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Differences between proton and electron accelerators

HERA (Hadron Electron Ring Accelerator) tunnel:

proton
accelerator

electron accelerator

27.5 GeV

920 GeV
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Which collider is better?

E : electric field

B B

Circular colliders:

Linear colliders:

E : electric field E : electric field

magnetic
field

magnetic
field
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Synchrotron radiation

Dipole magnet

B
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radiation power pattern:

dipole antenna

Radio antenna
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Radiation of a moving oscillating dipoleRadiation of an oscillating dipole

Radiation of a dipole antenna
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cv 5.0= cv 9.0=

dipole radiation: electron trajectory

electron
trajectory

electron
trajectory

15.1≅γ 3.2≅γ

Radiation of a oscillating dipole under relativistic conditions

PETRA: 12000=γ

opening angle

2/�
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Synchrotron radiation

Power radiated by one electron in a dipole field B:
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Synchrotron radiation

Total energy loss after one full turn:

B
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Synchrotron radiation

Total energy loss after one full turn:

HERA electron ring: HERA proton ring:
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Synchrotron radiation

Total energy loss after one full turn:

HERA electron ring: HERA proton ring:

need acceleration = 87 MV per turn

the limit is the max. dipole field = 5.5 Tesla
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Synchrotron radiation

Total energy loss after one full turn:

HERA electron ring:
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LEP collider:

need acceleration = 87 MV per turn
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Summing-up

• proton synchrotrons              dipole magnet

• electron synchrotrons         synchrotron radiation 

limitationparticle type

Basics of synchrotron radiation
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International Linear Collider (ILC)

31 km

(not to scale)

Colliding beams with Ecm = 500 GeV (update to 1 TeV possible)
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Figure of merit: Luminosity

e+ e-

production rate of a given event (for example, Z particle production):

L
dt

dN
R z

z
Z ⋅Σ==

cross section of Z production

luminosity (independent of the event type)

number of events

e+ e-

15 km
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Luminosity

e+ e-

D
yx

eeb
zzZ H

NNf
LR ⋅⋅Σ=⋅Σ= −+

**4 σσπ

luminosity
transverse bunch sizes (at the collision point *)

number of colliding bunches per second number of positrons per bunch

number of electrons per bunch

e+ e-

15 km

beam-beam enhancement factor
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electric field of a charged particle (or bunch)

electron bunch

positrons

Luminosity enhancement factor �� due to focusing of opposite beam
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Luminosity enhancement factor �� due to focusing of opposite beam

electron bunch positron bunch
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International Linear Collider (ILC)

(not to scale)

Colliding beams with Ecm = 500 GeV (update to 1 TeV possible)

Damping rings
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Damping rings
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Quatum excitation

Nominal E
Trajectory

Low E 
Trajectory 

> Quantum excitation

� Radiation is emitted in discrete quanta

� Number and energy distribution etc. of photons obey statistical laws

� � Increase beam size

dipole magnet
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Positron source

�� ∶			radiation length

RF cavities

focusing magnets

250 GeV
electrons
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Luminosity

e+ e-

D
cmyx

RFbeamRF
D

yx

b H
E

NP
H

Nf
L ⋅=⋅= →

****

2

44 σσπ
η

σσπ

e+ e-

15 km

RFbeamRFbeamcmb PPENf →== η

beam power RF power

conversion efficiency



Pedro Castro |  Introduction to Accelerator Physics  |  29th July 2014  |  Page 24

Project for a future e-e+ collider: ILC

The International Linear Collider

e+ e-

15 km

Colliding beams with !"# � 500 GeV

using superconducting cavities for acceleration:
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Advantages of RF superconductivity

resistance

critical temperature (Tc):

for DC currents !

at radio-frequencies, there is a “microwave surface resistance”

which typically is 5 orders of magnitude lower than R of copper
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Advantages of RF superconductivity

Example:  comparison of 500 MHz cavities:

superconducting
cavity

normal conducting
cavity

for E = 1 MV/m 0.4 + 1  W / m 60   kW / m

at 2 K

dissipated at
the cavity walls

dynamic losses

static losses
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2nd law of Thermodynamics

“Heat cannot spontaneously flow from a colder location to a hotter location”

CH

C
c TT

T

−
=η air conditioners,

refrigerators, …

max. efficiency

most common 
applications

H

CH
c T

TT −=η thermal power stations,
cars, …

Carnot efficiency:



Pedro Castro |  Introduction to Accelerator Physics  |  29th July 2014  |  Page 28

Advantages of RF superconductivity

Example:  comparison of 500 MHz cavities:

superconducting
cavity

normal conducting
cavity

for E = 1 MV/m 0.4 + 1  W / m 60   kW / m

at 2 K

for E = 1 MV/m 1 kW/m 60   kW / m

dissipated at
the cavity walls

Carnot efficiency: 007.0
300

=
−

=
T

T
cη x

cryogenics
efficiency

20-30%

electric power RF power lost

0.4 W/m
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Advantages of RF superconductivity

Example:  comparison of 500 MHz cavities:

superconducting
cavity

normal conducting
cavity

for E = 1 MV/m 0.4 + 1  W / m 60   kW / m

at 2 K

for E = 1 MV/m 1 kW/m 60   kW / m

dissipated at
the cavity walls

0.4 W/m

for E = 1 MV/m 1 kW/m 120   kW / m

e-power for RF

0.8 W/m including RF generation
efficiency (50%)

e-power

reduction factor of   >100 in (electrical) power
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Advantages of RF superconductivity

