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Accelerators at the Energy Frontier

Livingston plot

Exponential growth
of Ecm in time

Starting in 60’s  
with e+e−  at about 1GeV

Factor 4 every  10 y

pp, pp̄ :  Ecm / 6
still 5 × above e+e−  at 

same time

Comparison of Colliders
at the Energy Frontier

LHC big step   ---   Higgs discovery
we already look well beyond

pp, pp̄ : discovery 
e+e−         : precision

both required machines

+  ep : hadron structure, QCD
    HERA, LHeC
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Basic concepts and units

Electric field :
Acceleration

or rather
Energy gain

100 keV

Electric charge e
and electric field E

Special relativity, Lorentz transformation

for precise numbers see PDG

giga G = 109      tera T = 1012      peta P = 1015      exa E = 1018      zetta Z = 1021      yotta Y = 1024

me ≈ 0.511 MeV/c2  mp ≈ 938 MeV/c2   e ≈ 1.602×10-19 C

For  E = 10 GeV : 
Electron    β = 0.999 999 9987      γ = 19569.5
Proton       β = 0.995 588 4973      γ =       10.6579  

e2

4πϵ0
= α!c = rpart mpart c2

= 1.43996 × 10−18
GeV m

!c = 197.327 × 10−18
GeV m

(!c)2 = 3.8938 × 10−32 GeV2 m2

= 3.8938 × 105 GeV2 nb

Unit conversion

E = γmc2 p= β γmc β =
v
c

γ =
1√
1−β 2

e!

Anode

Cathode1
0
0
 k

V E

+

http://pdg.lbl.gov/2008/reviews/consrpp.pdf
http://pdg.lbl.gov/2008/reviews/consrpp.pdf


Particle sources
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Thermionic 
electron source 
principle same 
as cathode ray tube

Example : e- gun in CTF3

cathode
Anode

insulator

cathode grid bucking coil
pumping port

100 - 150 kV

! +

e!

e!

beam

c
a
th
o
d
e

a
n
o
d
e

e−

e+

C
onvertor

focusing solenoid
acceleration, bunching

challenges :

high intensity

polarized e− sources

damping rings for
   minimum emittance

undulator polarized e+ 
sources

cathode holder

> 50 MeV

0.5-3 Χ0
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Proton and ion sources
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Various methods exist to produce
p (H+),  H- (p with 2 e-) and heavy ions -
heavier atoms, most electrons removed

Typically involves : low pressure heated gas
ionized gas / plasma, inject H2 to get protons, 
or surface sputtering
and electric and magnetic fields
to keep the electrons

ions
→

special techniques
H− injection

RadioFrequency 
Quadrupole

CERN p-source and 50 MeV Linac



Linear Acceleration with Electrostatic Field
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Cockcroft Walton 
voltage multiplier

Van de Graaff generator
static electricity from belts

Oak Ridge Tandem Van de Graaff generator
reached 25.5 MV using pressurised SF6

800 kV 
proton pre-

injector 
used at 
CERN

until 1993capacitors

0

diodes

U = Uo sin tt
2Uo 4Uo 6Uo

50 kV
DC

+
+ ++

+
+
+
+

+
+
+

+
+ + + + + + +

+

+
+

10 MV
top terminal

evacuated
acceleration
channel

experiment

spectrometer magnet

spraycomb

charge
conveyor
belt

charge collector

ion   source

allows for DC, 100 % duty factor
limited by HV-breakdown   ~ 1 MV / m



Time Varying Fields
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Radio-frequency or short RF 
acceleration

• allows for multiple passages

• bunched beams, reduced duty cycle

• higher RF frequencies allow for 
higher acceleration gradients
no time for breakdown / flashover

LEP , SC                     8 MV / m  at 352 MHz
Tesla / ILC, SC      31.5 MV / m  at  1.3  GHz
CLIC                        100 MV / m   at  12 GHz

