
Beam Driven Plasma wakefield acceleration 
and 

A selection from the activities   
in Lancaster University and The University of Manchester  

Dr Öznur Mete Apsimon 

Lancaster University 

The Cockcroft Institute of Accelerator Science and Technology

1



Det-Acc-Workshop Training / 2 June 2016 

Dr O. Mete Apsimon

Outline
‣Examples of advance acceleration technologies 

• Terahertz driven acceleration 
• Dielectric accelerators 
• Laser and beam driven plasma accelerators 

‣AWAKE Project 
• Witness production 
• 3D simulations for unresolved phenomena in 2D 

‣Future collider studies based on PDPWA 
• Possible layouts using existing infrastructure 
• Design issues 

‣Plasma Acceleration Research Station (PARS) Project 
• Optimisation for various regimes of CLARA  
• Plasma sources 

‣ iMPACT Proposal 
• Multi-bunch PWA  
• PIC simulations for CLARA and CLARA Front End
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S. Livingstone’ın hazırladığı çizelgeden güncelleştirilmiştir.
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Introduction

100 MV/m, 12 GHz

Normal iletken metalik teknolojinin limiti

E ~ f^(1/2)t^(-1/4)
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Yüksek enerji deneylerinin geleceğini nasıl çizeceğiz?

5

FCC Future Circular Colliders 
‣ CERN’de 80-100km’lik tünel içerisine kurulacak bir pp çarpıştırıcısı.  
‣ Daha sonra e-e+ (TLEP) ve e-p (VLHeC) çarpıştırıcısına dönüştürülmesi olasılığı da var.  
‣ Kavramsal tasarımı ile ilgili bir konuşma: http://indico.cern.ch/getFile.py/access?

contribId=1&sessionId=5&resId=1&materialId=slides&confId=257713 
‣ FCC kick-off toplantısı (12-15 Şubat 2014): http://indico.cern.ch/conferenceDisplay.py?confId=282344

“ILC in Japan” 
‣ International Workshop on Future Linear Colliders  

http://www.icepp.s.u-tokyo.ac.jp/lcws13/ 
‣ Japonya ILC’yi Japonya’da yapmak istiyor.

Ben

“CLIC” 
‣ “Compact Linear Collider” test evresi 2016’da sona eriyor…  
‣ Yüksek gradyenli, normal iletken hızlandırma kaviteleri ve ikili demet hızlandırma gibi CLIC teknolojileri 

başarı ile test edildi ve onaylandı.

“LHeC” 
‣ CERN’den olur almışken ilginç bir şekilde inişe geçti. 
‣ European Strategy for Particle Physics raporunda öncelikli projeler arasında yer almadı.

“Blue Sky”  
‣ Alternatif hızlandırma teknikleri kullanılan çarpıştırıcılar, 
‣ Proton sürümlü plazma girdabı ile hızlandırma, 
‣ Sürücü demet LHC protonları ile sürülen çarpıştırıcılar tasarlanabilir, 
‣ e-e+ ve e-p seçenekleri sunuyor.

http://indico.cern.ch/getFile.py/access?contribId=1&sessionId=5&resId=1&materialId=slides&confId=257713
http://indico.cern.ch/conferenceDisplay.py?confId=282344
http://www.icepp.s.u-tokyo.ac.jp/lcws13/
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Lightning
Plasma plume behind the Shuttle Atlantis 

decending from ISS.

Neon lights.

Plasma Globe

Plasma Accelerators
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Sürücü demet (γ, e-, p, μ) 
Tanık demet (e-, e+, p, μ) 
Plazma (Rb(37), Li(3), …)

Plazma Dalgası ile Hızlandırma

Güçlü lazer ya da yüklü göreli parçacık demeti 
atmaları bir plazma ortamında aşırı yoğunluk 
kipleniminleri uyarmak için kullanılabilir. Bu 
kiplenimler 100 GV/m’den yüksek ve ışık hızına 
yakın hızlarda, dalga şeklinde, kiplenim boyunca 
hareket eden alan gradyenleri oluşturabilir.
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Laser Driven PWA
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Laser Driven PWA
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Beam Driven PWA

10
Illustration of the wake created by an electron beam in a plasma. This wake can 

be used to accelerate charged particles. Author: Rasmus Ischebeck.
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Plazma-Demet Etkileşmesinin farklı bölgeleri

•Plazma dalgası altında devinim


‣  Demet ölçülerinin plasma deri kalınlığına (c/ωp) göre değerlerine 
(hızlandırma; öz-kipleme ve akım liflenmesi kararsızlıkları),  
AIP Conf. Proc. 1507, 594-599 (2012)


‣  Plazma ve sürücü demet elektron yoğunluklarına (doğrusal, doğrusal 
olmayan),  
Physics of Plasmas 12, 063101 (2005)


göre değişik bölgelerde kendini gösterir.

