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‘Accelerators’	overview

• High	energy: LHC	and	HL-LHC
• Near	Future	Colliders

– Higgs	factories,	ILC,	CLIC,	CEPC
– FCC	(hh ee he),	HE-LHC,	SppC
– Strategic	build	order priorities

• Far	future:	Novel	acceleration
• High	intensity: Beyond Colliders	&		

Neutrino	programme,	other	facilities.
• UK	contribution	strategy

Outline
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Disclaimer:	focus	on	

accelerators	relevant	to	EU	PP	

(exclude	FELs,	light	sources,	

medical	accelerators,	etc…)
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Higgs	discovery	over	5	years	ago…
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4 July 2012:
5σ observation of a 

Higgs-like bosonThe highlight of a remarkable year 2012 
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✓ Precision on the signal strength parameter 
for the different Higgs production modes 

✓ 68% CL expected likelihood contours for 
couplings to fermions and bosons  at 14 TeV 
for an assumed integrated luminosity of 300 
fb-1 and 3000 fb-1

ATL-PHYS-PUB-2014-016
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LHC	performance	and	future

4

Processes	extremely	rare,	requires	many	
collisions	=	luminosity!
Passed	100	fb-1 in	October	2017

LHC	performance	exceeding	yearly	targets	in	quest	to	measure	Higgs	Boson	couplings	
and	search	for	exotic	physics:

Dark	Matter,	Extra	Dimensions,	 Super	 symmetry,	...

First	collisions	 last	
week,	12.4.18

LHC	restart	2018
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The	path	to	High	Luminosity	LHC
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§ LHC Run2 currently at 13 TeV, integrated luminosity of >120 fb-1 delivered to ATLAS/CMS by end 2017.

§ Plan to increase to 14 TeV after Long Shutdown 2.

§ After LS3 ending 2026, enter HL-LHC: aim to reach 5 - 7x nominal luminosity.

§ EU strategy 2013: Europe’s top priority should be exploitation of the full potential of the LHC, 
including the high luminosity upgrade of the machine and detectors. 

Run	3	target HL-LHC	target
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High	Luminosity	LHC	– how?
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§ Lower	beta*	(~15	cm)
§ New	inner	triplets	- wide	aperture	Nb3Sn
§ Large	aperture	NbTi separator	magnets
§ Novel	optics	solutions

§ Crossing	angle	compensation
§ Crab	cavities
§ Long-range	beam-beam	compensation

§ Dealing	with	the	regime
§ Collision	debris,	high	radiation

§ Beam	from	injectors
§ Major	upgrade	of	complex	(LIU)
§ High	bunch	population,	low	emittance,	25	ns	

beam
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Major	UK	contributions	to	design	&	build	HL-LHC
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FundingFunding

UK	institutes	on	HL-LHC-UK
£8M	CERN-STFC	investment	in	UK

UK	delivered	crab	cavity	prototype	 to	SPS

IR	beam	
diagnostics

+	new	injector	
diagnostics

Major	simulation/design	 effort
UK	built	prototypes

Crab Cryomodule design and construction summary 

Complete thermal 
shield

Complete Crab Cavity Cryomodule installed 
on SPS

• The design, build and installation of the Double Quarter Wave SPS 
Demonstrator module is now complete.

• Work has began on the design of the RF Dipole Cryomodule which will be 
suitable for SPS and LHC installation. 

• Design of the tooling and infrastructure required for module build at the 
Daresbury Laboratory has also started. Oversight committee meeting, April 2018 7
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Near	Future	Colliders

8
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International Linear Collider (ILC) 

31 km 

c. 250 GeV / beam 
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International	Linear	Collider:	ILC
• Higgs	factory	e+e- collider	for	precise	measurements	of	Higgs	&	top	++,	complementary	to	LHC

9
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e+e- Higgs factory 
e+e- annihilations:   
 
E > 91 + 125 = 216 GeV 
 
E ~ 250 GeV 
 
 
E > 91 + 250 = 341 GeV 
 
E ~ 500 GeV 
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International	Linear	Collider:	ILC

• EU	strategy	2013:	‘There	is	a	strong	scientific	case	for	an	electron-positron	 collider,	

complementary	to	the	LHC,	that	can	study	the	properties	of	the	Higgs	boson	and	other	

particles	with	unprecedented	 precision	and	whose	energy	can	be	upgraded.’	

• ILC	TDR	complete,	mature	technology.

• XFEL	at	DESY	essentially	a	20	GeV	prototype:

10

Phil	Burrows	
12 

European X-FEL at DESY 



Stephen	Gibson	– UK	input	to	EU	PP	Strategy,	Durham,	16	April	2018	

International	Linear	Collider:	ILC

11

Michizono 

ILC in Japan? 

meeting of Lyn Evans and Prime Minister Abe, March 27, 2013 

• Early	optimism	from	Japan	to	host	ILC.

• Proposed	staging	of	250	GeV	CoM,	

Higgsstrahlung (saves	~40%	cost).

• Decision	expected	by	end	of	2018.
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International	Linear	Collider:	ILC
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Michizono 

ILC in Japan? 

meeting of Lyn Evans and Prime Minister Abe, March 27, 2013 

• Early	optimism	from	Japan	to	host	ILC.