9 cell 1.3 GHz SC niobium TESLA / ILC cavity

little gain above 12 GHz
SC limit ~ 50 MV/m, reached for single cell
surface gradients higher then acceleration 
gradients,  smooth structures
high f : shorter bunches  - collective effects (peak current)

and alignment more difficult
less energy stored in structure

U = Uo sin t t

beam

E

B



F = q ( E + v × B )

Basic parameters, Lorentz Force
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LHC 
• Momentum p =  7 TeV/c
• LHC bending radius ρ = 2804 m 

• Bending field B = 8.33 Tesla
• magnets at 1.9 K, super-fluid He

•  Electric field E provides the
acceleration or rather energy gain

•  The magnetic field B keeps the
particles on their path

Circular 
motion for 

E = 0
v ⊥ B

charge q, normally q = e   ;  q = Z e  for ions

B = 
p

 q ρ

for q = e numerically
B [T] = p [GeV/c]   3.336 m / ρ
high energy, v = c  “p = E”
E < EH = q B ρ  Hillas criterion

ρ  is the radius of curvature for motion perpendicular 
to the static magnetic field.  Often called
• gyromagnetic or Larmor radius in astroparticle 

physics
• bending radius for accelerators
Bρ known as magnetic rigidity, units Tm

Astroparticle
units   10 -4T = 1Gauss ; a.u. = 1.5×1011m
Solar system B = 10μG   E = 5 TeV   ρ = 11 a.u.
Intergalactic  B = 1nG      E = 5 PeV  (knee)
      ρ = 1.7×1019m  (4 % of galaxy-radius)

y

x s
vB

F

z
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Circular Accelerator

• Synchrotron :  ρ = const.  B increased with energy.  RF-frequency 
adjusted slightly  ( β = 0.999  .. 1.0 ). Most HEP and all CERN ring 
accelerators PS, SPS,  LEP, LHC of this type. Principle same for e, p, 
heavy-ion − PS, SPS − accelerate(d) all of these, in some cases switching 
within seconds

B
injection magnet

vacuum chamber

extraction / target

RF cavity

• Cyclotron : constant rf-frequency. Magnetic field radius ρ increases 
with energy.  Used for smaller machines
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Phase stability I

LHC nominal RF parameters
Voltage at injection   8 MV
               top energy 16 MV
Revolution frequency    frf = h f rev              h = 35 640   frf  = 400.7896 MHz  L = 26658.864 m
Circumference   L = v / frev = β c / frev      frev = 11.2455 kHz     1 turn  in   88.92446 μs

Synchrotron

t

V

A synchronous

B lagging

B

above

transition

RF

cavity

+ !

A

acceleration,
ramping up in energy :

• allow for enough RF-voltage
• ramp up magnets
• particle adjust themselves in 

radius and phase to gain on 
average the right amount of 
energy
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Magnets and Power Consumption

LEP
B = 0.1 T        LEP2  ~ 100 GeV
(half) cells with each three 11.55 m long dipole magnets
I = 4500 A   together   R = 1 mΩ   P = 20 kW / cell
488 cells                                          P = 10 MW

if we would have kept the same magnets for the LHC

LHC    B ∝ Ι     B = 8.38 T
would need now   I = 280 kA  with LEP magnets  R = 1 mΩ
P = 78 MW / cell   × 488 cells   total power  P = 38 GW

P = R I2

Why super conducting magnets ?



