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• IoP2014 (V. Shiltsev : 100 TeV, F. Zimmermann  : FCC-ee) 

• Projects need to be truly global, funding a problem

• IoP2015 (P. Ratoff, Future of Accelerators)

• Novel accelerator technology might be an answer, also funding is a problem

• Talk focused on UK activities

• Incomplete, flavor of the UK’s position towards numerous potential facilities

• Future machines 

• High luminosity Large Hadron Collider (HL-LHC)

• International Linear Collider, Compact Linear Collider (ILC, CLIC)

• Muon collider 

• Future Circular Collider (FCC)

• Advanced concepts
• Laser and beam driven plasma accelerators

Talk outline 



• Progress towards high 
energies limited

• Circular machines ⇒
Synchrotron radiation 
(electron) and bending 
field (protons) limit

• Linear colliders a 
technical solution ⇒
high construction and 
operation costs limit

Accelerator Livingstone Plot



• Choice for a future machine
• Clear LHC results will dictate the choice for future facility

• Energy reach is not the only consideration

• Luminosity, polarisation, staging, stability, power consumption (efficiency)

• Higgs/top factory
• International linear collider (also CLIC)

• Muon collider

• Current LHC results point towards 
• HE-LHC to FCC 

• 3 TeVCLIC  

Rationale for future colliders



• UK has two strong 
accelerator institutes
• John Adams Institute 

(Oxford, Imperial & RHUL)

• Cockroft Institute 
(Manchester, Liverpool & 
Lancaster) 

• University groups 
• Imperial College

• University of Huddersfield

• University College London 

• University of Strathclyde

UK accelerator physics, universities and 
institutes landscape

RAL

DL



• Beam instrumentation and control

• Beam dynamics

• Simulations, beam losses and collimation

• Machine detector interface and interaction regions

• Accelerating structures 

• Plasma wake-field acceleration

UK expertise and competences



LHC/HL-LHC medium term future

Splices 
fixed

Injectors
upgrade

New 
low-β*
quads

Run 1 Run 2 Run 3

7-8 TeV 13-14 TeV

HL-LHC

300 fb-1

3000 fb-1
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LHC injector upgrade

• Reliability and 
performance of injector 
chain

• LINAC4 (superconducting 
160 MeV H- linac)

• Booster (50 to 160 MeV 
injection)

• PS (1.4 to 2 GeV injection)

• SPS (transverse feedbacks)



• New IR-quads Nb3Sn [inner triplets]

• New 11 T, Nb3Sn [short dipoles]

• Collimation upgrade (Manchester, RHUL)

• Cryogenics upgrade 

• Crab cavities (Lancaster) 

• Cold powering (Southampton)

• Machine protection

High luminosity Large Hadron Collider
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• Increasing the beam 
current increases the 
losses 

• Collimation system key to 
protect superconducting 
magnets

• Simulate beam interaction 
will collimators 

• 7 TeV scatter

• Track particles in LHC 

Collimation studies (Manchester, RHUL)



Beam losses



• Crossing angle (285 μrad) 
reduces luminosity at LHC

• Rotate bunches by crossing 
angle to recover the head on 
collision luminosity

Crab cavities (Lancaster)
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SPS DQWCC - cryomodule
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[Collaboration CERN-STFC]

• Cryomodule for 2 dressed DQW 

cavities in vertical kick configuration. 

• Side-loaded cryomodule for fast 

access during commissioning.

Dressed 

cavityTuning 

system

FPC

Input power 

waveguides

Cryo

jumper

Thermal shielding 

(80K – nitrogen)

Warm 

magnetic

shielding

Coax for HOM 

power 

extraction

Silvia Verdú-Andrés | IPAC15 | May 3, 2015 | Richmond VA (USA) | Slide 

The Double-Quarter Wave (DQW) Crab Cavity by BNL

5

Electric field Magnetic field

• Deflecting voltage given when bunch is at cavity center and E-field is zero.

• Crabbing mode is fundamental mode. 1st HOM is well away from fundamental mode. 

• From QW to DQW to reduce residual acceleration (still some due to port asymmetry).

f (0)

ÆODU/SLAC… RF Dipole Crab Cavity in IPAC15: WEPWI004, WEPWI037, WEPWI039



• Rotation of such a rigid beam needs 
confirmation

• Measure position along bunch length

• Traditional instrumentation potentially can 
not measure at high enough bandwidth

• Use electro-optical effect in crystal (LiNbO3)

Crab diagnostics (RHUL)

P A 
Grin lens 

EO 
crystal 

P A 
Grin lens 

EO 
crystal 

bunch 

beam pipe 

from laser 
to detector 2 

from laser 
to detector 1 (a)!