• Proposed	staging	of	250	GeV	CoM,	

Higgsstrahlung (saves	~40%	cost).

• Decision	expected	by	end	of	2018.
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1.5 TeV / beam 

CLIC layout (3 TeV) 
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Compact	Linear	Collider:	CLIC
• Drive	beam	technology	demonstratedat	

CTF3,	CERN,	acc.	gradient	upto 150	MV/m.

• Operation	100	MV/m,	135	MW	at	12	GHz.

• Project	staging	to	multi-TeV e+e-

– 380	GeV, 1.5	TeV ,3.0	TeV
• Design	report	due	in	Dec	2018	as	input	to	

EU	strategy.

13

45 

UK	institutes	contributed	 to	design;	Phil	Burrows	– CLIC	spokesperson
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Compact	Linear	Collider:	CLIC
• Drive	beam	technology	demonstratedat	

CTF3,	CERN,	acc.	gradient	upto 150	MV/m.

• Operation	100	MV/m,	135	MW	at	12	GHz.

• Project	staging	to	multi-TeV e+e-

– 380	GeV,	1.5	TeV ,3.0	TeV
• Design	report	due	in	Dec	2018	as	input	to	

EU	strategy.
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CLIC physics context 
 

43 

Energy-frontier  
capability for 
electron-positron 
collisions, 
 
for precision  
exploration  
of Higgs + top, 
as well as potential  
new physics  
that may emerge  
from LHC 
 

46 

CLIC layout 380 GeV 
  

UK	institutes	contributed	 to	design;	Phil	Burrows	– CLIC	spokesperson
46 

CLIC layout 380 GeV 
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Proposed	Circular	Colliders	in	China

15

CepC,	SppC

Qinhuangdao (�� ��

70	km

50	km

Easy access

300 km from Beijing 

3 h by car

1 h by train 
Yifang Wang	
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Future	Circular	Colliders:	hadrons

16

LHC
27 km, 8.33 T
14 TeV (c.m.)

FCC-hh (alternative)
80 km, 20 T

100 TeV (c.m.)

FCC-hh (baseline)
100 km, 16 T
100 TeV (c.m.)

“HE-LHC”
27 km, 20 T
33 TeV (c.m.)

Geneva

PS

SPS

LHC

parameter FCC-hh SppC HE-LHC HL-LHC LHC
collision energy cms [TeV] 100 75 27 14 14
dipole field [T] 16 12 16 8.33 8.33
circumference [km] 97.75 100 26.7 26.7 26.7
synchr. rad. power / ring [kW] 2400 1100 101 7.3 3.6
stored energy/beam [GJ] 8.4 9.2 1.3 0.7 0.36
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Future	Circular	Collider:	FCC	(hh ee he)
• Advanced	design	studies	for	a	100	km	circular	collider:

17

>470	registered	
participants																																							

L_DS
L_sep

L_arc

• pp-collider (FCC-hh) à main emphasis, 

defining infrastructure requirements

• e+e- collider (FCC-ee), as potential first step

• HE-LHC with FCC-hh technology

• p-e (FCC-he) option, IP integration, e- from ERL

LHC	

FCC	100km

F.	Zimmerman J.	Osborne	&	J.	Stanyard
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FCC	Week	in	Amsterdam,	9-13	April	2018

18

Dutch	press	last	week	catch	on	to	Physicists'	ambitions:



Stephen	Gibson	– UK	input	to	EU	PP	Strategy,	Durham,	16	April	2018	

Considering	the	options:	what	to	build	when?

• Many	options	for	future	accelerators:	how	to	decide	which	to	build	and	when?

– HE-LHC	;	FCC-ee,	FCC-he,	FCC-hh
– ILC	(250	/500	GeV),	CLIC	(380	GeV	CLICino,	1.5,	3.0	TeV)
– Which	combination	/	sequence	of	construction?

– What	scenarios	are	‘realistic’,	‘feasible’,	‘dangerous’	…?
– How	would	construction	of	ILC	in	Japan	or	Chinese colliders impact	plans	for	future	
collider	at	CERN?

ØDepends	on IPPP:	 Innovation,	Physics,	Price	&	Politics:

19

Observations and salient questions (2)
• What are “realistic”, “feasible”, “dangerous” sequences? eg.


• HE-LHC —> FCC-hh   versus 
HE-LHC —> FCC-ee —> FCC-hh   versus  
FCC-ee  —> FCC-hh 
CLICino  —> HE-LHC —> Muon collider 


• and alike…  

• There is often talk about “synergies”. What is really meant? And in case there 
are such synergies, which combination of options has the greatest potential 
of synergies?


• How would the construction/operation of a Linear Collider in Japan impact 
the plans at CERN?  
Same question about the possible machine(s) in China….

!4

Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1
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Considering	the	options:	what	to	build	when?