Magnet technology
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warm cold

Dipole current distribution

I(!) = Io cos (")

I(")

"

• field quality given by pole face geometry 
• field amplified by Ferromagnetic material    
• hysteresis and saturation   ~ 2 T                                   
• Ohmic losses for high magnet currents

• field quality given by coil geometry 
• requires cooling to cryogenic temperatures
• persistent currents and snap back                                
• risk of magnet quenches



LHC dipole magnet
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2-in-1 dipole magnet,  8.33 T field,  15 m long,   mass 30 ton

LHC dipole magnet cross-section

alignment target
main quadrupole bus-bars
heat exchange pipe
superinsulation
superconducting coils
beam pipe
vacuum vessel
beam screen
auxiliary bus bars
shrinking cylinder / He I-vessel
thermal shield (55 to 75 K)
non-magnetic collars
iron yoke (cold mass, 1.9 K)
dipole bus-bars
support post current distribution



LHC magnets installed in the tunnel
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Operational margin of a superconducting LHC dipole
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Superconducting
state

Normal
state

Quench

fast loss of 
5×106 protons

fast loss of 
5×109 protons



Fixed Target vs Collider
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Fixed target, high energy collisions : 
Energy “lost” as kinetic energy

High Energy e+e- and 
very high energy pp gain 
a lot from colliders

Gain for LHC is by ×122    
( 14 TeV / 114.6 GeV) collider

ring
or

linear

Target

mT

Ecm ≈ 2Eb mT c2

Beam 1 Beam 2

Ecm = 2Eb

←←
co

lli
der

200 400 600 800 1000

500

1000

1500

2000

fixed target
ISR

Tevatron

Tevatron

GeV

GeV

ce
n

tr
e 

o
f 

m
a
ss

 e
n

er
g
y
 E

C
M

SPS

SppS

Beam Energy Eb

fixed target

ECM =
√

s = (p1 + p2)
2

p1 = (E,p) p2 = (E,−p) s = 2m2 + 2E2 + 2p2 = 4E2 collider

p1 = (Eb,pb) p2 = (mT , 0) s = m2
b + m2

T + 2mT Eb fixed target

Calculation with four vectors for c = 1 s



Primary cosmic ray spectrum
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23 Linear Accelerators

23.1 ERL, Energy Recovery Linacs

Dorfan talk in Korea, saved as ∼/temp/DorfanKorea2005.ppt slide 55. Cornell ERL prototype,
Daresbury ERL Prototype, BNL R&D ERL, ERL for e-Cool RHIC,..

24 Cosmic Accelerators

Book by Grupen. Book by Perkins. See also Readme.txt. Articles in German [260] and [261].

How Do Cosmic Accelerators Work ?. Cosmic particle accelerations, slide 30 of 050930icfa.ppt lo-

cally copied as 050930icfa.ppt. Black holes in German [262].

The 2008 SLAC summer institute is on cosmic accelerators ssi 2008.

On supernova and X-ray outbursts see [263].

On cosmic rays from supernovea see [264].

E. Waxman on gamma-ray bursts and collisionless shocks [265].

A. De Rujula [266].

Hillas Plot : the energy spectrum of cosmic rays and possible sources Hillas-plot.png.

PDG reviews 2997:

BIG-BANG COSMOLOGY [267].

BIG-BANG NUCLEOSYNTHESIS [268].

THE COSMOLOGICAL PARAMETERS [269].

DARK MATTER [270].

COSMIC MICROWAVE BACKGROUND [271].

COSMIC RAYS [272].

The equivalent center of mass energy for cosmic rays, based on a target mass of protonsmT = mp

is shown in Fig. 15. Calculated as Ecm

√
2mT E.

Table 15: Primary cosmic ray energy and equivalent centre of mass energy taken the proton mass as

target mass.

Eb [eV] Ecm [TeV]

1013 0.137

1015 1.370

1017 13.70

1019 137.0

1021 1370.

The cosmic ray energy spectrum from [272] is shown in Fig. ??.