Example:  comparison of 500 MHz cavities:

superconducting
cavity

normal conducting
cavity

for E = 1 MV/m 0.4 + 1  W / m 60   kW / m

at 2 K

for E = 1 MV/m 1 kW/m 60   kW / m

dissipated at
the cavity walls

0.4 W/m

for E = 1 MV/m
and 

20 mA beam

1 kW/m 60   kW / m0.4 W/m

20   kW / m20   kW/m
+ +

e-power RF power

RFbeamRFbeam PP →=η

beamRF →η ~ 100 % ~ 25 %
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Advantages of RF superconductivity

Example:  comparison of 500 MHz cavities:

superconducting
cavity

normal conducting
cavity

for E = 1 MV/m 0.4 + 1  W / m 60   kW / m

at 2 K

for E = 1 MV/m 1 kW/m 60   kW / m

dissipated at
the cavity walls

0.4 W/m

for E = 1 MV/m
and 

20 mA beam

1 kW/m 60   kW / m0.4 W/m

20   kW / m20   kW/m
+ +

e-power RF power

for E = 1 MV/m
and 20 mA beam

1 kW/m 160   kW / m
40   kW/m

including RF generation
efficiency (50%)

e-power for RF

reduction factor of 4 in (electrical) power
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Laboratory for Laser- and beam-driven plasma Acceleration (LaoLA)
Relativistic Electron Gun for Atomic Exploration (REGAE)
Short Innovative Bunches and Accelerators at Doris (SINBAD)
Attosecond X-ray Science Imaging and Spectroscopy (AXSIS)
Photo Injector Test Facility at DESY, Location Zeuthen (PITZ)
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Laser-driven plasma wakefield acceleration
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Laser-driven plasma wakefield acceleration
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Laser-driven plasma wakefield acceleration
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Acceleration (and focusing) within a hair width …

Elong

gtransv
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Simulations
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Breakthrough in the lab
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Breakthrough in the lab

2-3 orders of magnitude higher
acceleration fields than 
conventional RF cavities

smaller and cheaper 
accelerators are possible
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Challenges of laser-driven plasma wakefield acceleration

• plasma self-injection is very unstable in energy, timing …

• very low efficiency “wall-plug power” to “beam power”

RFbeamRFbeam PP →=η

beam power RF power

conversion efficiency

D
cmyx

RFbeamRF H
E

NP
L ⋅= →

**4 σσπ
η

(reminder:  power efficiency in RF cavity accelerators)
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Challenges of laser-driven plasma wakefield acceleration

• plasma self-injection is very unstable in energy, timing …

• very low efficiency “wall-plug power” to “beam power”

• maximum energy limitation at 1 GeV or few GeV (in self-injection mode)

• multiple-stage plasma acceleration not yet demonstrated
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Challenges of laser-driven plasma wakefield acceleration

not yet proven !
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Linear collider based on plasma wakefield acceleration

cell length ?
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0.511 Me(/)*

mean lifetime: + � 2.2	-s ?

105.7 Me(/)*

938 Me(/)*

• proton synchrotrons              dipole magnet

• electron synchrotrons         synchrotron radiation 

• muon synchrotrons

limitationparticle type

Circular colliders (synchrotrons):

+∗ � �	+ � 21	0s at E � 1	23(

travel  6300 km

1000 turns in a synchrotron with � � 7	2
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0.511 Me(/)*

mean lifetime: + � 2.2	-s

105.7 Me(/)*

		 → 	6	 ⇝ 	-
(muon beams produced as tertiary beams)

938 Me(/)*

• proton synchrotrons              dipole magnet

• electron synchrotrons         synchrotron radiation 

• muon synchrotrons

limitationparticle type

Circular colliders (synchrotrons):



Pedro Castro |  Introduction to Accelerator Physics  |  29th July 2014  |  Page 48

Muon collider block diagram

Collider:
!8� � 3 TeV
circumference  = 4.5  km
L = 3×1034 cm-2s-1

Muon collider principle
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focusing
with solenoids

RF cavities

The Muon Ionization Cooling Experiment (MICE)
� demonstrate the method and validate simulations

MICE at FERMILAB (Chicago)
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Summing-up

• proton synchrotrons              dipole magnet

• electron synchrotrons         synchrotron radiation 

limitationparticle type

International Linear Collider (ILC):

• luminosity eq.
• damping rings
• positron source
• power efficiency in superconducting cavities

Basics of synchrotron radiation

Two very promising (and challenging) research areas in accel. physics:

• laser-driven plasma wakefield acceleration
• muon collider
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pedro.castro@desy.de

Thank you for your attention