20

Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

FCC-hh

ILC	-250/500

FCC-ee

CLICino CLIC

Legend: = built = killed
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Considering	the	options:	what	to	build	when?
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Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

ILC	-250/500

FCC-ee

CLICino CLIC

FCC-hh

Scenario	1a:	ILC	+	FCC-hh
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Considering	the	options:	what	to	build	when?
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Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

FCC-hh

ILC	-250/500

FCC-ee

CLICino CLIC

Scenario	1b:	ILC	+	HE-LHC
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Considering	the	options:	what	to	build	when?
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Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

FCC-hh

ILC	-250/500

FCC-ee

CLICino CLIC

Scenario	2a:	FCC-ee	+	FCC-hh
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Considering	the	options:	what	to	build	when?
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Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

FCC-hh

ILC	-250/500

FCC-ee

CLICino CLIC

μ-coll

Scenario	2b:	HE-LHC	+	mu-C
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Considering	the	options:	what	to	build	when?
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Future Infrastructures

Discussion Session 

Introduction 

G. Dissertori

�1

time2020 2030 2040 2045

HL	LHC HE	LHCHL	LHC

FCC-hh

ILC	-250/500

FCC-ee

CLICino CLIC

Scenario	2c:	CLIC
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Far	Future:	Novel	Acceleration
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Higgs	factory:	which	flavour?

27

Higgs factory: which flavour?

ILC CLIC FCC ee Muon collider?

Accelerator R&D in Switzerland

Lenny Rivkin

CHIPP roadmap workshop
SWICH, 3 – 6 April 2018, Murten
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Muon	Collider	concepts

• µ+µ-main	advantage	over	e+e- is	less	synchrotron	 radiation:	TeV collider	fits	in	small	ring

• ‘Traditional’	muon	collider

– High	intensity	protons	on	target	generate	pions which	quickly	decays:
• Large	6D	emittance	beams	must	be	cooled:	
• Muon	ionization	cooling	demonstration	by	MICE,	program	ending	now…

28

“Traditional” Muon Collider Principle

W. Chou CAS, 22/02/2018, Zurich 13

Steps:
(1) A proton driver provides high intensity (~ 4 MW) short 

pulse (~2 ns) proton beams on target, producing high flux 
pions

(2) Pion quickly decays to muon and neutrino
(3) Muon is unstable but has a relatively long mean lifetime 

(2.2 Ps), which becomes longer at higher energy (v E/E0). 
Therefore, a series of beam manipulation is possible before 
it decays (capture, rotation, cooling, acceleration, storage 
and collision)

18

126 GeV μ+μ- Collider (D. Neuffer)

¾ 8 GeV, 4MW Proton Source
� 15 Hz, 4 bunches 5×1013/bunch

¾ πÆμ collection,  bunching, cooling
¾ εA,N =400 π mm-mrad, ε‖,N= 2 π mm

•1012 P/ bunch

¾ Accelerate, Collider ring
� GE = 4 MeV, C=300m
� Detector
� monitor polarization precession 
� for energy measurement

• GEerror Æ 0.1 MeV 

Preliminary	scheme	for	
low	emittance	µ beam	production

e+
	 Li
na
co

r	B
oo

st
er

to	fast	
acceleration	

AR
µ-

e+

Te+
TTAMD

(not	to	scale)

e- gun
linac

AR
µ+

Goal:
@T	≈ 1011	µ/s		

Efficiency	≈	10-7 (with	Be	3mm)→
1018 e+/s	needed	@T	→	
e+ stored	beam	with	T	

need	the	largest	possible		lifetime
to	minimize	positron	source	rate	

LHeC like	e+	source	required	rate	
with		lifetime(e+) ≈ 250	turns	[i.e.	
25%	momentum	aperture]→
n(µ)/n(e+ source)	≈	10-5

M.	Boscolo,	IPAC17

• New	idea	for	muon	collider	(M.	Boscolo)
– High	intensity	45	GeV	e+	beam	hits	thin	target	(0.01	rad	length)	collides	

with	e- in	target,	giving	muon	pair	just	above	threshold:
– Small	emittance	and	small	energy	spread,	therefore	no	need	for	cooling.
– 6.2	km	storage	ring.

New Muon Collider Principle (M. Boscolo)

Steps:
(1) A high intensity high energy (45 GeV) e+ beam hits a thin 

target (0.01 radiation length), colliding with e- in the target 
and producing a muon pair just above the threshold (�s = 
212 MeV), which has small emittance and small energy 
spread; therefore, no need for cooling

(2) Muons can be accelerated and stored for collision.

W. Chou CAS, 22/02/2018, Zurich 21

e+e� o P+P�
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‘Table	top’	accelerators??
• How	to	increase	acceleration	gradient	beyond	conventional	RF	100	MV/m	(CLIC	 technology)?

29

plane wave

RF Acceleration: scaling with frequency

Laser
THz?

50 MHz Ring Cyclotron

12 GHz CLIC

Accelerator R&D in Switzerland

Lenny Rivkin

CHIPP roadmap workshop
SWICH, 3 – 6 April 2018, Murten
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Laser	/	THz	accelerators
• Dielectric	Laser	Accelerators

– High	electric	field	at	optical	wavelengths:
– Gradients	<	0.3-1	GeV/m
– Staging	rather	inefficient,	lowers	average	gradient
– Laser	efficiency	->	high	power	requirements.

30

Peak gradient as a function of Laser Field

Peralta et al.,
Nature 503, 91 (2013)

• THz	structures

– Easier	to	manufacture	/	control	at	THz	wavelength.
– Recent	demonstration	of	THz	accelerated	beams	

(>30	keV so	far),	+	new	developments	in	UK.