25 Polarisation

25.1 Transverse Polarisation

For electrons travelling in a ring, there is a small probability for a spin flip by synchrotron radiation

emission. Furthermore, there is a small asymmetry for the spin flip to go preferentially in the direc-

tion which is parallel for e+ and antiparallel for e− to the field and which corresponds to a slightly

178

from PDG 2007

E spectrum falls as E-2.7

to knee at E ≈ 5e15 eV
= 5×106 GeV
~1 particle/m2 and year
origin galactic

above ∼ E-3

back to E-2.7 at very
highest energies

G
ZK

 li
m

it 
 p

+γ
CM

BR
 ->

 Δ
+

←
 Te

va
tro

n 
(p

p)

Eb [GeV]
104 105 106 107 108 109 1010

←
 LH

C 
(p

p)

×10 in ECM

conversion to Ecm

≈   LHC pp
←  LHC ions

fixed target

Nature has much larger and more powerful cosmic accelerators then we can ever built.
With colliders we can get to these collision energies in clean laboratory conditions.
The LHC already gets us to within 1-2 orders of magnitude of the very highest cosmic rays.



High Luminosity : N↑  collide many particles,    A↓  squeezed in small bunches
LHC 1.15×1011 protons, nb  = 2808    (  f↑ crossings at 25 ns intervals)  

Beams squeezed using strong 
large aperture quadrupoles
around the interaction points
from ~ 0.2 mm to
σx = σy = 17 µm

Rare new processes, like Higgs production can have very small cross section, 
like  1fb = 10-39cm2 .     LHC designed for very high Luminosity  L = 1034 cm-2s-1

Event rate for such rare processes :   ~ 1 new particle every 28h.
Instead pp σtot ≈ 0.1 barn  30 / crossing

< ` >
arc

= 80 m `IP = 0.5 m

Luminosity and collision rates

19

Event rate for process with cross section σ

Luminosity from bunch 
crossings at frequency f = frev nb 

for Gaussian bunches with rms sizes  σx σy    A = 4 π σx σy 

n m

N1N2 f
A

Interaction
region

Bunch 1 Bunch 2

N1 N2Effective area A



Alternate gradient focusing
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Quadrupole lens
focusing in x,
defocusing in y
or vice versa

alternate gradient
focusing

together with
bending magnets

FODO lattice

F D

F
D

y

x

Magnetic Field

Vector

Design Orbit

R

N S

NS

IronConductor

N. C. Christofilos, unpublished manuscript in 1950 and patent
Courant, Snyder in 1952, Phys. Rev. 88, pp 1190 - 1196 + longer review in Annals of Physics 3 (1958)

Bx = k y
By = k x
Bz = 0

∇×B=0

Quad gradients in the LHC
K = 1/Bρ  ∂By /∂x  ≈ 200 T/m

Combine F D
Defocusing when at 
small amplitude
Overall focusing

F = e ( v × B )
here
F = e (0, 0, v) × ( Bx,  By, 0)
   = e ( − v By ,  + v Bx ,  0) 

Normal (light) optics :
Focal length of two  lenses 
at distance D
1/f = 1/f1 + 1/f2 - D/f1f2

is overall focusing
with 1/f = D/f2

for f = f1 = -f2



Betatron motion
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Equation of motion of particles in a ring (with bending fields) and quadrupoles ( field gradients ∝∂B/∂r )

In both transverse planes,   here written with x for x, y :        known as Mathieu-Hill equation
x’’(s) + k(s) x(s) = 0,                                derived in 1801 to describe planetary motion
Generalised oscillator equation with position dependent, periodic restoring force k(L+s) = k(s) given by the quadrupole 
gradients  (+ the small weakly focusing bending term in the ring plane)

Solution : x s s cos s

s
s

s
ds

β(s)   beta function, describes the focusing properties of the magnetic lattice
ε        invariant, together with β(s) amplitude.      “single particle emittance”

Phase advance
Lyapunov-Floquet Transformation

motion x/√β   plotted with phase advance
normalised coordinates - becomes simple cos 

Tune  # of betatron oscillations

s(m)

x

36 108

Actual
Trajectory

0 72

Motion conveniently described in phase space  (x, xʹ′)  where xʹ′ = px / p
and linear optics elements as matrices ; with simple case for M, applies for IP to IP

Accelerator design : starts with magnet lattice based on linear beam optics ; MAD program



Orbit stability and tune
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Misalignments and dipole field errors
→  orbit perturbations
would add up on successive turns
for integer tune Q = N

Higher order field errors,
Quad., Sext. perturbations.
Avoid simple fractional tunes
nQx + m Qy + m Qs = int.