11

For theory of wakefield generation and other advanced acceleratıon 
schemes (terahertz laser and dielectric acceleration): 

This workshop’s training session: https://indico.cern.ch/event/489217/

https://indico.cern.ch/event/489217/
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Kolay birimler türünden bazı devinim değişkenleri
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•Debye uzunluğu

• Plazma elektronları denge noktası çevresinde ωp frekansında salınım yaparlar.

• Doğrusal kuram için (nb > np) elde edilebilecek en yüksek elektrik alan:

• Dönüşüm oranı, sürücü demetten tanık demete aktarılabilecek en büyük enerji:

�d =

r
✏0kbTe

nee2

R = E+/E�
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Enerji ikiye katlama deneyi

• 2007 yılında Stanford Linear Accelerator Center 
(SLAC)’da yürütülen elektron sürümlü çalışmalar 
sonucunda,


• 85 cm uzunluğunda plazma içinde elektron 
bohçasının kuyruğundaki parçaçıkların enerjisi 42 
GeV’den 85 GeV’ye çıkarıldı.


•Bu enerji kazanımı açısından SLAC hızlandırıcısının 
3 km’de oluşturabileği enerjinin 1 m’nin altında 
oluşturulması demek!


• Yaklaşık 52 GV/m’lik hızlandırma alanı oluşturuldu!

13
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Benzetim Yazılımları ve Örnek Çalışma 

• LCODE (2D, fluid and kinematic models),


• VORPAL (2D, 3D particle-in-cell code),  


• EPOCH,


• OSIRIS, 


• VPLC, 


• WARP,


• QuickPIC


• …

14
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Outline
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‣Examples of advance acceleration technologies 
• Terahertz driven acceleration 
• Dielectric accelerators 
• Laser and beam driven plasma accelerators 

‣AWAKE Project 
•Witness production 
•3D simulations for unresolved phenomena in 2D 

‣Future collider studies based on PDPWA 
• Possible layouts using existing infrastructure 
• Design issues 

‣Plasma Acceleration Research Station (PARS) Project 
• Optimisation for various regimes of CLARA  
• Plasma sources 

‣ iMPACT Proposal 
• Multi-bunch PWA  
• PIC simulations for CLARA and CLARA Front End
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AWAKE Project

AWAKE

A.	Caldwell,	K.	V.	Lotov,	PHYSICS	OF	PLASMAS	18,	103101	(2011).

AWAKE project, a proton driven plasma wakefield 
acceleration (PDPWA) experiment is approved by 
CERN. The PDPWA scheme consists of a 
seeding laser, a drive beam and a witness beam 
to be accelerated. The primary goal of this 
experiment is to demonstrate acceleration of a  
16 MeV single bunch electron beam up to  
1 GeV in a 10m of plasma.
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Proton sürümlü plasma dalgası ile hızlandırma çalışmaları

17
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CERN-SPSC-2013-013 ; SPSC-TDR-003

AWAKE Design Report  
A Proton-Driven Plasma Wakefield Acceleration Experiment at CERN

AWAKE, Dünya’nın ilk ve tek proton sürümlü plasma deneyi

AWAKE Project
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Laser Power Supplies

Lasers

Access Gallery

Plasma Cell

Electron Spectrometer

Electron Beam Line

Proton Beamline

Experimental Diagnostics 

Klystron System

Electron Gun

Production of a Witness Beam 

19

Baseline 
specifications for 
AWAKE e- beam.