ARTICLES
https://doi.org/10.1038/s41566-018-0138-z

1Center for Free-Electron Laser Science, Deutsches Elektronen Synchrotron, Hamburg, Germany. 2Department of Physics and The Hamburg Centre for 
Ultrafast Imaging, University of Hamburg, Hamburg, Germany. 3Research Laboratory of Electronics, MIT, Cambridge, MA, USA. 4Present address: School of 
Electronic and Information Engineering, Beihang University, Beijing, China.  5These authors contributed equally: Dongfang Zhang and Arya Fallahi.  
*e-mail: dongfang.zhang@cfel.de

Particle accelerator development over the past century has under-
pinned the study of fundamental forces and particles as well as 
the structure and function of materials and their properties at 

ever higher spatial and temporal resolution. Until recently, micro-
waves in the radiofrequency regime (1–10 GHz) have been the con-
ventional choice for powering accelerators due to the high degree of 
technical maturity of the sources, which have been used extensively 
across all areas of industry and science, from cell phones, micro-
wave ovens and radar to linear accelerators1, bunch compressors2,3 
and high-resolution streak cameras4,5. The long driver wavelengths 
are ideal for accelerating electron bunches with up to nanocoulomb 
bunch charge, and as a result of many decades of development, it 
has become possible to generate ultrafast electron pulses with very 
high peak brightness and quality. However, radiofrequency-based 
accelerators require costly infrastructures of large size and power6, 
limiting the availability of this key scientific resource. They also 
suffer from inherent difficulties in synchronization with lasers7, 
which lead to timing drifts on the 100 fs scale between the electrons, 
microwave drivers and optical probes, limiting the achievable tem-
poral resolution. Strong motivation thus exists for exploring alter-
native technologies that are compact, more accessible and adapted 
for pushing the resolution frontier, especially where lower levels of 
charge in the few picocoulomb range or lower is sufficient. Novel 
accelerator concepts thus primarily focus on laser-based approaches 
that provide intrinsic synchronization, allow scaling to smaller 
accelerator structures and can generate substantially stronger fields 
for acceleration and beam manipulation. These include dielectric 
laser accelerators8,9, laser–plasma accelerators10–14 and laser-based 
terahertz-driven accelerators15–17, each with different advantages.  
A consequence of downscaling in size is that less charge can be sup-
ported and creation of reliable structures can become more difficult. 

Laser–plasma accelerators, for example, which boast extremely high 
acceleration gradients on the order of 100 GV m−1, generate acceler-
ation structures dynamically and therefore suffer from instabilities 
and difficulties in controlling injection. Dielectric laser accelerators, 
which employ micrometre-scale structures, require extreme toler-
ances on alignment and control, and are limited to bunch charges in 
the subfemtocoulomb range. Terahertz-based accelerators, however, 
exist at an intermediate, millimetre scale that allows traditional fab-
rication techniques and supports moderate charge while still ben-
efiting from compactness, low cost and strong driving fields. This 
balance makes terahertz-based acceleration an extremely promising 
technology for future devices.

So far, the development of terahertz-based accelerators has been 
limited by the lack of sufficiently energetic terahertz sources, but 
recent progress in efficient laser-based methods18–20 has enabled 
generation of high-power, GV m−1 terahertz fields, opening new 
possibilities and spurring interest in terahertz-accelerator-related 
technologies. Proof-of-principle demonstrations include elec-
tron emission21,22 and acceleration15,16,23–27 as well as compression 
and streaking28,29. These experiments, although limited in charge, 
beam quality, energy gain and energy spread, have set the stage for 
development of practical, compact terahertz-based devices that can 
support sufficient charge and field gradients to realistically be used 
to boost performance of existing accelerators or as components of 
future compact accelerators and X-ray sources. Here, we demon-
strate the first such device based on a layered, transversely pumped, 
waveguide structure. This segmented terahertz electron accel-
erator and manipulator (STEAM) device can dynamically switch 
between accelerating, streaking, focusing and compressing modes, 
can support multiple picocoulombs of charge and features intrin-
sic synchronization. Using only a few microjoules of single-cycle  

Segmented terahertz electron accelerator and 
manipulator (STEAM)
Dongfang Zhang! !1,2,5*, Arya Fallahi! !1,5, Michael Hemmer! !1, Xiaojun Wu1,4, Moein Fakhari1,2,  
Yi Hua1, Huseyin Cankaya1, Anne-Laure Calendron1,2, Luis E. Zapata1, Nicholas H. Matlis1 and  
Franz X. Kärtner! !1,2,3

