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Fixed target e.g. SHIP @ CERN SPS

Simpler design/implementation
→ cost!

Potential for very high
intensity beams & large
numbers of collissions

Collider e.g. LHC @ CERN

More complex design
+ many extra challenges

LAB frame = CM frame
→ maximum energy available

for new particle creation
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Key Points

Accelerators aren’t just for HEP

advantages / disadvantages of a
beam collider vs fixed target experiment
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For historical development of particle accelerators see, e.g.

P.J. Bryant, A brief history and review of accelerators,

CERN Accelerator School: 5th General Accelerator Physics Course,

Jyväskylä, Finland, Sep 1992 https://cds.cern.ch/record/261062/

https://cds.cern.ch/record/261062/
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Beam energy pre-LIU
(extraction) (≤ 2018)

Linac 2 50MeV

PSB 1.4GeV

PS 25GeV

SPS 450GeV

LHC 6.5TeV
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Linear Accelerator
→‘Linac’

Single pass accelerator
→ beam goes through once
→ not always straight e.g. SLC

Energy ∝ Length

For HEP 2 main applications:

Low energy protons

High energy e− or e+ collider
e.g. Stanford Linear Collider (1987-1998, 3 km/0.09TeV)

e.g. next-gen lepton colliders: ILC (50 km / 1TeV)

e.g. next-gen lepton colliders: CLIC (50 km / 3TeV)
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Synchrotron
→ ‘circular accelerator’, ‘collider ring’

(doesn’t actually need to be a circle)

→ e.g. LHC, LEP, Tevatron, RHIC,
→ e.g. HERA, SPS, PS, ISR...

Repeated passage around the
accelerator ring → great for HEP!

→ re-use accelerating structures
→ collide same beams over & over

During acceleration guiding magnetic
fields increase to keep the beam on
the same (∼) orbit
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Acceleration

~F = q(~E + ~v × ~B)

∆W =

∫ s2

s1

F .ds =

∫ s2

s1

q~E .d~s

To accelerate charged particle
do work via Lorentz force

Magnetic field does no work

~s . (d~s
dt

× ~B) = 0

~E = −∇φ − ∂ ~A

∂t



E.H.Maclean, HASCO, 25th July 2019 13

Acceleration

~F = q(~E + ~v × ~B)

∆W =

∫ s2

s1

F .ds =

∫ s2

s1

q~E .d~s

To accelerate charged particle
do work via Lorentz force

Magnetic field does no work

~s . (d~s
dt

× ~B) = 0

~E = −∇φ − ∂ ~A

∂t

∮

∇φ.d~s = 0
Electrostatic e.g. Cockcroft Walton, Van-de-Graff...

Limited by DC breakdown

No use for acceleration around a closed loop!
e.g. synchrotron
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Acceleration

~F = q(~E + ~v × ~B)

∆W =

∫ s2

s1

F .ds =

∫ s2

s1

q~E .d~s

To accelerate charged particle
do work via Lorentz force

Magnetic field does no work

~s . (d~s
dt

× ~B) = 0

~E = −∇φ − ∂ ~A

∂t

Acceleration by time-varying fields
→ all high-energy accelerators

‘Radiofrequency technology’ or ‘RF’

∇× ~E = − ∂

∂t
~B
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Conducting cavity enforces boundary conditions
which have solution with accelerating mode

Hφ = −ie−iωt E0
η

J1 (2.405ρ/R) Ez = e−iωtE0J0 (2.405ρ/R)

Resonant frequency (accelerating mode)
should be harmonic of frev
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Conducting cavity enforces boundary conditions
which have solution with accelerating mode

Hφ = −ie−iωt E0
η

J1 (2.405ρ/R) Ez = e−iωtE0J0 (2.405ρ/R)

Resonant frequency (accelerating mode)
should be harmonic of frev

In practice many types of RF structure

Many considerations for geometry

Use computer programs to design
real cavities
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Superconducting 400MHz LHC RF cavity
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Particles come in bunches!

E(t)
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Bending

~F = q(~E + ~v × ~B)
Use Lorentz force to bend bunches
around the synchrotron ring

Use dipole magnets
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Conventional dipole field
defined by core

Conventional dipoles limited to
∼ 2T by saturation of core

> 2T need very large current
→ superconductors!!!!

