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Introduction

What is particle physics?
Why do we need technology “at the edge”?
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What is particle physics?

The particle physics “Mission Statement”
1) Identify the most fundamental constituents of the 

Universe
2) Describe how they interact and inter-relate

and if possible
3) Explain why 1) and 2) above are as they are, and 

cannot be otherwise
Then, we have “understood” how the Universe 

works at its deepest (simplest?) level
in the first billionths of a second after the Big Bang

But we are left with the task of explaining how 
the rich complexity that developed in the 
ensuing 13.7 billion years came about…

Which is a much more complex task!
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The Standard Model (again)

The Higgs Sector

The ParametersThe Parameters
• 6 quark masses

– mu , mc, mt
– md, ms, mb

• 3 lepton masses
– me, mμ, mτ

• 2 vector boson masses
– Mw, MZ

• (mγ, mg=0)
• 1 Higgs mass

– Mh
• 3 coupling constants

– GF, α, αs
• 3 quark mixing angles

– θ12, θ23, θ13
• 1 quark phase

– δ
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How good is the Standard Model?



Ken Peach John Adams Institute 24 March 2006 8

How good is the Standard Model?

18 measurements

18 d.o.f

3 > 1σ

1 > 2σ

Almost too good!
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What remains to be done?

• The Standard Model is a very good 
description of the Universe at the particle 
scale (~2MW)
– But does not explain many things

• Why so many particles?
• Why so many forces?
• What is mass?

– Why do particles have the masses they have?
• How do neutrinos get mass?

– Are neutrinos different? How do they fit in?
• What is Dark Matter? Dark Energy?
• Why is matter different from antimatter?

– (Where did all the antimatter go?)
• Where does gravity fit in?
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High Precision Frontier

Known phenomena studied
with high precision may show

inconsistencies with theory

High Energy Frontier

New phenomena
(new particles)

created when the 
“usable” energy > mc2 [×2]

Why do we need technology “at the edge”?

2 routes to new knowledge about the
fundamental structure of the matter
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What do we need to make progress?

• To reach higher energy
– To go beyond the LEP/Tevatron energy scale

• ~100-500GeV
– The Large Hadron Collider
– The Linear Electron-Positron Collider

• To reach higher precision
– 10 × statistics would make

this effect (if real) 8σ
• Particle “factories”

– Strange, Charm, Tau, Bottom,…

• New types of accelerator
– Neutrino factories
– Beta beams
– Muon colliders …
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The LHC

Present status
Implications of future upgrades
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What is the LHC?

• 7,000,000,000,000 volt protons 
colliding head on

• 40,000,000 times per second

protons protons

What Happens?



Ken Peach John Adams Institute 24 March 2006 14

Possible LHC upgrades
Luminosity

Data Doubling Time
~ a few years
LHC will need a Luminosity 

Upgrade after ~7-8 years of 
operation

~2015
~10x Luminosity ≡ 30% increase 

in Energy

Energy
If the physics at the LHC indicates 

that there would be a big 
discovery potential for an LHC 
with ~2x the energy
Build a new machine with twice 

the energy on top of the LHC
Need new magnets (at least 2x 

the magnetic field)

Tevatron integrated luminosity

From History

TEVATRON Luminosity LEP Energy

See 
next 
talk
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After the LHC?

– What next?
– Need to study the new discoveries

– Precision measurements

– History shows that
– Proton colliders are good at discovery
– e+e- colliders are good at precision 

measurement

– Need higher energy than LEP
– But synchrotrons at the limit

– Synchrotron radiation
– ∝ E4 at fixed radius

– i.e. 2 × Energy = 16 × Power or  16 × Radius!

– Back to the Linac!!!!

pp 
“Floodlight”

e+ e-
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The Linear Collider

What it is and why is it needed 
Present status and possible future
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Why an e+e- collider?

After Barry Barish
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Why an e+e- collider?

After Barry Barish

Å LEP

LHC Æ
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The Linear Collider
• Why?