Acceleration and manipulation of electron bunches underlie most electron and X-ray devices used for ultrafast imaging and 
spectroscopy. New terahertz-driven concepts offer orders-of-magnitude improvements in field strengths, field gradients, laser 
synchronization and compactness relative to conventional radiofrequency devices, enabling shorter electron bunches and 
higher resolution with less infrastructure while maintaining high charge capacities (pC), repetition rates (kHz) and stability. 
We present a segmented terahertz electron accelerator and manipulator (STEAM) capable of performing multiple high-field 
operations on the six-dimensional phase space of ultrashort electron bunches. With this single device, powered by few-micro-
joule, single-cycle, 0.3!THz pulses, we demonstrate record terahertz acceleration of!> 30!keV, streaking with!< 10!fs resolution, 
focusing with!> 2!kT!m–1 strength, compression to ~100!fs as well as real-time switching between these modes of operation. 
The STEAM device demonstrates the feasibility of terahertz-based electron accelerators, manipulators and diagnostic tools, 
enabling science beyond current resolution frontiers with transformative impact.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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terahertz radiation, we demonstrate over 70 MV m−1 peak accel-
eration fields, 2 kT m−1 focusing gradients (which are an order of 
magnitude beyond current electromagnetic lenses and comparable 
to active plasma lenses), the highest reported terahertz streaking 
gradient of 140 µ rad fs−1 (making it well-suited for characterization 
of ultrafast electron diffractometer bunches down to 10 fs) as well 
as compression to ~100 fs. All these demonstrations strongly ben-
efit from very small temporal jitter achieved through laser-driven 
terahertz sources (see Supplementary Information). By increasing 
terahertz pulse energies to state-of-the-art millijoule levels20, it is 
expected that acceleration gradients approaching 1 GV m−1 can be 
achieved and sustained. Such gradients surpass those possible in 
radiofrequency accelerators by an order of magnitude and enable 
major improvements in electron bunch qualities such as emittance 
and bunch length. The picosecond duration of the terahertz pulses 
is an essential ingredient for reaching the GV m−1 regime, as experi-
ments have shown that maximum acceleration gradients, which 
are limited by field-induced breakdown, scale with the sixth power 
of the field duration30–33. Demonstration of the terahertz-driven 
STEAM device thus establishes a new compact, strong-field and 
extremely high-gradient accelerator technology.

Concept and implementation
The experimental setup (Fig. 1) consisted of a 55 keV photo-
triggered d.c. gun, a terahertz-powered STEAM device for elec-
tron acceleration or manipulation and a diagnostic section that 
included a second STEAM device used as a streak camera, all of 
which were driven by the same infrared laser source. Ultraviolet 
pulses for photoemission were generated by two successive stages 
of second-harmonic generation, while single-cycle terahertz pulses 
were generated by difference frequency generation. Terahertz pulses 
from two independent setups were coupled into the STEAM device  
(Fig. 1) transversely to the electron motion by two horn structures 

that focused the counter-propagating terahertz fields beyond the 
diffraction limit into the interaction zone. The electrons experience 
both the electric and magnetic fields of the terahertz pulses accord-
ing to the Lorentz force law = + ×qF E v B( ), where –q is the electron 
charge, E is the electric field, oriented parallel to the electron veloc-
ity v, and B is the magnetic field, oriented vertically in the lab frame. 
The electric field is thus responsible for acceleration and decelera-
tion, while the magnetic field induces transverse deflections.

Efficient interaction of the electrons with the fields was accom-
plished by means of segmentation, which divided the interaction 
volume into multiple layers, each isolated from the others by thin 
metal sheets (Fig. 1). Dielectric slabs of varying length were inserted 
into each layer to delay the arrival time of the terahertz waveform to 
coincide with the arrival of the electrons, effectively phase-match-
ing the interaction. Due to the transverse geometry, the degree of 
dephasing experienced in each layer was determined by the tra-
versal time of the electrons, which was dependent on the electron 
speed and the layer thickness. A reduction in dephasing can thus 
be accomplished by reducing the layer thickness and increasing the 
number of layers, at the cost of increased complexity. The ability to 
tune the thickness and delay of each layer independently is a key 
design feature of the STEAM device that enables acceleration of 
sub-relativistic electrons for which the speed changes significantly 
during the interaction (for example, from 0.43 c to 0.51 c for our 
maximum acceleration case).

The use of two counter-propagating drive pulses enabled two key 
modes of operation, which are specified with respect to the interac-
tion point, that is, the centre of the interaction region of each layer:  
(1) an 'electric' mode, used for acceleration, compression and focus-
ing, in which the pulses were timed to produce electric superposition 
and magnetic cancellation of the transverse fields at the interaction 
point; and (2) a 'magnetic' mode, used for deflection and streaking, 
where the magnetic fields superposed and the electric fields cancelled.
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Fig. 1 | Experimental setup.  A fraction of the infrared optical beam is converted to 257!nm through fourth-harmonic generation. The 257!nm laser pulse 
is directed onto a gold photocathode generating electron pulses, which are accelerated to 55!keV by a d.c. electric field. This laser also drives two optical-
rectification stages, each generating single-cycle terahertz pulses with energy up to 30!µ J. The two counter-propagating terahertz beams interact with 
the electron beam inside the segmented structure. Subsequently, the electron beam is detected by the camera. Top left inset: photograph of the STEAM 
device. Bottom right inset: the time-domain waveform of the terahertz pulse measured by electro-optic sampling and its corresponding frequency  
(f)-domain spectrum.
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Staging: existing work

LBNL have demonstrated staging at low energies (~200 MeV increased to ~300 MeV).

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

They have pioneered the use of plasma focussing elements.

