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Motivation

Particle accelerators use electric and magnetic fields to speed up to light velocity:.

Discoveries went hand in hand with theoretical understanding of underlying laws of
nature

* Increasing energies makes particles of larger and larger mass accessible

= Increasing particle energies probe smaller and smaller scales of matter

Medicine Industry Fundamental physics Producing energy

30’000 accelerators worldwide!




Conventional Accelerating Technology

Today’s RF cavities or microwave technology:

Very successfully used in all accelerators (hospitals, scientific labs,...) in the last 100 years.
« Typical gradients:

« LHC:5MV/m | 27km, 7TeV

« [LC:35MV/m , 20km, 1TeV

« CLIC:100 MV/m, 48 km , 3 TeV

However:

« Accelerating fields are limited to <100 MV/m

« In metallic structures, a too high field level leads to break down of surfaces, creating electric discharge.
« Fields cannot be sustained, structures might be damaged.

 several tens of kilometers for future linear colliders and longer means more expensive.



Motivation

1m=> 100 MeV (gain)

Accelerating electric field < 100
MeV/m

Imm => 100 MeV

With this new technology:
No magnets, no RF, no vacuum needed Accelerating electric field < 100 GeV/m5



Plasma-Based Wakefield Acceleration

1979, T. Tajima, J. Dawson

Use a plasma to convert the transverse space charge force of a beam driver into a longitudinal
electrical field in the plasma

VOoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Depavtment of Fhysics, Universily of California, Los Angeles, California 90024
(Recelved 9 Mareh 1078)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the ponlinear ponderomotive force, Electrons trapped io the wake cao be ao=
celerated to high energy. Exlsting glass lasers of power density 10*W /em’ shone on plas-
mas of densities 10'® cm™® can yleld gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
gimulation. Applications to accelerators and pulsers are examined,

Collective plasma accelerators have recently the wavelength of the plasma waves in the wake:
recelved conslderable theoretical and experi- L= /2=7c/w (2)
mental investigation. Earlier Fermi' and MeMil- # 0w pe
lan® considered cosmic-ray particle accelera- An altermative way of exciting the plasmon is to
tion by moving magnetic fields' or electromag- inject two laser beams with slightly different
netic waves.* In terms of the realizable labora- frequencies (with frequency difference Aw ~w,)
tory technology for collective accelerators, go that the beat distance of the packet beecomes

present-day electron beams® yield electric fields 2rc/w,. The mechanism for generating the wakes
of ~107 V/em and power densities of 10°* W /em®, can be simply seen by the following approximate



What is a plasma? a9 g
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Plasma is already 1onized or “broken-down” and can ® « O
sustain electric fields up to 100 GV/m. o W & 6
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PLASMA

» Quasi-neutrality: the overall charge of a plasma is about zero.

» Collective effects: Charged particles must be close enough together that each particle
influences many nearby charged particles.

» Electrostatic interactions dominate over collisions or ordinary gas kinetics.

(‘ie‘ SO

F@S Wakefields created by collective motion of

ro‘ge plasma particles are called plasma wakefields.
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How to create a plasma wakefield ?

What we want:

Longitudinal electric field to
accelerate charged particles.

e acceleration

o

when a boat travels through water it produces a
wave behind It - a “wake”.

The phase velocity of the wave is just the speed of

the boat.

Our Tool:

A plasma

Our driver:

Charged particle bunches or Laser pulses
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Laser drive beam (Laser wakefield accelerators , LWFASs ) >
Ponderomotive force

Charged particle drive beam > (Plasma wakefield accelerators , PWFAS)
Transverse space charge field

Plasma wave/wake excited by a laser pulse or a
relativistic particle bunch

*Plasma e- are expelled by space charge force

*Plasma e- rush back on axis




Where to Place the Witness Beam ?

e Accelerating for e
=) Decelerating for e

H Focusing for e

l Defocusing for e

+ + + +

+ + + +
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r (um)

E4(GV/m)

From linear to nonlinear regime
Non-linear wakes:

5 - nb ~ np
‘ a=1
5 Linear regime:

nb << np
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Blow-out Regime

* Space-charge force of the driver blows away all the plasma

T S T electrons in its path, leaving a uniform layer of ions behind (ions
< plasma electrons move on a slower time scale).
y fﬂn\\ * Plasma electrons form a narrow sheath around the evacuated
'i Accelerating ™% area, and are pulled back by the ion-channel after the drive
-n-::awty — beam has passed
‘ lons ﬂnw - * An accelerating cavity is formed in the plasma
" ‘%___’,, / * The back of the blown-out region: ideal for electron acceleration
il

- High efficiencies for energy transfer from drive beam to loaded witness bunch (80-90% according to sim.)
-2 High charge witness acceleration possible =2 charge ratio to witness of same order

-2 Linear focusing in r, for electrons; very strong quadrupole (MT/m)

-2 High transformer ratios (>2) can be achieved by shaping the drive bunch

- E, independent of x, can preserve incoming emittance of witness beam
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Injector is of prime importance
Determines the performances of the overall accelerator : charge, energy spread, emittance

Better to decouple the injection mechanism from the acceleration mechanism
Indivudual adjustment of parameters, stability, control

External injection Internal injection

Fine definition of beams delivered by conventional Various mechanisms more or less complex to

photo-injectors implement
Issues’ Issues:

' to achieve high charge > 100 pC, and low ener
to achieve an ultra-short bunch < 2.,/4 ~10um (30 fs) spread J J P gy