– More energy
• LEP – up to 200 GeV
• LC – up to 1000 GeV

– Study the Higgs particle

c.f. LHC

Similar precision on new discoveries + 
spectroscopy of new states

Identify the underlying theory



Ken Peach John Adams Institute 24 March 2006 20

A Linear Collider

After Rainer Wanzenberg
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main linacbunch
compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeV

Superconducting RF Main Linac

The International Linear Collider

After Barry Barish

~15km
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SLAC – The Stanford Linear Accelerator (Centre)

50 GeV electrons and positrons

2.8GHz RF

17MeV/m
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The heart of the Linear Collider
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A Linear Collider – Damping Rings

After Rainer Wanzenberg

Just one option – many under 
consideration

Project has the complexity of a 3rd

generation light source (e.g. 
Soleil)
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An issue – Beam Delivery System

After Rainer Wanzenberg

To get high luminosity, requires that the small 
emittance is actually delivered to the interaction point
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The GDE Plan and Schedule
2005       2006        2007       2008        2009       2010

Global Design Effort Project

Baseline configuration

Reference Design

ILC R&D Program

Technical Design

Expression of Interest  to Host

International Mgmt

LHC
Physics

CLIC

After Barry Barish
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The Limits

• The Superconducting RF Technology 
used in the ILC has a maximum 
accelerating gradient of around 
50MV/m
– 1 TeV = 20 Km of acceleration

• + ~10 Km of Beam delivery System, 
diagnostics etc

– 3 TeV Î 60 Km of acceleration
• Is there a better technology?

– i.e. with a higher accelerating gradient
» Target ~150MeV/m
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CLIC – Compact Linear Collider

• CLIC aim: 
– develop technology for e-/e+ collider with 

ECMS= 1 - 5 TeV

• Physics motivation:
– "Physics at the CLIC Multi-TeV Linear Collider 

:
– report of the CLIC Physics Working Group," 

• CERN report 2004-5

• Present aim: 
– Demonstrate all key feasibility issues by 2010

After Robert Aymar



Ken Peach John Adams Institute 24 March 2006 29

High gradient 150 MV/m

• “Compact” collider - overall length < 34 km

• Normal conducting accelerating structures

• High acceleration frequency (30 GHz)

• Capable to reach high frequency

• Cost-effective & efficient (~ 10% overall)

• Simple tunnel, no active elements

• “Modular” design, can be built in stagesOverall layout of
CLIC for ECMS= 3 TeV

Two-Beam Acceleration Scheme

BASIC FEATURES OF CLIC

After Robert Aymar
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Drive beam - 180 A, 70 ns
from 2.4 GeV to 240 MeV with -9MV/m

Main beam – 1.5 A, 58 ns 
from 9 GeV to 1.5 TeV with 150MV/m

CLIC TUNNEL 
CROSS-SECTION

3.8 m diameter

CLIC MODULE
(6000 modules at 3 TeV) 

QUAD

QUAD

POWER EXTRACTION AND TRANSFER
STRUCTURE (=PETS)

30 GHz - 150 MW

BPM

ACCELERATING
STRUCTURES

CLIC TWO-BEAM SCHEME

After Robert Aymar
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• Damping waveguides + slotted iris 
→ improved HOM damping and vacuum

• Geometry optimized 
→ reduced ESURF/EACC and pulsed heating

•Assembly without brazing 
→ reduced cost for mass production
→ cold worked Cu-Zr with improved mechanical strength

• Molybdenum iris tips 
→ higher EACC

New accelerating structure concept HDS



Ken Peach John Adams Institute 24 March 2006 32

Drive Beam Accelerator
efficient acceleration in fully loaded linac

100 ms train length - 32 x 21 x 2 sub-pulses - 5.7 A
2.5 GeV - 64 cm between bunches

70 ns

2 x 21 pulses – 180 A - 2 cm between bunches

70 ns
4.5 ms

Drive beam time structure - initial Drive beam time structure - final

Power Extraction

Drive Beam Decelerator Section (2 x 21 in total)

Combiner Ring x 4

Combiner Ring x 4
pulse compression & 

frequency multiplication

pulse compression & 
frequency multiplication

Delay Loop x 2
gap creation, pulse 

compression & frequency 
multiplication

RF Transverse 
Deflectors

After Robert Aymar

CLIC RF power source layout
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Drive Beam
Injector

Drive Beam Accelerator X 2 Delay Loop

X 5 
Combiner 

Ring

Probe
Beam

Injector

Two-beam
Test Area

3.5 A - 1.4 ms
150 MeV

35 A - 140 ns
150 MeV

150 MV/m
30 GHz

16 structures - 3 GHz - 7 MV/m

HIGH POWER 30 GHz 
TEST STANDS

RF DEFLECTORS

• Build a small-scale version of the CLIC RF power source, in order to demonstrate:
– full beam loading accelerator operation
– electron beam pulse compression and frequency multiplication using RF deflectors

• Provide the 30 GHz RF power to test the CLIC accelerating structures and components at and 
beyond the nominal gradient and pulse length (150 MV/m for 70 ns) .