Field defined by coil geometry
→ I ∝ cosΘ

For discussion of magnet design: S.Russenschuck, Design of accelerator magnets,

CERN accelerator school, Loutraki, Greece, Oct’ 2000 https://cds.cern.ch/record/865932

https://cds.cern.ch/record/865932
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Focusing

Use quadrupole fields to focus particle beams

→ F ∝ displacement from center

→ I ∝ cos 2Θ

For discussion of magnet design: S.Russenschuck, Design of accelerator magnets,

CERN accelerator school, Loutraki, Greece, Oct’ 2000 https://cds.cern.ch/record/865932

https://cds.cern.ch/record/865932
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Focusing

Single quadrupole can focus in either H or V. Not both.

Use repeating lattice of alternate focusing/defocusing
quads
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Key Points

The LHC injector chain

What is a synchrotron?

How do we accelerate?

→ Particles come in bunches

Dipoles and quadrupoles to bend/focus
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The Large Hadron Collider (LHC)

Twin-ring synchrotron collider

Collides p, 208Pb82+, 129Xe54+

2 counter-rotating beams

Curvilinear coordinate system

8 straight insertion regions (IRs) & 8 bending Arcs ‘A12 → A81’
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Arcs utilize superconducting 8.3T dual bore dipoles
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Arcs utilize superconducting 8.3T dual bore dipoles
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Arcs have repeating pattern (‘lattice’) of magnets

Magnets powered in series (arc-by-arc or families)
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23 repeating ‘cells’ per Arc

Magnets powered in series (arc-by-arc or families)
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23 repeating ‘cells’ per Arc

Most space occpied by dipoles and main quadrupoles
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23 repeating ‘cells’ per Arc

Higher order magnets correct field imperfections in main dipoles



E.H.Maclean, HASCO, 25th July 2019 29

23 repeating ‘cells’ per Arc

Need room for beam instrumentation & magnet connections
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The Large Hadron Collider (LHC)

8 insertions:

IR2: LHC B1 injection + HEP (ALICE)

IR8: LHC B2 injection + HEP (LHCb)

IR1: HEP (ATLAS)

IR5: HEP (CMS)

IR3: COLLIMATION (momentum)

IR7: COLLIMATION (transverse)

IR4: Acceleration + instrumentation

IR6: LHC B1+B2 BEAM DUMP
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Structure of a HEP insertion:

→ e.g. Insertion Region 1 (IR1) hosting the ATLAS experiment

→ Beams collide at the Interaction Point (IP1)



E.H.Maclean, HASCO, 25th July 2019 32



E.H.Maclean, HASCO, 25th July 2019 32



E.H.Maclean, HASCO, 25th July 2019 32



E.H.Maclean, HASCO, 25th July 2019 32



E.H.Maclean, HASCO, 25th July 2019 33
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IR design varies with function
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IR design varies with function
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The Large Hadron Collider (LHC)

8 insertions:
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Day to day operation of the CERN accelerators handled by the
operations group, from the CERN Control Center (CCC)
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LHC page 1: machine status & OP comments
https://op-webtools.web.cern.ch/vistar/vistars.php

https://op-webtools.web.cern.ch/vistar/vistars.php
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For general questions about LHC one commonly used resource is
the LHC Design Report

LHC Design Report, v.1 : the LHC Main Ring

http://cds.cern.ch/record/782076/

LHC Design Report, v.2 : the LHC Infrastruc-
ture and General Services
http://cds.cern.ch/record/815187

LHC Design Report, v.3 : the LHC Injector

Chain http://cds.cern.ch/record/823808

BE CAREFUL: some parameters may
be out of date
→ LHC has already exceeded its
design performance in many ways!

http://cds.cern.ch/record/782076/
http://cds.cern.ch/record/815187
http://cds.cern.ch/record/823808
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Key Points

Coordinate scheme for accelerators

Overall structure of LHC

→ 8 Arcs - this is where the beams are bent around the ring

→ 8 IRs - various functions

Repeating lattice in the arcs → the LHC arc cell

→ can’t fill the arc completely with dipoles!

→ also quadrupoles for focusing, nonlinear magnets,
instrumentation...

Typical layout of an insertion region
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What do particle physicists care
about??