• Scale LHC in energy by factor 8

• Ring radius set by available dipole technology

• Luminosity and losses (SR and collimation) proportional to 
beam current 

Future Circular Collider (FCC-hh)

Parameter LHC FCC-hh

Energy [TeV] 14 100

Dipole field [T] 8.33 16

#IP 4 2+2

Luminosity L
[cm-2s-1]

1×1034 2-25×1034

Stored energy/beam
[GJ]

0.39 8.4

Synch rad 
[W/m/aperture]

0.17 28.4

Bunch spacing [ns] 25 (5) 25

B ⇥ r =
p

q



• UK groups focus on beam 
delivery system

• Feedback systems, emittance 
measurement, beam position 
measurement

• Optics and backgrounds 

International Linear Collider

Parameter Value

Energy [GeV] 500

Peak luminosity 1×1034 cm2s-1

Beam rep. rate 5 Hz

Pulseduration 0.73 ms

Average current 5.8 mA

E gradient (SCRF) 31.5 MV/m

Number of SCRF 9 cell
cavities

~8000

IP beam size (h/v) 474/5.9 nm



Super conducting RF and XFEL

LCLS-II
◉DESY

◉
LAL/

Saclay
◉

INFN Milan

◉
◉◉◉

SLAC
FNAL/ANL

Cornell
JLab ◉KEK

Kitakami
proposed site

Largest deployment of 
this technology to date
- 100 cryomodules
- 800 cavities
- 17.5 GeV (pulsed)

US and EU (industrial) production and test capacity.
Perfectly placed for start of ILC construction end
of this decade.

US infrastructure for
- 35 cryomodules
- 280 cavities
- 4 GeV (CW)

◉IHEP

Nick	Walker



Accelerator test facility

Wire Scanner
S-band BPM

C-band BPM

IP-BPM

Pulsed Laser Wire

Intra-train feedback (FONT)

Fast Kicker

Wire Scanners

OTRs

Orbit Tilt Monitor

Straightness Monitor

C-band BPM C-band BPM

Laser Interference Fringe Monitor

IP-BPM(future)

Focal
Point

Final Doublet

Final Focus System

Beam test area 

Extraction Beamline

Beam	Delivery	system	optics,	instrumentation	test-bed,	tuning	and	feedback	demonstration.
Common	interests	for	both	CLIC	&	ILC.	Goal	35	nm	vertical	focus	for	1.38	GeVbeam
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Week from April 14, 2014



ILC Japan siting (Iwate prefecture)



Compact Linear Collider

Two	beam	acceleration	scheme,	2.38	GeV drive	beam	converted	to	RF	power	to	accelerate	
main	beam	



Staged CLIC 

Parameter Stage 1 Stage 3 Stage 2

Energy [GeV] 500 1500 3000

Rep frequency 50 50 50

Bunches per 
train

312 312 312

Luminosity L
[1034 cm-2s-1]

1.3 3.7 5.9

IP beam size (x/y) 
[nm]

100/2.6 60/1.5 40/1

Gradient 
[MeV/m]

100 100 100

Tunnel length 
[km]

11.4 27.2 48.3

Power 
consumption 

[MW]

235 364 589



• Crab cavities (Lancaster)

• Accelerating RF structure design (Manchester)

• Beam instrumentation (common with ILC)
• Stripline beam position monitors (Oxford)

• Optical diffraction radiation beam size measurement (RHUL)

• Cavity beam position monitors (RHUL)

• Longitudinal beam profile (Dundee) 

• Drive beam phase feed-forward (Oxford)

• Magnet design (ASTeC)

UK involvement in CLIC 



• Drive beams 
require ~50,000 
magnets

• Use permanent or 
hybrid magnets

• Tuned by motion of 
permanent 
magnets

• Two types : low and 
high energy quads

Drive Beam Permanent Magnet Quadrupoles



ASTeC magnet design

Steel

Non-
magnetic 
support

PM Block

Steel Pole

Low energy quadrupole



• Avoid synchrotron radiation losses and use muons

• Production of muons does not result in a particle 
beam compatible with acceleration

• UK significantly involved in muon cooling experiments

Muon collider



• Sited in Rutherford Appleton 
Laboratory

• Muons produced from ISIS 800 
MeV synchrotron

• Reduce momentum (ionisation) 
and accelerate in beam 
direction 

Muon Ionisation Cooling experiment 
(IC/RAL/Ox)