• Tool to demonstrate CLIC feasibility issues identified by ILC-TRC

CTF3 Motivations and Goals
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Neutrino Facilities

What are they and why are they needed
Present status and possible future
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Neutrino Facilities:
What are they and why are they needed

β beams
Pure electron (anti)neutrino beams 

from decay of stored radioactive 
nuclei

Neutrino Factories
Pure electron neutrino & muon 

antineutrino beams (or vice versa) 
from decay of stored muons

Recent discoveries in neutrino physics (“neutrino oscillations”) require new neutrino facilities

• Beams of precisely known composition (νe,νμ,ντ), energy (spectrum) and flux

Both need new physics input (q13) and the development of new technologies

Both are “1B€” projects (accelerator, storage ring, detectors)
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Conventional Neutrino Beams

• Main components
– Proton Beam

• Energy, Intensity, 
frequency

– Target
– Horn (focussing)
– Decay Region
– Beam Dump
– Detector

Proton Beam Target Horn Decay
Region

Beam
Dump Detector

Note

For any (class of) experiment

Nev ∝ P × M (× Eν)

Beam Target Neutrino
Power Mass Energy
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Example of a Neutrino Beam

Wide Band Beam 
– 5.06 × 1019 POTs (1994-1997)

– <Eνμ>  ~  27 GeV
– <L>  ~  0.6 km

– Prompt ντ :  negligible

CHORUS, NOMAD

450 GeV

<L>/<E>  ~  2 × 10-2 km/GeV

→ Δm2 > 1 eV2

West Area Neutrino Facility at CERN SPS

J Panman, Neutrino 2004

Why Change?

~1012 neutrinos
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… because Neutrino Physics has changed!!!

• 1950’s and early 60’s
– Nature (and existence) of the neutrino 

• (Reines & Cowan, Lederman, Schwartz and Steinberger)
• Late 1960s, 1970s, 1980s

– Structure of the nucleon
• F2, xF3 etc

– Structure of the weak current
• Neutral currents, sin2θw etc

• Now, and future
– Nature of the neutrino

• Neutrino Mass and Neutrino Oscillations
• Standard Model assumption of massless neutrinos is wrong!

– Note: difficult to add neutrino mass to SM a la Higgs
– Lack of Charge Æ additional mass-like (Majorana) terms

• New Physics at last!!!!

New
facilities

allow
old

physics
to be
done
much
better
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What to Measure?

Neutrinos
νe disappearance

νeÆ νμ appearance
νeÆ ντ appearance

νμ disappearance
νμÆ νe appearance
νμÆ ντ appearance

… and the 
corresponding 
antineutrino 
interactions

Note: the beam requirements for these experiments are:

high intensity known flux

known spectrum known composition 
(preferably no background)
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Recent & Running Experiments (2)

� 120 GeV protons 
from the MAIN  
INJECTOR  in a 
single turn (8.7μs)

� 1.9 s cycle time

� i.e. ν beam `on’ for 
8.7μs every 1.9 s

� 2.5x1013

protons/pulse
� 0.3 MW on target !
� Initial intensity 

� 2.5x1020

protons/year

NuMI / MINOS

M Thomson, Neutrino 2004

R Plunkett, NuFACT05
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CNGS

732 Km

ντ appearance!! 

P Migliozzi, NuFACT05

Due to start data taking 
this year
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Proposals for new “Off-axis” neurino beam 
experiments

• T2K (Tokai [J-PARC] to SuperKamiokande)
– Under construction 

• NOνA (Fermilab to “somewhere near MINOS”)
– Under consideration
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M ShiozawaNuFACT03
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NuMI Off Axis
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•~ 2 GeV energy :
• Below τ threshold
• Relatively high rates per proton, especially for antineutrinos

•Matter effects to differentiate mass hierarchies
•Baselines 700 – 1000 km
Michael, NuFACT03

Somewhere 
near MINOS
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BNL to H??