Energy
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Limiting factor for circular e+ / e− accelerators:

→ particles emit synchrotron radiation as they are bent around ring

∆E/turn ∝ (βrelγrel)
4

ρ

LEP (e) energy loss: ∼ 3GeV/turn (@ 101GeV)

LHC (p) energy loss: ∼ 5 keV/turn (@ 6.5TeV)
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

FLorentz = Fcentrip

FLorentz = q(~E + ~v × ~B)

consider proton (q/A = 1)

assume pure dipole fields

(vx , vy ) << vs
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

FLorentz = Fcentrip

FLorentz = q(~E + ~v × ~B)

= evBdipole (1)
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

Fcentrip =
dp

dt

(2)
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

dp = pdθ

ds = ρdθ

p = γrelmrestv

(3)
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

Fcentrip =
dp

dt

= p
dθ

dt
=

p

ρ

ds

dt

=
pv

ρ
=

γm0v
2

ρ
(4)
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

FLorentz = Fcentrip

evB =
γm0v

2

ρ
=

pv

ρ

Bρ =
p

e
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

Bρ is ‘Magnetic Rigidity’

Bρ [Tm] =
p [kgms−1]

e [C]

Not so convenient units
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Limiting factor for circular hadron collider:
→ High Energy = high magnetic rididity

Bρ is ‘Magnetic Rigidity’

Bρ [Tm] =
10

2.998
p [GeV /c]

Magnetic rigidity defines the maximum energy you can reach for
a given dipole field in a given tunnel geometry
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The Future of laboratory based HEP?

∆E/turn ∝ (βrelγrel)
4

ρ
Bρ [Tm] =

10

2.998
p [GeV /c]

linear e/e colliders (ILC/CLIC)

100 km e/e collider ring (FCC-ee,CEPC)

New magnets in LHC tunnel (HE-LHC)

100 km hadron collider (FCC-hh,SppC)

Something new?
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LHC main dipole designed for 8.327T

→ allows 7.0TeV/beam (protons)

→ In practice LHC still not reached design energy
→ Report of the Task Force on the Incident of 19th September 2008 at

the LHC, CERN-LHC-PROJECT-Report-1168 https://cds.cern.ch/record/1168025/

“The dipole bus bar at the location of the
arc was vaporized, as well as the M3 line
bellows around it, thus breaking open the
helium enclosure...”

“The force was applied to the external
support jacks, displacing the cryomagnets
from them and in some cases, rupturing
their ground anchors or the concrete in
the tunnel floor.”

To ensure machine protection the LHC operated at lower energy until
upgrades performed

https://cds.cern.ch/record/1168025/
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LHC main dipole designed for 8.327T

→ allows 7.0TeV/beam (protons)

Year mode Beam energy [TeV ] n-n CoM [TeV]

2010-2011 pp 3.5 7.0
2012 pp 4.0 8.0
2015-2018 pp 6.5 13.0

≥2021 pp 7.0? 14.0?

WATCH OUT: HEP normally discuss CoM → ABP may use alternative

definition of energy! e.g. energy/nucleon or beam energy (E*Z/A)

Ultimate energy of LHC is still unclear!

→ Main dipoles may be able to exceed their nominal value

→ 7.0TeV − 7.5TeV (protons)
New High Luminosity LHC Baseline and Performance at Ultimate Energy, CERN-ACC-2018-069

http://cds.cern.ch/record/2653736/
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Key Points

Accelerator physicists don’t always talk about CoM -
watch out!

Different limitations on beam-energy for e± and
hadron accelerators

What is magnetic rigidity & where does it come
from?

→ the future of hadron colliders?
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What do particle physicists care about???

→ How much data (how many collisions) are generated?

Luminosity
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Event rate for a HEP interaction:

R = L × σ

R: Event Rate [s−1]

σ: Cross Section [barn = 10−34cm2]
property of the HEP interaction

L: Luminosity [inverse barn / s]
property of the collider
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L = f
√

(v̄1−v̄2)
2
−(v̄1×v̄2)

2
/ c2 N1N2

∫∫∫

+∞
∫

−∞

ρ1(x ,y ,s,−s0)ρ2(x ,y ,s,s0) dx dy ds ds0

M.A. Furman, The Møller Luminosity Factor, LBNL-53553,CBP Note-543, September 24, 2003

W.Herr & B.Muratori, Concept of Luminosity, CERN Accelerator School, Zeuthen, Germany, 15 - 26 Sep 2003

https://escholarship.org/uc/item/3897k3zp
https://cds.cern.ch/record/941318/
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with some approximation:

L =
(frevncoll) N1N2

2π
√

(

σ2
x ,1 + σ2

x ,2

)

√

(

σ2
y ,1 + σ2

y ,2

)

Assume:

uncorrellated gaussian bunch profiles in x,y,s

head-on colinear collission of equal/opposite velocity beams

equal bunch lengths σs,1 ≈ σs,2

revolution frequency of 2 beams are in sync

ncoll colliding bunches are all described by similar N1,2, σ
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L =
(frevncoll) N1N2

2π
√

(

σ2
x ,1 + σ2

x ,2

)

√

(

σ2
y ,1 + σ2

y ,2

)

ncoll : Number of colliding bunches
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How many bunches can we fit in the LHC?