Minimise field and alignment 
errors

Kick

Qx

Qy

Qy

Qx

stable 
working 
area

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

0.2
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Orbit, tune measurement and peak beam current
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Beam Pickup Monitor

vertical orbit, June 2011,  1st half of LHC shown

vertical tuneBunch peak currents are many Amperes !
Strong signals, used to monitor beam 
position and oscillations

Also source of undesirable effects :
wake fields, heating, instabilities

vacuum

chamber

(beam-pipe)

electrodes

beam

0

.02

.04

.06

.08

.1

0 .05 .1 .15 .2 .25 .3 .35 .4 .45 .5
qy

.220

re
la

ti
v

e 
am

p
li

tu
d

e

Typical numbers, for a single bunch       〈Ib〉 = n e frev

LEP  n   = 4×1011          〈Ib〉 = 0.72 mA     σz = 2 cm      Î = 960 A
LHC  n = 1.15×1011    〈Ib〉 = 0.21 mA  σz = 7.55 cm    Î = 73.2 A
             frev = 11245 kHz,     L = 26658.9 m

Ib L
2/ mz

〈Ib〉  average ring 
and

Î  local peak 
current



Transverse beam size and emittance
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β - function   :   local machine quantity - focusing of lattice
Emittance ε   :   beam quantity - the average action
related to phase space density or kind of beam temperature
given by initial conditions (injected beam)
or equilibrium of quantum excitation  and damping - 2nd lecture
in ideal machine : x, y, z motion uncoupled,  3 emittances εx, εy, εz

consider       :  beam of many particles on stable orbit  and
simple case  :  dispersion and slope βʹ′ = 0    by default at IP - relevant for experiments 

beam size, r.m.s.

beam divergence, r.m.s.

       product

IP: squeeze β to a minimum, called β*  ⇒ maximum of divergence, needs aperture

IP

Quadrupole Quadrupole

y
x

LHC  εN = ε βγ = 3.75 μm,  at top Eb = 7 TeV:  ε = 0.503 nm,  β* = 0.55 m,  σ* = 16.63 μm,  θ*= 30 μrad



Standard Synchrotron Radiation
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Synchrotron

radiation

B

1eV= 1.60217653×10−19 J

1eV≈ 1.60 × 10−19 J

1GeV= 109 eV

1TeV= 1012 eV

E = γmc2

p= β γmc

β =
v

c

γ =
1

√

1−β 2

me = 0.510998918(44)MeV/c2 = 9.1093826(16) × 10−31 kg

mp = 938.272029(80)MeV/c2 = 1.67262171(29) × 10−27 kg

me ≈ 0.511MeV/c2 = 9.11 × 10−31 kg

mp ≈ 938MeV/c2 = 1.67 × 10−27 kg

E = 10GeV

γ = 19569.5 β = 0.9999999987

γ = 10.6579 β = 0.9955884973 (1)

Ec =
3

2

h̄cγ3

ρ
= 2.96×10−7eVm

γ3

ρ

U0 =
e2

3ε0

γ4

ρ
≈ 6.0317 ·10−9 eV m

γ4

ρ

Pb =
U0 Ib

e

L=
N1N2 f

A

ṅ= Lσ

ρm = 1ntorr= 1.33×10−7Pa

E
GeV

γ ρ
m

U0

MeV

Ec

keV

τd

s
N

1012

I
mA

Pb

MW

B
T

RHIC Au A×100 107.4 242.8 21×10-6 1.5×10-6 4.9×106 0.06 60 1.3×10-12 3.42

LHC p 7000 7460.5 2804 0.0067 0.044 61729 646 1163 0.0072 8.33

LEP1 e 45.6 89237 3026 126 69.5 23×10-3 2.22 4 0.5 0.05

LEP2 e 104.5 204501 3026 3490 836 1.9×10-3 2.8 5 18 0.115

Same beam energy E and radius ρ : electron instead of proton  U0 ∼ γ4    :  (mp/me)4 = 1.13 × 1013