Steinke, S. et al. Multistage 
coupling of independent 
laser-plasma accelerators. 
Nature 530, 190–193 (2016).

Van Tilborg, J. et al. Active 
Plasma Lensing for Relativistic 
Laser-Plasma-Accelerated 
Electron Beams. Phys. Rev. 
Lett. 115, 184802 (2015).

Here installed on a joint QUB / ICL / LBNL experiment on Astra Gemini (Dec 2017) 
focussing at upto 1 GeV
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Laser	&	beam	driven	plasma	wakefield:	100	GV/m

• Laser-plasma	accelerators	(1	GeV	demonstrated)

– Laser	pulse	in	plasma	filled	capillary	enables	
electrons	to	surf	a	plasma	density	wave.

– Recent	exciting	developments	in	multi-pulse	
schemes	and	staging	at	low	energies.

31

• Proton	driven	plasma	wakefield

– 12cm,	3x1011 proton	bunch	drives	plasma	wakefield
in	cell	at	SPS.

– Acceleration	of	15	MeV	injected	e- to	>1GeV
– Successful	observation	of	self-modulation	last	year:

Laser-plasma accelerators

‣ Ponderomotive force of an intense laser 
pulse expels electrons from the region of the 
pulse to form a trailing plasma wakefield 

‣ The wakefield moves at speed of laser pulse 
(close to speed of light) 

‣ Electric fields within wakefield are very large 
(~ 100 GV / m)

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

plasma
electrons

plasma
electrons

laser

plasma
wave

E E

laser pulse

cavity
or “bubble”

self-injected
electrons

‣ To be trapped & accelerated an electron needs v > vp i.e. 
there is a threshold momentum 

‣ Linear regime: 

• Background electrons cannot be trapped 

• Requires “external” injection 

‣ Nonlinear (“bubble”) regime 

• Background electrons can be trapped (“self-trapping”)

Linear regime

Bubble regime

Multi-pulse laser wakefield acceleration

‣ Excite wakefield with train of low-energy 
laser pulses 

‣ Resonant excitation if pulse spacing 
matched to plasma period 

‣ Allows use of different laser technologies 

• Multi-kHz repetition rates? 

• Laser wall-plug efficiency > 10% ? 

‣ Potential for additional control over wake 
excitation 

‣ Natural architecture for “energy recovery”

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

S.M. Hooker et al. J. Phys. B  47  234003 (2013)
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Multi-pulse LWFA 
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Multi-pulse laser wakefield acceleration

‣ Excite wakefield with train of low-energy 
laser pulses 

‣ Resonant excitation if pulse spacing 
matched to plasma period 

‣ Allows use of different laser technologies 

• Multi-kHz repetition rates? 

• Laser wall-plug efficiency > 10% ? 

‣ Potential for additional control over wake 
excitation 

‣ Natural architecture for “energy recovery”

Simon Hooker,  JAI-Oxford 
JAI Advisory Board, 10 -11  April 2018

S.M. Hooker et al. J. Phys. B  47  234003 (2013)

pulse train

growing plasma wave

identical electric fields

Multi-pulse LWFA 
Only 4 laser pulses 
shown. In reality would 
use 10 - 100!

Seeded!self&modula8on!instability!of!a!long!
proton!bunch!in!plasma!

λp!=!1.2!mm!

December!13,!2016! SPC,!CERN!

No!plasma!

Second!half!of!the!proton!bunch!sees!plasma!

protons(Wake(poten0al(

Laser((
dump(

SPS(
protons(

10m!

SMI(

Proton((
beam((
dump(

Laser(

p((

1st!BTV! 2nd!BTV!

Laser((
dump(

December!13,!2016! SPC,!CERN!

Success!!!

Fourier!transform!&>!see!modula8on!frequency!
Spectrum [GHz]

0 200 400 600 800 1000

Po
we

r

10 3

10 4

10 5

10 6
Average of 45 FFTs

Lineout
Band Projection
Outside of Band

laser!

Op8cal!Transi8on!
Radia8on!Diagnos8c!

100!ps!=!3!cm
!

Laser((
dump(

SPS(
protons(

10m!

SMI(

Proton((
beam((
dump(

Laser(

p((

1st!BTV! 2nd!BTV!

Laser((
dump(

December!13,!2016! SPC,!CERN!

Success!!!

Fourier!transform!&>!see!modula8on!frequency!
Spectrum [GHz]

0 200 400 600 800 1000

Po
we

r

10 3

10 4

10 5

10 6
Average of 45 FFTs

Lineout
Band Projection
Outside of Band

laser!

Op8cal!Transi8on!
Radia8on!Diagnos8c!

100!ps!=!3!cm
!

AWAKE:!Experimental!Program!

Distance in beam (z)

l
 [n

 e0
]

0.0

-0.4

-0.8

-1.2

0.20

0.10

0.00

pl
as

m
a

ra
di

us
 (r

)

Propagation direction
8.3 meters

Ope

aVr l
be

am
 [n

 e0
]

Pl
as
m
a!
el
ec
tr
on

!d
en

sit
y!
ρ p

la
sm

a!

Pr
ot
on

!b
ea
m
!d
en

sit
y!
ρ b

ea
m
!