LHC revolution frequency ≈ 11.245 kHz

→ revolution period ≈ 89µs

Minimum separation of bunches defined by RF
system of the injector chain

→ 25ns bunch spacing

soooo.... 3564 bunches?

NO!
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Crossing angles reduce the luminosity

L =
(frevncoll) N1N2

2π
√

(

σ2
x ,1 + σ2

x ,2

)

√

(

σ2
y ,1 + σ2

y ,2

)

× S

Exact value of S depends on operating conditions

Very approximately S ≈ 0.8
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L =
(frevncoll) N1N2

2π
√

(

σ2
x ,1 + σ2

x ,2

)

√

(

σ2
y ,1 + σ2

y ,2

)

Beamsize:

σx,y =
√

βx,y (s) ǫx,y

β(s): ‘beta-function’ [m]

→ Property of the magnetic lattice

→ varies around the ring

ǫ: ‘emittance’ [µm]

→ Property of the particle bunch

→ Invariant around the ring
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σx,y =
√

βx,y (s) ǫx,y
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center of a bunch follows closed orbit (CO)

→ orbit closes upon itself after 1 turn
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center of a bunch follows closed orbit (CO)

→ dipole imperfections distort CO (but still closes)
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Individual particles oscillate about bunch center / CO

→ caused by restoring forces from quadrupoles

-1

0

1

1000 1500 2000 2500

P
ar

tic
le

 T
ra

je
ct

or
y 

 [m
m

]

LHC Arc12   [m from ATLAS]

Closed orbit Ideal orbit

Particle trajectory

MB MQ



E.H.Maclean, HASCO, 25th July 2019 71

Restoring force from quadrupoles changes with location

Restoring force is periodic: K (s + L) = K (s)

Particle motion about CO described by Hill’s equation:

d2x

ds2
− K(s)x = 0

x =
√

2Jxβx(s) cos (φx(s) + φ0) φ(s) =

∫∫∫ s

0

ds

β(s)
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β-function describes evelope of particle oscillations around
the closed-orbit
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β-function describes evelope of particle oscillations around
the closed-orbit
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β-function describes evelope of particle oscillations around
the closed-orbit
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β-function describes evelope of particle oscillations around
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β-function describes evelope of particle oscillations around
the closed-orbit
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Triplet quadrupoles in experimental IRs squeeze βx ,y

→ β∗ = minimum β in the IR ≈ 25 cm
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Triplet quadrupoles in experimental IRs squeeze βx ,y

→ β∗ = minimum β in the IR ≈ 25 cm
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σx,y =
√

βx,y (s) ǫx,y
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Characterise a particle’s trajectory: position (x) and
divergent angle (x ′ = dx

ds
)
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Particles trace out eliptical paths in (x,x’) phase space

shape changes around the ring

Area of ellipse is invariant (for constant energy)
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Particles trace out eliptical paths in (x,x’) phase space

in practice have many particles

all follow similar eliptical trajectories (linear approximation)
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Particles trace out eliptical paths in (x,x’) phase space

‘beam emittance’ is area/π of elipse enclosing 1σ of the
particles in the bunch



E.H.Maclean, HASCO, 25th July 2019 78

σx,y =
√

βx,y (s) ǫx,y

What about the real world?
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Emittance conserved providing particle’s energy is constant

Acceleration

Define ‘normalized emittance’ which is

invariant with the beam energy

ǫ∗ = βrelγrelǫ

In practice many effects can
change or dilute emittance

Injection errors

Synchrotron radiation

IntraBeam Scattering

Emittance evolution in LHC
still not fully undersood!
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What about the real world?

→ Characterize optics quality by ‘beta-beating’
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Beam-based correction of LHC
optics is essential to operation
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Optics errors can reduce data delivered to HEP experiments

Create Luminosity imbalance between HEP experiments

→ Aim for β∗-beat ≤ 1%

MACHINE PROTECTION → require beta-beat ≤ 18%
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A more accurate description of beam-size considers coupled 4D
phase space

Σ2
x = β11ǫ1 + β12ǫ2

Σ2
y = β21ǫ1 + β22ǫ2

Betartron motion with
coupling of horizontal and
vertical degrees of freedom
V.A.Lebedev, S.A.Bogacz
FERMILAB-PUB-10-383-AD

Poor local coupling correction in IR2 during 2018 Pb/Pb run

caused 50% reduction to Luminosity delivered to ALICE

until diagnosed & corrected
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Nonlinear magnetic (sextupole,octupole) fields create orbit
dependent perturbations of the beam size
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L =
(frevncoll) N1N2

