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Summary
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3 limits  to acceleration

• Lg: the guiding length. 

Diffraction Guiding 

Lg.=πZR Lg

• Ldeph: the dephasing length

z-ct
Ez

z-ct
Ez

• Ldp: the depletion length
– The laser looses energy as it propagates



Conceptual design of an accelerator:
importance of guiding

• Injector

• Accelerating field: RF (plasma wakefield)

• Guiding struture provides acceleration over longer distances

No guidingWith guiding
driver

Plasma wakefield

driver

Plasma wakefield
10-20 µm

Effective acceleration length (mm)Effective acceleration length (cm, m …)



CASE OF A LASER DRIVER



Wave equation and index of refraction

• Wave equation

• Linearization n=n0+δn and γy(1+a2/2)1/2

• Take Fourier transform dispersion equation

• Index of refraction: η=ck/ω



Nonlinear effects in the plasma

• Index of refraction: η=ck/ω Nonlinearity due to 
relativistic motion
of electrons in laser
field

Relativistic nonlinear
optics

Nonlinearity due to
density perturbation
(plasma wakefield)

Linear index
of refraction

• Strong laser field perturbs plasma density (δn/n0)

(plasma wakefield)

g p p y ( 0)

• These perturbations modifies the plasma index of refraction…

• … which in turns modifies the laser pulse propagation



Relativistic self-focusing

• Considering only the effect of the laser (neglect plasma term δn)

R l ti i ti lf f i• Relativistic self-focusing
occurs when
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Ponderomotive self-focusing (bubble regime)

• Considering only the effect of the plasma (neglect laser term <a2>)

P lPulse
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Matched / unmatched beam (relativistic SF)

• For perfect beam propagation, we want P=PC
– Diffraction is exactly balanced by self-focusingy y g
– Matched beam

• P>PC : the beam is not matched
– Oscillation of beam envelope

• P<PC no self-guiding



Matched beam (ponderomotive SF)

•Matched laser spot size
For given laser power P there is a matchedFor given laser power P, there is a matched
laser spot size W0, which is approximately
equal the blowout radius Rb
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Experimental observations of self-focussing
Vacuum propagation Plasma propagation

Entrance Exit planeEntrance
plane

Exit plane ne (cm-3)

Matched beam FilamentationBelow 
threshold

Using an unmatched beam
(focused too tightly)

Filamentation
(focused too tightly)

A. Thomas et al, Imperial College group



Nonlinear pulse evolution: erosion, shortening

• The front of the laser pulse
interacts with the plasma As ainteracts with the plasma. As a
result it loses energy (Local
pump depletion) and etches
back.bac

• The shape and size of the
accelerating structure slightlyaccelerating structure slightly
change.

El t lf i j t d i th• Electrons are self-injected in the
ion channel at the tail of the ion
channel due to the accelerating
and focusing fieldsand focusing fields.

• The trapped electrons slightly
elongate the back of the spheroid.



Other instabilities: hosing …

• Hosing: radial motion of beam centroid

Enveloppe of laser pulse

• Hosing appears with initial assymetries in 
laser pulse profile or starts on noise.

• Hosing is detrimental to propagation• Hosing is detrimental to propagation 

• Hosing is detrimental to acceleration (synchrotron radiation, phase g ( y p
mixing …)



Laser propagation: movie (2D PIC)

• Self-focusing
• Erosion and shortening
• Pump depletionPump depletion
• A bit of hosing



Laser propagation: plasma density

• Nonlinear wake formation
• Wavebreaking trapping and acceleration
• Hosing: transverse oscillation of the electron beam• Hosing: transverse oscillation of the electron beam



Using guiding devices



Plasma channels



Capillary discharge



Picture of discharge

S. Hooker’s group @ OXFORD, ENGLAND



Successful guiding in capillary discharge

ENTRANCE OUTPUT (3.3 cm)( )

GUIDING OF A 25-30 µm SPOT SIZE
Leemans et al, Nat. Phys. 2006



Laser generated plasma channels (1)



Laser generated plasma channels (2)



Guiding in capillary tubes

• A simple empty tube made out of dielectric About 50 µmµ

• Guiding over 12 cm, 60 % efficiencyg y

• Problems: 
– capillary is fragile
– Laser tends to destroy capillary

Nonlinearities destroy propagation– Nonlinearities destroy propagation

• Work in progressp g



CASE OF A BEAM DRIVER



Envelope equation of the e-beam

• σ is the R.M.S. beam radius

• transverse normalized emittance

E t l li f

Internal forces
(space charge)

External linear forces
( p g )

Emittance term

• Strictly valid for long bunches: Lb>>σ



Space charge fields

• The electron beam: a uniform cylinder of electrons
Lb>>R

R
Lb>>R

• Integrate Poisson’s equation: defocusing electric field

• Integrate Ampère’s equation: focusing magnetic fieldg p q g g

• Space charge force is defocusing



External forces: the blow-out (bubble) regime

• When nb >> n0: very nonlinear response of the plasma

Ion column

e-beam driver~

• Apply similar analysis to find, the focusing force of ion column:

>>



Matched beam condition

• Neglecting the beam space charge forces, envelope equation in
the blow-out regime

• The beam can self-focus. Analogy to the laser driver case:gy
– Laser: self-focusing due to changes in index of refraction
– Beam: self-focusing due to induced plasma transverse fields

• Matched beam condition on σ : last 2 terms cancel



Other instabilities: hosing, erosion

• Hosing: radial motion of beam centroid

• Hosing appears with initial assymetries in 
e-beam profile or starts on noise.

• Hosing is detrimental to propagation• Hosing is detrimental to propagation 

• Hosing is detrimental to acceleration (synchrotron radiation, phase g ( y p
mixing …)



Meter-scale simulation of beam driver
in blow-out regime

SEE MOVIESEE MOVIE

CONCLUSION:CONCLUSION:

• long scale propagation is possibleg p p g p
• no beam instabilities
• stable accelerating structure

d l ti i• pump depletion: erosion



Summary

• Laser propagation:

– Self-focusing can extend propagation (to a few mm, cm ?)
Subject to nonlinear pulse evolution (shortening erosion)– Subject to nonlinear pulse evolution (shortening, erosion)

– Instabilities
– Guiding devices can be used (for 1-10 cm propagation)g ( p p g )

• E-beam propagation:

Self-focusing can extend propagation to meter scale– Self-focusing can extend propagation to meter scale
– Subject to nonlinear pulse evolution (shortening erosion)