Synchronization between laser and injected beam

= the trapping of e- by the plasma wave should
be highly localized



Internal injection

Self-injection

Needs strong wakefield to
trap the cold plasma e-
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Vph =~ Vg k% cold e- of plasma

trapped particle orbit

 On-axis or off-axis injection
« Non-linear regime

» Self-guiding

= Uneasy to control

Optical injection
Laser pulses colliding

Main pulse : to excite plasma wave
below the self-injection threshold
Counter-propagating injection
pulse: to generate a beating with
main pulse — triggers the injection

Pump Injection
pulse pulse

A=

Plasma wave
——

A

Injection phase
Trapped
electrons

A=

Acceleration phase

pump  injecti
.

t

Jet exit

50 100 200 300 400 Beginning of jet
Enerqgy (MeV)

Faure et al, Nature 444 (2006) \

Density downramp

o soft gradient L., >> ),
— slows down the plasma wave

Apojaa
asel,

Axg=1.62 mm

400

e sharp density ramp L, <,

— Increase of the bubble size
places e- at the right phase

— Localize injection — reduce E spread
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Internal injection

Ionization Injection

Inner shell electrons electrons of background plasma
of N atoms (N>*, N&*, N7+) from He + outer shell of N atoms

Typical trajectories of
trapped electrons
via ionization

lu\'““"ln’

Gas mixture He + N (or Kr)

lonization of inner shells of high Z atom (N,Kr,Ar) at the peak intensity of the laser pulse
— e- injected at the proper phase for trapping and acceleration to high energies

Potential for high charge ~ 100 pC but high E_spread

A. Pak et al, Phys. Rev. Lett. 104 (2010) '©




External Injection

« Challenges for external injection schemes
» To synchronize injected beam and laser (a few fs)

* To inject ultrashort bunches ~10 fs << A,
= high-performance conventional accelerator using compression techniques accelerating

» To match the injected beam
to the strong focusing fields of the plasma
In order to avoid a strong emittance growth focusing

Plasma beams
pm x mrad

Conventional beams

If external beam not matched to the plasma structure mm x prad

— beam decoherence



Energy gain limitations

4 Finite Plasma length

-3/2
Linax € Ny

n()/‘ﬁ/’{p\l

O Dephasing length

3/, 2 ~3/2
Ldeplete X Ap /AL X ng,

U Energy depletion

< Accelerating Gradient  ¢~g, = mcw,/e « i
¢ Energy Gain W =G X Lgec x1/ng

» Laser peak power

To increase the energy gain in a plasma module:
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To higher beam energy

Multi-stage schemes

 For higher beam energy, laser depletion needs staging

 Challenges for staging scheme

 Large divergence + energy spread of beam produced by LPA
= strong demand on beam optics
= strong emittance growth in the drift after the plasma

» Coupling of laser beams to the plasma structures in a narrow and busy room

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Witness beam

Drive beam: electran/laser

Under study: EUPRAXIA, Cilex-Apollon, ...

Laser 1 Injector .
-‘W mirror symmetry
In addition to the two bending magnets and focusing Accelerator
quadrupoles, extra dipoles + sextupoles needed to satisfy %'m e-beam

Laser 2

synchronismand to cancel higher order terms \. Chancé et al, NIM A 740 {2014)




To higher beam energy

Proton drivers:
large energy content in proton bunches e Wiresben

allows to consider single stage acceleration: — . —

Drive beam: protons
*A single SPS/LHC bunch could produce an electron
bunch in a single PDWA stage.

AW A K E Preliminary Run 2 electron beam parameters
| Parameter [ Value |
Acc. gradient >0.5 GV/m
Energy gain 10 GeV
Injection energy > 50 MeV
Bunch length, rms 40-60 pm (120-180 fs)
Peak current 200400 A
Bunch charge 67-200 pC
Final energy spread, rms few %o
Final emittance < 10 pm

Bunch compression, increased acceleration e spectrometer

f e (~100 fs, > 20 MeV) e emittance /g
f 10m plasma . measurement - J
Optimized . - - ' ) Proton
L Proton diagnosti
prot - —— — - o —————— . roton diagnostics Laser .

S Acceleration BTV,OTR, CTR dump




Wakefield accelerators e-beams differ tremendously from those
produced by conventional accelerators

« Larger energy & angular spreads (1-2 orders of magnitude)
« Smaller source size (1-2 orders of magnitude)

« Smaller transverse emittance (in principle)

 Shorter bunch length

Large divergence and energy spread lead to severe demand on
beam optics at the exit of the plasma



LWFA — Energy gain world record

BELLA (Berkeley Lab Laser Accelerator)
Peta-Watt Laser
U>42J 1~30fs

Horizontal Angle (mrad)

W.P. Leemans et al, PRL 113, 245002 (2014)

400 800 1200

Charge Density [nC/SR/(MeV/c)] &

1.5 2
Momentum (GeV/c)

25 3 35 4

Energy 4.25 GeV 4.5 GeV
AE/E 5% 3.2%
Charge ~20 pC 23 pC
Divergence 0.3 mrad 0.6 mrad

Structure = 9 cm capillary discharge
Plasma density ny~ 6-7 x 101" cm™
Achieved with laser peak power ~ 300TW::



PWFA — Energy gain world record : FACET (SLAC)
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» Energy gain = 27 GeV
 Total efficiency 30%
 Final energy spread 0.7 %
« Emittance 130 mm mrad



Plasma-based wakefield accelerators are an exciting and growing field with a
huge potential.

High potential for various applications because of its compact size.

Many encouraging results in plasma wakefield acceleration technology:

Energy 1-5 GeV (LWFA) & 80 GeV (PWFA), Charge 10-500 pC, Bunch length
5-10 fs, Energy spread 1-5%, Emittance (norm.) << 1 mm.mrad at source.
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