AWAKE Project
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Production of a Witness Beam 

20

AWAKE Project
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Alternative to External Injection

21

Preserved on the seafront 
at Çanakkale, Turkey after 

the film Troy (2004).
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‣Examples of advance acceleration technologies 
• Terahertz driven acceleration 
• Dielectric accelerators 
• Laser and beam driven plasma accelerators 

‣AWAKE Project 
• Witness production 
• 3D simulations for unresolved phenomena in 2D 

‣Future collider studies based on PDPWA 
•Possible layouts using existing infrastructure 
•Design issues 

‣Plasma Acceleration Research Station (PARS) Project 
• Optimisation for various regimes of CLARA  
• Plasma sources 

‣ iMPACT Proposal 
• Multi-bunch PWA  
• PIC simulations for CLARA and CLARA Front End
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An electron-positron collider

23

Towards the Future

A. Caldwell, K. V. Lotov,  
PHYSICS OF PLASMAS 18, 103101 (2011).

Electron beam energy with 
plasma density step-up.

1 TeV e+/e- beam  in 2 km of plasma 
‣ Via plasma step up and self modulation instability. 
LHC radius, 4.3 km  
‣ Transfer and matching of protons&plasma. 
‣ Dedicated e- source 
‣ 2 km plasma section (0.5 GeV m-1).  
‣ 2 km beam delivery and final focusing section. 
‣ “Used” protons to be extracted, dumped or may be 

recycled.

G. Xia, O. Mete et al.,  
NIMA Volume 740, 11 March 2014, 173–179
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An electron-proton collider

SPS	protons	can	excite	the	plasma	
PIC	simulaDons:	1	GV	m-1	➟	accelerates	e-	beam	up	to	100	GeV	in	170	m	of	plasma.

Parasi2c	e-p	collisions*	
establish	collisions	between	100	GeV	e-	beam	and	7	TeV	LHC	protons.	
*LHC	collisions	can	conDnue	in	parallel

Ramping	2mes	
LHC	➟	20	mins,	LHC	pre-injectors	➟	2	s.

24

Towards the Future

U2lisa2on	of	exis2ng	CERN	infrastructure		
prospects	of	a	cheaper	and	more	compact	
soluDon	than	LHeC.

G. Xia, O. Mete et al.,  
NIMA Volume 740, 11 March 2014, 173–179
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Issues of Proton Driven Plasma Wakefield Acceleration

Bunch lengthening due to 
energy spread and focusing 

issues of protons.
Production of accelerating field by using 

a hollow plasma for positron 
acceleration.

ion

e-

Electron beam scattering by plasma 
electrons and ions - luminosity 

degradation through emittance 
growth

25

‣Phase slippage 

‣ Interaction of “driver” beam with plasma 

‣ Interaction of “witness” beam with plasma 

‣  Positron acceleration (in case of e-p collider)

25

Group	velocity	of	wakefields	is	the	same	as	the	
velocity	of	the	driver,	protons.	Electrons	may	
overrun	the	wakefields	-	no	accelera2on.
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Key Issues in Collider Design
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PHASE SLIPPAGE (DEPHASING)

Protons ElectronsLHC SPS

G. Xia, O. Mete et al.,  
NIMA Volume 740, 11 March 2014, 173–179

�  ⇡
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Key Issues in Collider Design
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PROTON PROPAGATION IN THE PLASMA

‣ Issue I: guiding of the drive beam over such long distances, 

• Focusing: external by quads, transverse plasma wakefields. 

‣ Issue II: Moreover, drive bunch lengthening due to finite momentum spread, 

• 7 TeV LHC beam, Δp/p = 10-4 spread leads to 0.01 μm/m, 

• Initial LHC bunch length 7.55 cm >> 20 μm after 2 km of travel in plasma - negligible!  

• Lengthening should be carefully considered for the self modulation regime.

Assume a gradient of 1 GeV/m: e+/e- acceleration ➟ several hundred - few thousand meters,

�d ⇡ L

2��2
⇡ �p

p

m2
pc

4

p2c2
L
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ion

e- Key Issues in Collider Design
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‣ Black	➟	esDmaDons	modified	from	the	
model1	for	beam-gas	scaXering	in	a	
damping	ring,	

‣ Blue,	red	➟	preliminary	model,	

‣ Green	➟	Geant4	result2,	

‣ Realis'c	model	development	and	
GEANT4	simula'ons	in	progress. 0 500 1000 1500 2000
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Z = 3, Non−linear, blow−out regime np < nb
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Preliminary	results
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Diffusion	 equa1on	 represen1ng	 the	
emi+ance	growth.

‣ ElasDc/inelasDc	scaXering	of	the	witness	
parDcles,	

• by	plasma	ions	--	assumed	staDonary,	

• by	plasma	electrons	(insignificant	in	
the	blow-out	regime?)	--	mobile.