2540 km

Homestake/????

BNL

B Viren, NuFACT05c
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New kinds of Neutrino Beam

• Generate the neutrino beams from 
unstable particles in storage rings with 
long straight sections

Proton Beam Target Horn Decay
Region

Beam
Dump Detector

Innovate here

Neutrinos NOT from π decay!
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CP-violation

FNAL Feasibality Study 1
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β-beam (νeÆ νμ appearance)

• Need Eνe
> 100 MeV

– Conventional (high 
energy) neutrino beams

• Come from K decays
• small fraction of beam

• New idea (Zucchelli)
– β beams

• Pure electron (anti) 
neutrino beams 

from 
accelerated 
radioactive ions

Isotope Z A A/Z T1/2 Qβ (gs>gs) Qβ eff. Eβ av. Eν av. <E_LAB> (MeV)
s MeV MeV MeV MeV (@450 GeV/p)

8B 5 8 1.6 0.77 17.0 13.9 6.55 7.37 4145
10C 6 10 1.7 19.3 2.6 1.9 0.81 1.08 585
14O 8 14 1.8 70.6 4.1 1.8 0.78 1.05 538
15O 8 15 1.9 122.2 1.7 1.7 0.74 1.00 479
18Ne 10 18 1.8 1.67 3.4 3.4 1.50 1.86 930
19Ne 10 19 1.9 17.34 2.2 2.2 0.96 1.25 594
21Na 11 21 1.9 22.49 2.5 2.5 1.10 1.41 662
33Ar 18 33 1.8 0.173 10.6 8.2 3.97 4.19 2058
34Ar 18 34 1.9 0.845 5.0 5.0 2.29 2.67 1270
35Ar 18 35 1.9 1.775 4.9 4.9 2.27 2.65 1227
37K 19 37 1.9 1.226 5.1 5.1 2.35 2.72 1259
80Rb 37 80 2.2 34 4.7 4.5 2.04 2.48 1031

Isotope Z A A/Z T1/2 Qβ (gs>gs) Qβ eff. Eβ av. Eν av. <E_LAB> ( MeV)
s MeV MeV MeV MeV (@ 450 GeV/p)

6He 2 6 3.0 0.807 3.5 3.5 1.57 1.94 582
8He 2 8 4.0 0.119 10.7 9.1 4.35 4.80 1079
8Li 3 8 2.7 0.838 16.0 13.0 6.24 6.72 2268
9Li 3 9 3.0 0.178 13.6 11.9 5.73 6.20 1860
11Be 4 11 2.8 13.81 11.5 9.8 4.65 5.11 1671
15C 6 15 2.5 2.449 9.8 6.4 2.87 3.55 1279
16C 6 16 2.7 0.747 8.0 4.5 2.05 2.46 830
16N 7 16 2.3 7.13 10.4 5.9 4.59 1.33 525
17N 7 17 2.4 4.173 8.7 3.8 1.71 2.10 779
18N 7 18 2.6 0.624 13.9 8.0 5.33 2.67 933
23Ne 10 23 2.3 37.24 4.4 4.2 1.90 2.31 904
25Ne 10 25 2.5 0.602 7.3 6.9 3.18 3.73 1344
25Na 11 25 2.3 59.1 3.8 3.4 1.51 1.90 750
26Na 11 26 2.4 1.072 9.3 7.2 3.34 3.81 1450

Possible β+ emitters (νe)

Possible β- emitters (νe)

Bouchez, NuFACT03



Ken Peach John Adams Institute 24 March 2006 49

β-beam

6He

18Ne

67.1≅×=
Helium

neon

Neon

Helium

Helium

Neon

q
q

A
A

γ
γ

γ <150

Î Eν~500 MeV

Difficult to get above the τ production threshold
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Electron-capture beta-beam

• Concept: J. Burguet-Castell (Valencia)
J. Sato (TUM)

– N + e- → N´ +  ν … two body decay
• Most favourable isotope?