Electrons,    E >> 100 GeV   needs linear collider  ( ILC / CLIC )
Damping time   E / U0    turns or    τd = trev  E / U0             revolution time LEP/LHC  trev  = 88.9 μs
Gold ions Au79+  A=197                   < Eγ > = 8/(15√3) Ec      8/(15√3) ≈ 0.308 



Synchrotron light monitor
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Mirror, small slit, telescope and camera : beams continuously visible.  
Now also used for protons in the LHC.

Picture from 
LEP. Typical 

transverse 
rms beam size 

0.15 mm vertical 
1.5 mm horiz.



Power Spectrum, Free space, Cutoff and CSR
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infrared X-rays
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increase by for N2 for $ > 2 % &b
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Coherent Synchrotron Radiation

increase by for N2 for $ > 2 % &b

Effects which can modify the low energy, long wavelength spectrum :
i) Coherent Synchrotron Radiation CSR                              increases radiation and loss
ii) Boundary conditions - cutoff by conducting chamber    decreases radiation and loss
     Energy Loss of Gold Ions in RHIC, EPAC 2008
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Study of synchrotron radiation with boundary 

conditions (shielding)            (H.Burkhardt et al., started by A. Hofmann with

the idea to measure synchr. light of Pb ions in the SPS    see J. Arnold et al. , Proc. Pac 1997)

coherent synchrotron radiation, increase by N2

            # > 2 $  %b

free space synchrotron radiation      
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free space synchrotron radiation,  relative energy loss (E/E ~ "3

well known and checked at high energies (LEP)

2 major deviations expected at long wavelength

1)˚ )   coherent radiation     increase by NPart
2

2)  *   shielding by conducting beam pipe

CLIC schicane: potentially both important

LHC, HERA (RHIC) : coasting beams (N=1)

measure shielding alone. Transition from total  shielding to free space

expected for roughly "  ~  100 - 300

shielding calculation: following Murphy et al. Part. Acc. 57, 3 mm radius chamber here approximated by

2  parallel plates at  2 h = +2x3mm distance: expect cutoff at ~ 3.4x1011Hz or # = 0.9 mm 

Several slides shown in a CLIC meeting in May 2001 + notes on Impedance,      HBU,  Eloss_Slides.pdf May 2007

ρ bending radius
h chamber height
cutoff relevant
for  γ ≈ 100

12 orders of magnitude 
in Eγ and λ
10-5 eV    λ = 0.124 m
10+7 eV    λ = 124 fm

http://accelconf.web.cern.ch/AccelConf/e08/papers/wepp001.pdf
http://accelconf.web.cern.ch/AccelConf/e08/papers/wepp001.pdf


Vacuum, beam Gas - lifetime

28

Beam blow up, core + halo
Background to experiments
loss, radiation, beam and
Luminosity lifetime

Minimize effect : 
Good vacuum
O( nTorr or 10-9 mb )
Collimation

a

N
beam

beam  lifetime   τ       general expression
average time between collisions leading to beam loss
inverse normalised loss rate

p = 1 ntorr = 1.33 × 10−7 Pa

ρm =
p

kT
= 3.26 × 1013molecules / m3

typical cross section σ = 6 barn = 6 × 10−28m2

collision probability Pcoll = σ ρm = 1.96 × 10−14/ m

τ =
1

Pcoll c
= 1.7 × 105 s = 47 hours for v ≈ c

    =  1 dn
n dt

1
τ

-