ELECTRON-PLASMA INTERACTIONS

1T.O. Raubenheimer, (Ph.D. thesis), SLAC-387, 1991.        2A. Caldwell et al, Nature Physics 5, 363 (2009).
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Key Issues in Collider Design
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ELECTRON-PLASMA INTERACTIONS
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O. Mete et al.,  
Physics of Plasmas 22, 083101 (2015).

Tracking Scenario 
Pre-formed wakefields by LCODE

‣ Longitudinal (0.5 GV/m) and transverse  

(0.1 GV/m) fields defined in Geant4, 
‣ Li (Z = 3, a = 6.941 g/mol)  
‣ and Rb ( (Z = 37, a = 85.468 g/mol) ) gasses 

were considered, 
‣ Uniform medium: 500m long, 100mm radial 

extent. 
Initial beam

‣ 10k particles at 10 GeV 
‣ Gaussian distribution for beam size and 

divergence, with standard deviation of  
10μm and 10μrad. 
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Key Issues in Collider Design
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ELECTRON-PLASMA INTERACTIONS

O. Mete et al., 

Physics of Plasmas 22, 083101 (2015).
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Key Issues in Collider Design

31

POSITRON ACCELERATION

‣ Electron	acceleraDon	can	be	done	by	proton-driven	plasma	
wakefield	acceleraDon,	

‣ What	about	the	positrons	of	a	e+e-	collider?1,2,3		

‣ Hollow	plasma	beam:		

• Focusing	of	witness:	Charge	separaDon	on	the	plasma	
layer	wall	due	to	driver	space	charge	force,	

• Accelera2on:	Buckets	(hollow	plasma)	are	larger	than	
uniform	plasma	case	➟	Stable	acc.	over	long	plasma	
distance,	

• Witness	-	Wave	Phasing:	Possible	to	tune	by	changing	
plasma	channel	radius,				

1 L. Yi et al., arXiv:1309.5691 [physics.plasm-ph]    2 L. Yi et al., arXiv:1306.1613 [physics.plasm-ph]  
3W. D. Kimura et al., Phys. Rev. ST Accel. Beams 14, 041301

Driver:	LHC	type	beam	
Energy,	2	TeV	

Bunch	length,	100	μm	
Intensity,	1011	

Energy	spread,	10%	

Plasma	
Hollow	

Density,	6	x	1014	cm-3	

Length,	1	km	

‣ 2D	simulaDon	result:	

• Energy	gain	1.3	TeV.	

‣ Feasible	for	positrons4.	

4New results from FACET for positrons —> Nature 524, 442–445 (27 August 2015)

http://arxiv-web3.library.cornell.edu/abs/1309.5691
http://arxiv.org/abs/1306.1613
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Outline

32

‣Examples of advance acceleration technologies 
• Terahertz driven acceleration 
• Dielectric accelerators 
• Laser and beam driven plasma accelerators 

‣AWAKE Project 
• Witness production 
• 3D simulations for unresolved phenomena in 2D 

‣Future collider studies based on PDPWA 
• Possible layouts using existing infrastructure 
• Design issues 

‣Plasma Acceleration Research Station (PARS) Project 
•Optimisation for various regimes of CLARA  
•Plasma sources 

‣ iMPACT Proposal 
• Multi-bunch PWA  
• PIC simulations for CLARA and CLARA Front End
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PARS Project

33…in collaboration with Deepa Angal-Kalinin and other ASTeC and CI colleagues.
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Plasma Density, np (×1020 m-3)
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E 
(G

V/
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101

PARS Preliminary

σz = 30 µm, σr = 20 µm
σz = 50 µm, σr = 20 µm
σz = 75 µm, σr = 20 µm
σz = 30 µm, σr = 100 µm
σz = 50 µm, σr = 100 µm
σz = 75 µm, σr = 100 µm

PARS Project
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Single Bunch
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O. Mete et al., Phys. Plasmas 22, 103117 (2015).
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PARS Project
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Two Bunches

Initial After ~0.5m propagation in plasma

Q0.5Q, 0.2Q

�p/2

m
ove

O. Mete et al., Phys. Plasmas 22, 103117 (2015).
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PARS Project
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Distance (mm)
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O. Mete et al., Phys. Plasmas 22, 103117 (2015).
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PARS Project

37

Beam quality studies

Results from Kieran Hanahoe  CI PhD Student - to be submitted for publication soon.