• MICE:	proof	of	principle:
– Design,	build,	commission	and	

operate	a	realistic	section	of	cooling	
channel

– Measure	its	performance	in	a	variety	
of	modes	of	operation	and	beam	
conditions
• Results	will	allow	Neutrino	Factory	
complex	to	be	optimised

Primary 
lithium-hydride

absorber

Secondary 
lithium-hydride

absorber

201 MHz
cavity

201 MHz
cavity

Secondary 
lithium-hydride
absorber

Electron
Muon

Ranger
(EMR)

Pre-shower
(KL)

ToF 2

Time-of-flight
hodoscope 1

(ToF 0)

Cherenkov
counters
(CKOV)

ToF 1

MICE
Muon
Beam
(MMB)

Upstream
spectrometer module

Downstream
spectrometer module

Focus-coil
module

Scintillating-fibre
tracker

Variable thickness
high-Z diffuser

Focus-coil
module

Scintillating-fibre
tracker

7th February 2015

MICE



• Excite wave in plasma using either laser or particle 
beam

Plasma wakefield accelerators

Laser/beam pulse 

Driver n0 E0 λp

Laser driven 1017 cm-3 30 GeV/m 100 μm

Beam (e/p) driven) 10-18 cm-3 100 GeV/m 30 μm



• Drive beam 400 GeV SPS proton beam

• Plasma Rb vapour source

• Laser beam 4.5 TW, ionises plasma and seeds self-
modulation instability

• Electron witness beam 16 MeV/c, 1.2×109 electrons, 
σ=4 ps

AWAKE (UCL/CI/IC/JAI/UoS)

Laser 
dump

e-

SPS
protons

10m

SMI Acceleration

Proton 
beam 
dump

RF gun
Laser

p

Proton diagnostics
BTV,OTR, CTR

e- spectrometer



• Phase 1 : Understand the physics of self-modulation 
instability processes in plasma 

• Phase 2 : Probe the accelerating wakefields with 
externally injected electrons.

AWAKE (Proton driven wakefield acceleration)

2013 2014 2015 2016 2017 2018 2019 2020

Proton and 
laser beam-

line

Experimental
area

Electron 
source and 
beam-line

Studies, design Fabrication Installation

Com
m

issioning

Com
m

issio
ning

Installation

Modification, Civil Engineering and 
installation

Study, Design, 
Procurement, Component preparation

Study, Design, 
Procurement, Component preparation

Data taking

Phase 1

Phase 2

LS2
24 months 
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Conventional vs Plasma Livingston 



• Drive plasma using short 
high power laser pulse

• Laser focusing in capillary

• Losses between acceleration 
stages will not lead to 
significant luminosity

• Efficiency of laser power 
sources does not match RF

Laser driven wakefield acceleration

6 6 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science 
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C. G. R. Geddes,et al, Nature,431, p538 (2004) 
S. Mangles et al., Nature 431, p535 (2004) 
J. Faure et al., Nature 431, p541 (2004) 

2004 result: 10 TW laser, mm-scale plasma 

2006 result: 40 TW laser, cm-scale plasma 

W.P. Leemans et. al, Nature Physics 2, p696 (2006) 
K. Nakamura et al., Phys. Plasmas 14, 056708 (2007) 

1.1 GeV 
<2.9% 
<1 mrad 
10-30 pC 

~100 MeV 

Channel!guided!laser!plasma!accelerators!have!produced!up!!
to!GeV!beams!from!cm3scale!structures!powered!by!up!to!40!TW!pulses 
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Figure 3 Single-shot e-beam spectra of the capillary-guided accelerator. a,b, Examples of bunches at 0.50+0.02
−0.015 GeV (5.6% r.m.s. energy spread, 2.0 mrad divergence

r.m.s., ∼50 pC charge) (a) and 1.0+0.08
−0.05 GeV (2.5% r.m.s. energy spread, 1.6 mrad divergence r.m.s., ∼30 pC) (b). The horizontal axis is the beam energy and the vertical axis