SelfUmodulated(proton(bunch(
resonantly!driving!plasma!
wakefields.!

laser!pulse!

proton!bunch!
gas!plasma!

Laser((
dump(

SPS(
protons(

10m!

SMI(

Proton((
beam((
dump(

Laser(

Proton(diagnos0cs(
BTV,OTR,(CTR(

p((

Phase!1:!Understand!the(physics(of(selfUmodula0on(instability.!

December!13,!2016! SPC,!CERN!

AWAKE:!Experimental!Program!

Distance in beam (z)

l
 [n

 e0
]

0.0

-0.4

-0.8

-1.2

0.20

0.10

0.00

pl
as

m
a

ra
di

us
 (r

)

Propagation direction
8.3 meters

Ope

aVr l
be

am
 [n

 e0
]

Pl
as
m
a!
el
ec
tr
on

!d
en

sit
y!
ρ p

la
sm

a!

Pr
ot
on

!b
ea
m
!d
en

sit
y!
ρ b

ea
m
!

SelfUmodulated(proton(bunch(
resonantly!driving!plasma!
wakefields.!

laser!pulse!

proton!bunch!
gas!plasma!

Laser((
dump(

SPS(
protons(

10m!

SMI(

Proton((
beam((
dump(

Laser(

Proton(diagnos0cs(
BTV,OTR,(CTR(

p((

Phase!1:!Understand!the(physics(of(selfUmodula0on(instability.!

December!13,!2016! SPC,!CERN!



Stephen	Gibson	– UK	input	to	EU	PP	Strategy,	Durham,	16	April	2018	

Road	to	multi-TeV colliders:

32
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High	intensity	beams:	physics	beyond	
colliders	and	neutrino	programme

33
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Physics	Beyond	Colliders	at	CERN
• PBC	launched	 in	2016	with	mandate	to	

explore	opportunities	offered	by	the	CERN	

accelerator	complex	for	non-collider	physics:

– Wide	range	of	beams,	intensities,	energies

34

Protons post	LIU Evaluation and	proposals
Technology Evaluation and	proposals
BDF Comprehensive design	study
Conventional beams Case dependent	 feasibility	studies
LHC FT Preliminary conceptual	designs
EDM Feasibility study
Gamma factory Exploratory	study
AWAKE++ Exploratory study
nuSTORM Exploratory study

Input to ESPP update
Overall	executive	summaries	plus:

M.	Lamont’s	slides	in	2nd PCB	workshop
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Physics	Beyond	Colliders	at	CERN
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Physics	Beyond	Colliders	at	CERN
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Long	Baseline	Neutrino	programme

• Long	Baseline	Neutrino	programme; see	e.g.	Asher	Kaboth’s overview	at	IOP-HEPP/APP:
– Current	generation:	T2K	and	NOvA
– Next	generation:	HK	and	DUNE

• Accelerator	generated	high	intensity	neutrino	beam	produced	via	by	Proton	Improvement	
Plan	at	Fermilab:
– PIP-III	high	power	proton	driver	1.2MW	->	multi-MW	;	(UK:	Front	End	Test	Stand	development	at	RAL-ISIS).

37

• “The	US-led	DUNE/LBNF	project	
will	undertake	a	game-changing	
programme	of	neutrino	physics	
targeting	big	science	challenges	
§ STFC	is	investing		£65	million	

as	part	of	the	$500	million	
international	project”

B.	Bowsher
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Summary	&	points	for	discussion	

• Top	priority:	exploitation	of	LHC	Run	III	&	HL-LHC	from	2026	– 2036…

• Which	collider	to	build	next?		Depends	on	IPPP;			Innovation,	Physics,	Price	&	Politics:

– Japan	expected	to	decide	whether	to	build	ILC	by	end	of	2018;	if	not,	plenty	of	options:
– e+e- Higgs	factories:	ILC,	CLIC,	CEPC,	FCC-ee;
– Hadron	colliders:	FCC-hh,	HE-LHC.

• Novel	acceleration:	reaching	>100	TeV in	feasible	size	requires	new	technologies,	priorities	
for	development?
– Laser-plasma,	beam-driven	plasma	wakefield,	THz,	dielectrics,	muon	collider…

• Consider	many	non-collider	PP	experiments	to	exploit	CERN	accelerator	infrastructure	+	UK	
engagement	in	high	intensity	accelerator	driven	neutrino	programme.

• UK	strategy	for	engagement	in	EU	PP;	scientific	&	economic	return	on	investment.
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Back	up
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Future	Collider	Phenomenological	Cost	Model

40

of doing business in Asia, particularly, in China – for example, comparison of modern synchrotron 
light sources shows a factor of about 3 lower construction cost for comparable facilities.  

Table 1: Main parameters (c.o.m. energy Ecm, facility size Lf, site power P) of the collider projects 
and their estimated total project cost TPC according to the phenomenological αβγ–model [10]. 

 Ecm, 

TeV 
Lf, 
km 

P, 
MW 

Region αβγ–TPC, 
$B (est.) 