2π
√

(

σ2
x ,1 + σ2

x ,2

)

√

(

σ2
y ,1 + σ2

y ,2

)

N1,2: Number of particles per bunch
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Accumulate bunch trains in the LHC ring at 450GeV

Accelerate to 6.5TeV

Bring bunches into collision & store for several hours

Dump / Repeat
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Beam intensity decays during a fill

Show a corresponding reduction in instantaneous luminosity

Bulk of decay (LHC ideal conditions) is losses
of particles which are colliding at the IPs ‘burnoff’
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Beam intensity decays during a fill

Show a corresponding reduction in instantaneous luminosity

Bulk of decay (LHC ideal conditions) is losses
of particles which are colliding at the IPs ‘burnoff’
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Can try to maintain luminosity while N1,2 decays by changing
other accelerator parameters which influence luminosity

‘Luminosity levelling’ → e.g. β∗-levelling
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Can try to maintain luminosity while N1,2 decays by changing
other accelerator parameters which influence luminosity

‘Luminosity levelling’ → e.g. crossing-angle levelling
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What about the particles that don’t collide?

x’
 

x

Constant octupole strength
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Large amplitude particles’ motion can become chaotic &
unstable → ‘Dynamic aperture’
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x

Constant octupole strength
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The more nonlinear the beam dynamics becomes the
smaller the dynamic aperture
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Can use sextupole, octupole, decapole & dodecapole
magnets to correct nonlinear dynamics in LHC
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Beams themselves can introduce large nonlinearities into
the dynamics e.g.

Beam-Beam

Force exerted on a
particle by the fields of
bunches in the other
beam

A major limitation to
LHC performance

Collective effects have a big influence on LHC performance!
‘Intensity Limitations in Particle Beams’ CERN Accelerator School,

2-11 Nov 2015, Geneva, Switzerland https://cds.cern.ch/record/865932

https://cds.cern.ch/record/865932
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Key Points

What is luminosity?

What are its main dependencies?

There are many real world complications which
affect the luminosity!



E.H.Maclean, HASCO, 25th July 2019 93

Event rate for a HEP interaction:

R = L × σ

R: Event Rate [s−1]

σ: Cross Section [barn = 10−34cm2]
property of the HEP interaction

L: Luminosity [inverse barn / s]
property of the collider

Total number of interactions defined by the Integrated
Luminosity [inverse femto-barn]

N =

(
∫

L(t)dt

)

× σ
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Integrated Luminosity is key figure of merit for collider like LHC

→ significant factor is how much time spent on luminosity production
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Approximate schedule for LHC lifetime (accurate up to 2019)

LHC operation is interspersed with regular shutdown periods for
maintenance and upgrades
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Approximate schedule for LHC lifetime (accurate up to 2019)

LHC operation is interspersed with regular shutdown periods for
maintenance and upgrades
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LHC schedule over 1 year (2017)

Many types of activities during 1 year of LHC operation

Technical Stop (YETS + regular breaks)

Accelerator commissioning

Accelerator physics/technology studies

Luminosity production proton-proton and special runs
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LHC is an extremely complicated system
Even small technical problems add up over 1 year

Statistics for LHC availabitity/faults monitored by availability

working group, e.g. 2017:
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LHC is an extremely complicated system
Even small technical problems add up over 1 year

Statistics for LHC availabitity/faults monitored by availability

working group, e.g. 2017:
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Not all time during operation spent colliding beams: LHC cycle (2012)

Dipole current Octupole current IP1 squeeze
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Gain days/year from Ramp+Squeeze & precyle optimization
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Reduced turn-around-time inceases integrated lumi: LHC cycle (2018)

Dipole current Octupole current IP1 squeeze
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Key Points

Integrated luminosity is the key figure of merit for a
collider like the LHC

How much time is actually spent colliding beams
together?

What are we doing the rest of the time?
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Many thanks for your attention!
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Reserve
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Arcs utilize superconducting 8.3T dual bore dipoles
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Arcs utilize superconducting 8.3T dual bore dipoles
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Arcs utilize superconducting 8.3T dual bore dipoles
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NbTi coils cooled to 1.9K with superfluid helium
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NbTi coils cooled to 1.9K with superfluid helium



E.H.Maclean, HASCO, 25th July 2019 104

NbTi coils cooled to 1.9K with superfluid helium
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Beams themselves can introduce large nonlinearities into
the dynamics e.g.

Direct Space Charge

Repulsive (defocusing) force on a
particle due to the field of all other
particles in the bunch

A big challenge at low energy in
injector chain
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