– 150Dy: half-life = 7.2 mins; Eν = 1.4 MeV; BR ~100%

• Energy spectrum:
– Removes migrations

between energy bins
• Powerful in 

combination with
beta-beam
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A Neutrino Factory is …

g H� HJJLzL�H��� J���zL⌧ KL�PN�LK �� 
���K�JL !���� ���� KLJH`� �L� `LH� 
KP�LJ�LK H� H KL�LJ��� �O���H�K� �M 
R� H�H` Principal Components

High Power H(-) source
Proton 

Driver
Target Capture

C
ooling

Muon Acceleration

‘near’ detector (1000-3000km)

‘far’ detector (5000-8000km)

Muon 

Storage 

Ring

‘local’ detectors
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Neutrino Factory Challenges

• Parameters
– Need to know that θ13 is not zero

• Other parameters well known to fix (Eμ,L)
• Technology

– Proton driver 
• RCS or LINAC?

– Proton energy?
• HARP, E910, MIPP

– Target
• MW beam power

– Mercury, solid, liquid-cooled, pellet, …
– Pion/muon collection and/or cooling

• Magnetic Horns or Solenoids?
• Phase Rotators, FFAG’s, cooling?

– RF and acceleration
• RLA’s or FFAG’s?

– Muon Storage Ring
• Racetrack, triangular or bow-tie
• Conventional or FFAG?

• Other uses of high power protons & muons?
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What is an FFAG?What is an FFAG?
EMMAEMMA

FFixed ixed FField ield AAlternating lternating GGradient acceleratorradient accelerator
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rBB ⎟⎟

⎠
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⎜⎜
⎝

⎛
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0
0

Magnetic field

Rob Edgecock/CCLRC
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The FFAG model

• High Power Proton Driver
– Muon g-2 

• Muon Factory (PRISM)
– Muon LFV

• Muon Factory-II (PRISM-II)
– Muon EDM

• Neutrino Factory
– Based on 1 MW proton beam

• Neutrino Factory-II
– Based on 4.4 MW proton beam

After Y Kuno
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PRISM

Kuno, NuFACT05
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Other Key Challenges

Targets

• ~ same power as 
SNS targets
– Open
– Small
– Environmental 

protection?

Muon Cooling

• Certainly needed 
for a muon collider

• Almost certainly
needed for a 
neutrino factory
– (combined 

FFAG/cooling or 
ring-coolers?)
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nTOF11 (MERIT)

Participating Institutions

1) RAL
2) CERN
3) KEK
4) BNL
5) ORNL
6) Princeton University

Proposal submitted April 26, 2004
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nTOF11 (MERIT)

Kirk, NuFACT05
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Jet Design

McDonald, NuFACT05
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Programme

• 24 GeV Proton beam
• Up to 28 x 1012

Protons (TP) per 2μs 
spill

• Proton beam spot 
with r ≤ 1.5 mm rms

• 1cm diameter Hg Jet
• Hg Jet/Proton beam 

off solenoid axis
– Hg Jet 100 mrad
– Proton beam 67 mrad

• Test 50 Hz operations
– 20 m/s Hg Jet
– 2 spills separated  by 

20 ms

250 to 1500 ns500 ns

Beam

Profile

Scintilator

Profile

Pump Probe

• Ship Pulsed Solenoid to MIT         
July 2005

• Test Solenoid to 15 T peak 
field August 2005

• Test Cryogenic valve box               
September 2005

• Integration of Solenoid/Hg Jet 
system   Summer 2006
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Simulation

Zisman, NuFACT05
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Ionization Cooling

ds
dE

EXcmds
d n μ

μμβ
βε

0
23
⊥=

PT

PL

After ionisation 
energy loss

After Multiple 
Scattering

After Acceleration

Muon Momentum

ds
dE

Eds
d nn μ

μβ
εε
2−=
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μ

Incoming muon beam

Diffusers 1&2

Beam PID
TOF 0

Cherenkov
TOF 1

Trackers 1 & 2
measurement of emittance in and out 

Liquid Hydrogen absorbers 1,2,3

Downstream
particle ID:

TOF 2 
Cherenkov
Calorimeter

RF cavities 1 RF cavities 2

Spectrometer
solenoid 1

Matching
coils 1&2 Focus coils 1 Spectrometer

solenoid 2

Coupling Coils 1&2

Focus coils 2 Focus coils 3 Matching
coils 1&2

10% cooling of 200 MeV/c muons requires ~ 20 MV of RF
single particle measurements =>
measurement precision can be as good as Δ ( ε out/ε in ) = 10-3

never done before either…. 