“Near” Future 
CepC 0.25 54 ~500 China 10.2 ±3 
FCC-ee 0.25 100 ~300 CERN 10.9 ±3 
ILC 0.5 36 163 Japan 13.1 ±4  

Future 
CLIC 3 60 589 CERN 27.0 ±8 
µµ-Collider 6 ~20 230 US ? 14.4 ±5  
SppC ~50 54 ~300 China 25.5 ±8  

FCC-pp 100 100 ~400 CERN 30.3 ±9  
“Far” Future 

X-Collider ≤1000 ≤10 ≤100 ? ≤ 10 
 

3 Discussion: Frontier Accelerator HEP Facility Options 
 

All three “near future” colliders are based on well developed technologies of NC magnets 
and SC RF and from that point of view their abilities to reach the required c.o.m energies (“energy 
feasibility”) have no serious doubts. The feasibility of performance with L~(2-5)∙1034 cm-2s-1 per 
IP is not fully guaranteed due to a number of challenges, such as extraordinary overall facility 
power consumption (300-500 MW), heat load due to HOM heating in the cold SC RF cavities and 
beamstrahlung-limited dynamic aperture for circular e+e- colliders CepC and FCC-ee, and the 
beam emittance generation and preservation in the main linacs and positron production for the 
ILC. All three facilities are on the brink of financial feasibility if the latter is defined at the TPC of 
10B$ (note, that the publicly announced cost estimate of the ILC in the “European accounting” is 
7.8B$ and 13,000 FTE-years of labor [3]).  

Among the (“medium”) future colliders, only a muon collider is based on the established 
technology of SC magnets and SR RF and, therefore, can guarantee the energy reach of up to 3-6 
TeV c.o.m. It also seems relatively cost-effective and potentially affordable – see Table 1.  
Unfortunately, at the present, the performance of the muon collider can be assured at the level two 
to three orders of magnitude below the design luminosity goal of 2∙1034 cm-2s-1 and the 
performance feasibility requires convincing demonstration of the 6-D ionization cooling of muons. 
The MICE experiment at RAL is expected to provide the first experimental evidence of the muon 
cooling by 2018. Feasibility of the 3 TeV energy reach of the CLIC collider based on the novel 
two-beam acceleration in 12 GHz normal conducting RF structures has only recently been 
demonstrated in a small scale CTF3 test facility where average accelerating gradients of 100 MV/m 

Vladimir Shiltsev

The	model	is	
good	to	+-30%
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Vladimir SHILTSEV 
Fermilab1  

PO Box 500, Batavia IL, 60510, USA 

 

High energy particle colliders have been in the forefront of particle physics for more than three 
decades. At present the near term US, European and international strategies of the particle physics 
community are centered on full exploitation of the physics potential of the Large Hadron Collider 
(LHC) through its high-luminosity upgrade (HL-LHC). A number of the next generation collider 
facilities have been proposed and are currently under consideration for the medium and far-future 
of accelerator-based high energy physics. In this paper we offer a uniform approach to evaluation 
of various accelerators based on the feasibility of their energy reach, performance potential and 
cost range. We briefly review such post-LHC options as linear e+e- colliders in Japan (ILC) or at 
CERN (CLIC), muon collider, and circular lepton or hadron colliders in China (CepC/SppC) and 
Europe (FCC-ee and FCC-pp). We conclude by taking a look into ultimate energy reach 
accelerators based on plasmas and crystals, and discussion on the perspectives for the far future of 
the accelerator-based particle physics. Extended version of this analysis has recently been 
presented at the EPS Conference on High Energy Physics (22–29 July 2015, Vienna, Austria), see 
[1].  
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Cost(TPC)= α L1/2 + β E1/2 + γ P1/2

where α,β,γ – technology dependent constants
– α≈ 2B$/sqrt(L/10 km)
– β≈ 10B$/sqrt(E/TeV) for RF
– β≈ 2B$/sqrt(E/ TeV) for SC magnets 
– β≈ 1B$ /sqrt(E/TeV) for NC magnets
– γ≈ 2B$/sqrt(P/100 MW)



Stephen	Gibson	– UK	input	to	EU	PP	Strategy,	Durham,	16	April	2018	

Future	Circular	Colliders:	hadrons

41

parameter Z FCC-ee Z CEPC H (ZH)	FCC-ee H	(ZH)	CEPC
beam energy [GeV] 45.6 45.5 120 120
beam current [mA] 1390 461 29 17

no. bunches/beam 16640 12000 393 242

bunch intensity  [1011] 1.7 0.8 1.5 1.5
SR energy loss / turn [GeV] 0.036 0.036 1.72 1.73
total RF voltage [GV] 0.1 0.1 2.0 2.2
long. damping time [turns] 1281 1280 70 70
horizontal beta* [m] 0.15 0.2 0.3 0.36
vertical beta* [mm] 0.8 1.0 1 1.5
horiz. geometric emittance [nm] 0.27 0.17 0.63 1.21
vert. geom. emittance [pm] 1.0 1.6 1.3 3.1
bunch length with SR / BS [mm] 3.5 / 12.1 2.4 / 8.5 3.3 / 5.3 2.7/ 3.3
luminosity per IP [1034 cm-2s-1] >200 32 >7 3
beam lifetime rad Bhabha / BS [min] 68 / >200 240 / >300 38 / 18 40 / 100

FCC-ee vs CEPC parameters 
F.	Zimmerman