is the beam size in the undeflected (horizontal) plane. The colour scale denotes the bunch charge in pC GeV−1 sr−1. The 0.5 GeV (1.0 GeV) beam shown was obtained in the
225 (310) µm capillary with a density of ≃3.5×1018 (4.3×1018 ) cm−3 and input laser power of 12 TW (40 TW). The black stripe denotes the energy range not measured by
the spectrometer. In b, a second beam at 0.8 GeV is also visible. Note that the energy spread and divergence are obtained after including the imaging properties of the
spectrometer. The energy spread at 1 GeV may actually be less as the energy resolution is limited to 2.4% at 1 GeV and there is slight saturation of the image. c,d, Vertically
integrated spectra for the 0.5 (c) and 1.0 GeV (d) beams. The vertical axis is the charge density in pC GeV−1. The vertical error bar arises from uncertainty in calibration of the
phosphor screen as a charge monitor (±17%). The horizontal error bar is due to the uncertainty in entrance angle of the e-beam resulting in an uncertainty in its energy. The
spectrometer did not use an input slit, but the angular acceptance was limited by the transport beam pipe. For the 0.5 GeV (1 GeV) beam, this gives an uncertainty in central
energy of +2%,−1.5% (+8%,−5%). In addition, for the 0.5 GeV beam, sufficient statistics were obtained to include the shot-to-shot fluctuation, which amounted to ±5%
in mean energy and ±30% in charge. Hence, the convolution of those factors are shown in c, which are +5.4%,−5.2% in mean energy and ±34% in charge. The
fluctuation in central energy was correlated with fluctuations in laser power.

from the measured e-beam profile. Charge was obtained from the
phosphor screen, which was cross-calibrated against an integrating
current transformer.

Figure 3 shows energy spectra of (a) 0.5 GeV and (b) 1.0 GeV
beams, obtained with 12 TW (73 fs input) and 40 TW (38 fs input)
laser pulses, respectively. In both cases the e-beams had per-cent-
level energy spread and a divergence of 1.2–2.0 mrad (r.m.s.).

Beams at ∼0.5 GeV were obtained using a 225-µm-diameter
capillary for a density of ≃3.2 to 3.8×1018 cm−3 and for laser power
ranging from as low as 12 TW (using 73 fs) to 18 TW (using 40 fs).
The laser pulse energy transmission was observed to decrease from
near 100% for input powers below 5 TW to less than 70% for input
powers above 18 TW, consistent with laser energy transfer to the
wake and e-beams.

The performance of the 225-µm-diameter capillary-guided
accelerator was found to be reproducible for delays between the
laser arrival and onset of the discharge of 80–110 ns (that is, a
30 ns timing window) and 12 TW laser peak power. Every laser
shot resulted in an e-beam at 0.48 GeV±6% and an r.m.s. spread
<5%. Fluctuations in e-beam energy were directly correlated with
those in laser power. For lower power (<12 TW) no e-beams
were observed, suggesting that the wake amplitude was below the
self-trapping threshold. For higher power (>12 TW), the e-beam

spectra typically showed significant structure (larger spread and
multiple spots) and had much larger divergence, consistent with the
wakefields exhibiting strong transverse structure in these relatively
narrow channels, with a correspondingly strong impact on trapping
(transverse wavebreaking) and focusing of the beams. In addition,
the e-beam energy was lower and the bunch charge higher,
suggesting that at these higher power levels more particles are
trapped and that trapping occurs sooner in the channel, resulting
in significant beam loading and reduction of the wakefield as well
as improper matching of the acceleration length to Ld.

The GeV e-beam was obtained in a 310-µm-diameter channel
capillary for P = 40 TW and a density ≃4.3 × 1018 cm−3. In this
larger diameter channel, transverse wakefields are reduced but the
guiding properties are less ideal as this capillary requires a larger
input spot size for matching than was used in the experiments.
For lower laser power (<38 TW), no e-beams were observed. For
higher laser powers, the spectrum always showed structure with
significant shot-to-shot fluctuations due in part to the self-trapping
mechanism being sensitive to small variations in the laser and
plasma parameters11. The dynamics of trapping, dephasing, beam
loading11,22 and hosing23 may be responsible for the second spatially
displaced bunch observed near 0.8 GeV in Fig. 3b. Such features are
observed in numerical simulations, owing to trapping of a second
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• UK involved in the majority of future collider projects
• Current focus is HL-LHC

• STFC/CERN funded work on HL-LHC 

• Historical strength in ILC and CLIC 
• Construction dependent on potential discoveries at LHC

• Japan leading contender to site ILC, project is ready for construction

• Discoveries at the LHC will spur continued involvement in numerous 
projects
• AWAKE soon to produce physics results 

• New accelerator technologies are efficiency and luminosity limited
• Can these problems be overcome for HEP applications?

• Ultimately progress is funded limited 

Conclusions and summary