Blondel
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MICE
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Other projects

Some examples
1. SR & Free Electron Lasers
2. Hadron Therapy
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Synchrotron Radiation and Free 
Electron Lasers
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What is Synchrotron Radiation?

Motion of a charged particle (an electron) in a magnetic field

When ultra-relativistic, emits x-rays tangential to the motion

X-ray
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SRS @ Daresbury
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Examples of use of Synchrotron Radiation

CCLRC/SRD 
annual report
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Some Synchrotron Radiation Science

Structure of Anthrax

© 
CCLRC

Diffraction pattern from pea lectin

© CCLRC
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Diamond @ RAL
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The X-ray Free Electron Laser
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The X-ray Free Electron Laser
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The X-FEL
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Hadron Therapy
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Hadrontherapy accelerators: the rationale

charged hadron beam
that loses energy in matter

27 cm
tumour

target200 MeV 200 MeV -- 1 1 nAnA
protonsprotons

4800 MeV 4800 MeV –– 0.1 0.1 nAnA
carbon ionscarbon ions

which can control which can control 
radioresistantradioresistant

tumourstumours

Photons ProtonsPhotons ProtonsX rays
protons or

carbon ions

tail

cobalt  60

linac

httt://global.mitsubishielectric.com/bu/particlebeam/index_b.htmhttt://global.mitsubishielectric.com/bu/particlebeam/index_b.htmll

light ion
(carbon)

proton

Amaldi
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Single 
field100

50

2 opposed 
fields200

50

3 co-planar  fields
30
0

50

PROTONS X-Rays

2 opposed 
fields

3 co-planar fields

Single field

10
0

200

100

Depth Depth

% 
DOSE

%DOSE

After Bleddyn Jones

How does it work?
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X-Rays

Protons 30050 50

60

100

80 80150

0

60

Axial view

3 Field techniques

After Bleddyn Jones
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Carbon ions are qualitatively different 
from X-rays

9  X ray beams                                         1 proton beam

Carbon ions deposit in a cell 24 times more energy than a proton

producing not reparable  multiple  close-by double strand breaks

so  that they can control radioresistant tumours

At HIMAC (Japan) the doses are delivered in only 5-10 fractions

In Heidelberg and in Pave Europe moves towards the frontier of “dual” 
centres Amaldi



Ken Peach John Adams Institute 24 March 2006 80

The CNAO Italian national centre designed by TERA

A company is negotiating with CNAO a license for PIMMS/TERAA company is negotiating with CNAO a license for PIMMS/TERA
Project: TERAProject: TERA

Project:Project: Calvi Calvi ––TEKNETEKNE Main source of 90 Main source of 90 MEuroMEuro::
Italian Health MinistryItalian Health Ministry

CNAO Foundation constructs and CNAO Foundation constructs and 
managesmanages

INFN is coINFN is co--responsible for the responsible for the 
constructionconstruction

PIMMS/TERA

Amaldi
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SCALING         NON SCALING

E. Keil, A.M. Sessler

et al.

Non-scaling design

has smaller radius

FFAG design for carbon ion therapy

carbon ions 4800 MeV

21 m

Amaldi
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Many centres world-wide

based on information of the Particle Therapy Co-Operative Group (PTCOG) 
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Hadron Therapy in Chiba
(Japan)

�����	������(����(�	 �
Borrowed from Rob Edgecock
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Medical applications of accelerators

• Oncology
– Protons, heavy ions, electrons

• Preparation of radio-nuclides

• Requires precision control of
– Energy
– Dose
– Position

• Just like the linear collider (energy, luminosity)



http://www.adams-institute.ac.uk Ken.Peach@adams-institute.ac.uk

Summary
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Summary

• There are several global frontier particle 
physics projects needing new and 
challenging accelerators over the next 10-
20 years

• There will be many other uses of the 
technologies developed to make them 
feasible and affordable
– In other branches of science
– In industry
– In medicine

• There will also be national and regional 
accelerator projects doing frontier 
research …

• There are plenty of challenges and 
opportunities for innovation
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