % 10=20 GeV. It
should be noted that the multi-stage scheme introduces new
challenges such as tight synchronization and alignment require-
ments of the drive and witness bunches and of each accelerator
module (plasma cell). Staging also means a gradient dilution due
to long distances required between each accelerator module for

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Nuclear Instruments and Methods in
Physics Research A

0168-9002/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nima.2013.11.006

n Corresponding author at School of Physics and Astronomy, University of
Manchester, Manchester, United Kingdom. Tel.: +44 161 30 66569.

E-mail address: guoxing.xia@manchester.ac.uk (G. Xia).

Please cite this article as: G. Xia, et al., Nuclear Instruments & Methods in Physics Research A (2013), http://dx.doi.org/10.1016/j.
nima.2013.11.006i

Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎

(K. Lotov) 

24/04/17	 ICFA	mini-workshop	on	future	gamma-
gamma	collider	



Hollow	plasma	for	good	beam	quality		

28	

Y. Li et al, submitted to PoP in 2017. 

24/04/17	 ICFA	mini-workshop	on	future	gamma-
gamma	collider	

•  Hollow	plasma	channel	
for	electron	accelera6on	

•  Create	a	regime	
completely	without	
transverse	plasma	
wakefields	

•  Conserva6on	of	the	
norm.	emidance	of	the	
witness	beam 



Gamma-gamma	collider	
•  Collide	electron	beam	with	laser	beam	just	before	the	IP	(at	small	angle	α)	
•  Hard	backscapered	photons	move	almost	in	direc<on	of	ini<al	electron	

(angle	~1/γ)	
•  Photons	collide,	electrons	as	well	

α	

ϑ	

Backscapered	photons	form	a	spectrum	with	maximum	energy	given	by	
	
	
	
Prac<cal	maximum	is	83%	of	electron	energy	
->	Typical	laser	wavelength	O(μm),	some	J	per	pulse	
Many	photons	are	so:er	than	maximum	energy	
->	Typical	luminosity	O(10%)	of	geometric	e-e-	luminosity	
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energy frontier in a single stage of acceleration. The 
latest simulation shows that a positron beam can also be 
accelerated in the wakefield from a modulated proton 
bunch [6]. We can therefore conceive of a TeV e+-e- 
collider design based on this self-modulation scheme. 
Simulation indicates that in this case the excited 
wakefield always shows a decay pattern. This is mainly 
due to the phase shift between the beam slices and the 
phase of the produced wakefield. To overcome the field 
decay, a plasma density step-up procedure is introduced 
to compensate the phase change and eventually a stable 
and nearly constant field is achieved. Recent study shows 
that in this case the acceleration process is almost linear 
[3]. If we could make a 2 km plasma (take into account 
the LHC radius of 4.3 km and the focusing the beam 
before the plasma and the beam deliveries and IPs may 
also need some space), we may achieve the 1 TeV 
electron and positron beams from the LHC beams. 
Figure 1 shows a schematic layout of a 2 TeV centre-of-
mass energy e+-e- collider located at the LHC accelerator 
complex (the plasma accelerators is marked in red).  

 
Figure 1: Schematic layout of a multi-TeV electron-
positron linear collider based on a modulated proton-
driven plasma wakefield acceleration. 

In this scheme, the plasma channel for electron and 
positron is 2 km, respectively.  Before entering the 
plasma cell, a focusing channel is designed to focus the 
proton beam so as to match the plasma focusing force. 
Then the proton bunch shoots into the plasma and excites 
the wakefields. We expect that after a few metres 
propagation in the plasma and together with a plasma 
density step-ups, a full modulation is finally set up and a 
constant wakefield is excited. An externally injected 
electrons and positrons will be injected into the plasma 
with a right phase (e.g. by tuning the position and angle 
of the injected beams, etc.) and sample the wakefield and 
are accelerated. After the 2 km plasma, a 1 TeV electron 
beam and positron beam will be produced (we assume 
that the average accelerating field in the plasma is 0.5 
GeV/m, which is quite modest according to simulation 
results given in [3]). A 2 km beam delivery system for 
both electrons and positrons will transport and focus the 
electrons and positrons to the interaction points (IP) for 
collisions. After interactions with the plasmas, the proton 
bunches will be extracted and dumped. These spent 
protons may also be recycled by some cutting edge 
technologies for reuse or used to trigger the nuclear 
power plants. 

