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ÅWhat are plasma wakefields and why are they interesting?

ÅHow to accelerate charged particles using plasma wakefields?

ÅUnderlying physics concepts, state-of-the-art results

ÅWhat is the AWAKE experiment, and why is it important?

ÅThe AWAKE experimental setup

ÅLatest AWAKE results

ÅIdeas and plans for the future

Outline
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AWAKE
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Advanced Proton-Driven Plasma

Wakefield Acceleration Experiment

Å Plasma ?

Å Proton-driven ?

Å Wakefield acceleration ?

Å Acceleration ?



Charged Particle Acceleration

M. Turner 4

e- Å Acceleration of charged particles requires an electric field

Å Charged particle will accelerate as long as it experiences the field

1 TV   = ρπ V

1 GV  = ρπV

1 MV  = ρπV

1 kV   = ρπV

1.5V with battery length of ~3 cm Ą 50 V/m

To reach 1 TeVĄ ~20 000 million km 

Distance Earth-Sun ~ 152 million km



Charged Particle Acceleration
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e-

Å Acceleration of charged particles requires an electric 

field

Å Charged particle will accelerate as long as it 

experiences the field
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Å Even better:

Å Field travels together with the beam



Definition of Plasma and Plasma Wakefield
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Plasma Plasma: ionised gas (4th state of matter)
Å Quasi-neutrality: the overall charge of a plasma is 

about zero.
Å Collective effects: Charged particles must be close 

enough together that each particle influences many 
nearby charged particles.

Å Electrostatic interactions dominateover collisions or 
ordinary gas kinetics.
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Definition of Plasma and Plasma Wakefield
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Plasma

Plasma Wakefields

Plasma: ionised gas (4th state of matter)
Å Quasi-neutrality: the overall charge of a plasma is 

about zero.
Å Collective effects: Charged particles must be close 

enough together that each particle influences many 
nearby charged particles.

Å Electrostatic interactions dominateover collisions or 
ordinary gas kinetics.

Plasma Wakefields:
Å are the fieldscreated/sustained by collective motion of 

plasma particles.

e-

Electric field

Acceleration
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Why use Plasmas for 
Charged Particle 

Acceleration?
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Conventional technology: 

metallic radiofrequency (RF) cavities

New concept: 

plasma wakefields acceleration

Ą transient structures in plasma

~cm to m scale ~um to mm scale

LHC cavities



Accelerating Gradient

RF cavities Plasma Wakefields
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Limited to ~100 MV/m due to electric 
breakdowns (ionization).

tƭŀǎƳŀ ƛǎ ŀƭǊŜŀŘȅ ƛƻƴƛȊŜŘ ƻǊ άōǊƻƪŜƴ-Řƻǿƴέ ŀƴŘ Ŏŀƴ
sustain electric fields ~100 GV/m.

ÅὉ ρ
Åὠ

ὧά
ẗὲ ὧά



Accelerating Gradient

RF cavities Plasma Wakefields
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Limited to ~100 MV/m due to electric 
breakdowns (ionization).

tƭŀǎƳŀ ƛǎ ŀƭǊŜŀŘȅ ƛƻƴƛȊŜŘ ƻǊ άōǊƻƪŜƴ-Řƻǿƴέ ŀƴŘ Ŏŀƴ
sustain electric fields ~100 GV/m.

ÅὉ ρ
Åὠ

ὧά
ẗὲ ὧά

Č Plasma 

wakefields 

can sustain 

order of 

magnitude 

higher fields

Structure 

exists only 

for a very 

short 

amount of 

time!



Circular and Linear Accelerators
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Image from P. Arpaia et al., 

NIMA 985, 164652 (2021)

Circular accelerators

Å Beam passes acceleration section multiple 

times.

Å Max. energy (E) limited by synchrotron 

radiation losses 

ᶿE4/(r2m4)

r

Å Advantage: beam passes accelerating section many 

times

Å Disadvantage: synchrotron radiation losses

LHC tunnel:

p+p+ Ą 14 TeV

e+e-Ą 209 GeV



Synchrotron Radiation
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Field lines

Field left 
behind

Synchrotron radiation is caused by leaving 

part of fields behind 

when the beam moves along the curve.

ᶿE4/(r2m4)

Particle 

energy

Bending 

radius

Mass of the 

particle

Ą Needs to be taken into account when accelerated charged 

particles are deflected in the radial direction.



Circular and Linear Accelerators
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Image from P. Arpaia et al., 

NIMA 985, 164652 (2021)

Circular accelerators

Å Beam passes acceleration section multiple 

times.

Å Max. energy (E) limited by synchrotron 

radiation losses 

ᶿE4/(r2m4)

r

Linear accelerators

Å Beam passes acceleration section multiple 

times.

Å Negligible synchrotron radiation losses

Å Accelerator length and accelerating gradient 

define final beam energy.

e.g. to accelerate electrons to 1 TeV (1012 eV):

100 MeV/m x 10000 m or

100 GeV/m x 10 m



Let Us Repeaté
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Å Plasma wakefields allow to accelerate charged particles with ~ 1-100 GeV/m

Å High gradients are important when using linear accelerators (e.g. for light particles) to minimize synchrotron 

radiation losses

Å For linear accelerators, their length defines the final beam energy



How to Create 
Plasma Wakefields?
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Two ingredients

Plasma

(Medium)

Relativistic charged particle beam or 

Short intense laser pulse

(Energy source)
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Image from 

https://revbalance.com/improving-

balance-for-wakesurfing/