Energy Spread Energy Transfer Efficiency

E = RE0

R =
E+

E�

Field profile engineering!



Det-Acc-Workshop Training / 2 June 2016 

Dr O. Mete Apsimon

Plasma Density, np (m-3)
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PARS Project

38

Beam quality studies

Distance (m)
0 0.1 0.2 0.3 0.4 0.5
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Emittance growth due to scattering for the 
reference case.

‣Theory (based on gas-scattering in damping 
rings) suggested negligible growth. 
‣Model is being updated considering ion case 
where the effective potential is modified including 
the electronic structure of ions. 

Emittance Growth

Beam-plasma matching.

‣Beta functions of the beam and plasma should 
match. 

�00
r (z) +


K2 � "2N

�2�4
r(z)

�
�r(z) = 0

K = (eEr/rme�c
2)1/2
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non-linear bubble focusing
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matching condition

K = !2
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O. Mete et al., Phys. Plasmas 22, 103117 (2015).
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Plasma Source

39
…in collaboration with Anthony Dyson, Simon Hooker (JAI); Bernhard Hidding (The Univ. of Strathclyde), Ali Alacakir, TAEK. 

Gas filled capillary based discharge
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Plasma Source
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Gas filled capillary based discharge

Results from Thomas Pacey CI PhD Student

Computational Fluid Dynamics Studies with AutoDesk CFD Flex.
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Outline
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‣Examples of advance acceleration technologies 
• Terahertz driven acceleration 
• Dielectric accelerators 
• Laser and beam driven plasma accelerators 

‣AWAKE Project 
• Witness production 
• 3D simulations for unresolved phenomena in 2D 

‣Future collider studies based on PDPWA 
• Possible layouts using existing infrastructure 
• Design issues 

‣Plasma Acceleration Research Station (PARS) Project 
• Optimisation for various regimes of CLARA  
• Plasma sources 

‣iMPACT Proposal 
•Multi-bunch PWA  
•PIC simulations for CLARA and CLARA Front End
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iMPACT Proposal

42

Multi-Bunch Plasma Acceleration

O Mete Apsimon et al.,  

IPAC2016, WEPMY025 
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iMPACT Proposal
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Multi-Bunch Plasma Acceleration

Two-stage plasma-undulator plasma accelerator is to be published soon.



Det-Acc-Workshop Training / 2 June 2016 

Dr O. Mete Apsimon

Plasma Lens
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‣ Plasma responds to cancel the space charge of a 
relativistic bunch. 
‣ Plasma ions cancel the electric field of the bunch. 
‣ Magnetic field of the bunch focuses the beam.

Focusing force is 
linear for r ≲ σr

K. Hanahoe, et al., Simulation Studies of Plasma Lens Experiments at Daresbury Laboratory,  
Plasma Phys. Control. Fusion 58, 034002 (2016).

Focusing force differs from that of an ideal lens, leading to emittance growth. 
‣ Spherical aberration, Focusing force not linear with radius. 
‣ Longitudinal aberration, Focusing force varies with longitudinal position in bunch.
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https://www.cockcroft.ac.uk/lectures

https://www.cockcroft.ac.uk/lectures
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Conclusions

‣We contribute to the search for advanced accelerating techniques 
through following activities: 

• designing and characterising of electron sources and injectors 
with flexible-wide range specifications, 

• numerical and analytical plasma-beam interaction; wakefield 
generation, high quality beam production,  

• future uses of the technology; e-p, e-e+ colliders, 

• implementation in the local facilities; PARS at CLARA, iMPACT at 
CLARA Front End, 

• plasma sources, diagnostics and beam diagnostics.

46
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Thank	you	for	your	aXenDon…

ZZZzzzzzzzz…
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iMPACT Proposal
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Multi-Bunch Plasma Acceleration

E0=250 MeV

E0=250 MeV
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ion

e-

Key Issues in Collider Design
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ELECTRON-PLASMA INTERACTIONS

In a fully ionised plasma, 
maximum impact parameter 
corresponds to the plasma Debye 
length.

In non-linear bubble regime, maximum 
impact parameter will be defined by the 
bubble radius yielding much smaller 
scattering angles.

Minimum impact factor, can be related to the effective 
Coulomb radius of the nucleus, R  (ion impact is larger than 
neutral atom case - due to the potential including the 
electronic structure of the ion). Simulations might overestimate 
θmax.