AN ELECTRON PROTON COLLIDER 
It has long been known that lepton-hadron collisions 

have been playing an important role in exploration of 
deep insides of matter. For example, the quark-parton 
model originated from investigation of electron-nucleon 
scattering. To build a collider based on a moduated 
proton driven plasma wakefield acceleration, we could 
also think about an electron-hadron collider based at the 
CERN accelerator complex. The advantage of this design 
is based on the fact that the plasma-based option may be 
more compact and cheaper since it does not need to build 
a new electron accelerator. 

In one of our designs, the SPS beam is used as the 
drive beam for plasma wakefield excitation. The reason 
for that is due to the long LHC beam ramping time (20 
minutes). During the LHC beam energy ramping up from 
450 GeV to 7 TeV, the SPS can prepare the drive beams 
(ramping time of LHC preinjectors is about 20 seconds) 
for the plasma and then excite the wakefield and 
accelerate the electron beam. When the accelerated 
electron beam is ready, it can be delivered to the 
collision points in the LHC tunnel for electron-proton 
collision. PIC simulation shows that working in the self-
modulation regime, the wakefield amplitude of 1 GeV/m 
can be achieved by using the SPS beam at an optimum 
condition (both the beam and plasma parameters are 
optimized) [7]. Firstly the SPS beam needs to be guided 
to the plasma cell. Prior to the plasma cell, a focusing 
channel is designed to match the beam with the plasma 
beta function. A 170 m long plasma cell is used to 
accelerate the electron beam energy to 100 GeV. The 
energetic electrons are then extracted to collide with the 
circulating 7 TeV proton beam. 
    The centre-of-mass energy in this case is given by 
 TeV67.12   peEEs  

where Ee and Ep are the energy of electrons and protons 
respectively. The centre of mass energy in this design is 
about a factor of 1.2 higher than the current LHeC design 
(electron beam energy of 60 GeV in the LHeC design 
[8]) and a factor of 5.5 higher than the late HERA [9]. 
    The luminosity of a linac-ring type e-p collider for 
round and transversely matched beam is given by [10] 
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where Pe is electron beam power, Ee is electron beam 
energy, Np is the number of particles in proton bunch, 
N
pH  is the normalized emittance of proton beam, pJ is 

the Lorentz factor and *
pE  is beta function of proton 

beam at interaction point. The electron beam power is 
given by 

repbeee fnENP   
where Ne  is the number of particles in electron bunch, nb 
is the number of bunches in linac pulse and frep is the 
repetition rate of the linac. Using the LHC beam 
parameters, for example, Np=1.15×1011, Ȗp=7460, 

An	e-e+		collider	(mul<-TeV	CoM	energy)	or	an	
e--	p+	collider	(>	2	TeV	CoM)	could	be	achieved	
based	on	exis<ng	CERN	infrastructure;	
	
Mul<-TeV	electrons	interact	with	laser	for	
producing	gamma	photons	to	collider	
	
The	luminosity	of	the	collider	is	low	

Using	SPS	as	driver,	it	is	possible	to	create	50-100	
GeV	electron	beam	in	~	100	m	long	plasma.		
	
Such	electrons	can	interact	with	laser	to	produce	
photons	for	gamma-gamma	collider	



Conclusions	
•  Proton-driven	plasma	wakefield	accelera<on	is	very	

promising	to	provide	energy	fron<er	beam	in	a	single	stage	
accelera<on	

•  Self-modula<on	process	can	generate	short	proton	
bunches	for	driving	large	amplitude	plasma	wakefield	

•  AWAKE	run	1	will	demonstrate	modula<on	process	and	
proton-driven	electron	accelera<on	before	LS2	of	the	LHC.	

•  First	milestone	has	been	achieved	in	2016	to	observe	the	
self-modula<on	process	

•  AWAKE	Run	II	will	demonstrate	stable	and	high	quality	
electron	beam	genera<on	

•  Long	term	future	of	AWAKE	scheme	exci<ng	due	to	many	
opportuni<es,	such	as	ee,	ep	colliders,	fixed	target	
experiment	and	gamma-gamma	collider,	etc.	
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