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Frontiers: Laser Driven Accelerators 

Motivation 

Matlis et al Nature Phys 2, 749 (2006)  

• Cost, convenience and Science 

• RF accelerators limited by material breakdown to 

~100 MV/m 

• plasmas are already broken down. No walls! 

• Plasma wake fields > 100 GV/m.  Three orders of 

magnitude enhancement 

• compact, cheap compared to RF accelerators 

• potential for brighter electron beams with 

shorter bunch lengths 

• Broaden applications of accelerators 

• cancer therapy, ion implantation, electron beam 

cutting and melting, non-destructive inspection 

• Femtosecond electron pulses 

•  femtochemistry  

•  biochemistry of radiation damage 

Nature 9/30/04 
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Laser Wakefield Accceleration 

http://www.scidacreview.org/0903/html/geddes.html 

• radiation pressure from optical pulse (red) separates e- from heavier ions  

• the displacement creates a density wave (purple-blue) 

• the electric field from the density wave accelerates particles (green-yellow) 

• similarly, the speedboat creates a wake that can move a surfer 
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Laser Fields and scaling 

Yuelin Li, USPAS 2008 
3 

Write the laser field in terms of  the vector potential A 
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Define the normalized vector potential as 
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And the laser strength parameter is given by 

I: laser peak intensity, l is the wavelength 
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The amplitude of the transverse electric field of linearly polarized laser is 
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At   I =1×1018 W/cm2, EL =2.7 TV/m 
E. Esary, LBNL Report, LBNL-53510, 2003 
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Lawson-Woodward theorem 

Yuelin Li, USPAS 2008 



B Sheehy US Particle Accel School Jan 2013 5 

Lawson-Woodward theorem 

Yuelin Li, USPAS 2008 



B Sheehy US Particle Accel School Jan 2013 6 

Lawson-Woodward theorem 

Yuelin Li, USPAS 2008 
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The physical root behind Lawson-Woodward is the slippage that the electron 

undergoes because the phase velocity of the longitudinal field is superluminal, 

so integrated over infinite length, absent nonlinear effects, matter, 

inhomogeneous optical field, or external fields, you can’t get any energy from 

the direct field. 

• Gee, that’s a pretty long list of exceptions 

Lawson-Woodward theorem 

• Finite length (‘semi-vacuum’). Plettner et al, PRL 95, 134801 (2005). 

• 30 keV modulation on 30 MeV beam 

• Add gas, reduce phase velocity vph . Kimura et al PRL 74, 546 (1995) 

• 3.7 MeV on 40 MeV beam 

• add guiding (self-focusing). Sprangle et al PRE 54, 4211 (1996) 

• ionization increases vph 

• Use an external B field:  that’s an IFEL 

• Use the ponderomotive force  

 

E. Esarey et al, RevModPhys 81, 1229 (2009) 
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Semi-vacuum 

8 

• For a Gaussian beam propagating along z’, and electron propagating along z 
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 The field along z’ is, obtained from Gauss’s law,        0 E
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Yuelin Li, USPAS 2008 
T. Plettner et al., PRL 95, 134801 (2005); PRSTAB 8, 121301 (2005) 
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Semi-vacuum 

• The energy gain of the electron  
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Where f is the phase of the laser 

T. Plettner  et al., PRL 95, 134801 (2005); PRSTAB 8, 121301 (2005) 
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Semi-vacuum 

1
0 

T. PLETTNER et al., PRL 95, 134801 (2005); Phys. Rev. ST Accel. Beams 8, 121301 (2005) 

•No phase control, expect to see increased 
energy spread 
• use FEL radiation for timing signal 

T Plettner et al., PRL 95, 134801 (2005); PRSTAB 8, 121301 (2005) 
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Semi-vacuum 

T. Plettner et al., PRL 95, 134801 (2005); PRSTAB 8, 121301 (2005) 
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Plasma wake parameters 

• If you create a charge displacement, it will propagate with a 

frequency  

• axial fields can reach  

cold nonrelativistic 

wave breaking field 

linear regime (a0<1) 
• in nonlinear regime fields can reach 

nonlinear regime 

(a0>1) 

pp l /2

um 33  GV/m, 96E    :cm10@ 0

318

0  

pn l

where 

and vp is the phase velocity of the plasma wave, which is ~ equal to the group velocity 

of the laser pulse  
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Plasma parameters 

Arie Irman LA3NET 2012 
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Plasma Wake 

Arie Irman LA3NET 2012 
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Wake-field ‘snapshots’ 

Matlis et al, Nature Phys 2, 749 (2002) 
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‘Snapshot’ in Nonlinear regime 

As electron oscilation on the axis becomes relativistic, the plasma wave phase 

velocity there decreases, causing the plasma wavefront to curve 

Density 

Density 

minus 

background 

Matlis et al, Nature Phys 2, 749 (2002) 
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‘Snapshot’ in linear regime 

Matlis et al, Nature Phys 2, 749 (2002) 
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How to get the electrons in 

 bunch must be short relative to lp; lp~30-100 um 

 Need to place at the right position and velocity for optimal gain 

over maximal dephasing length 
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Electron Injection 

V. Malka, Nature Phys 4, 447 (2008) 
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Electron injection, blowout/bubble regime 

Pukhov & Meyer-ter-Vehn, Appl. 

Phys. B 74, 355–361 (2002) 

PIC calculation 
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Electron injection, colliding pulse 

V Malka, Phys. Plasmas 19, 055501 (2012) 

FIG. 6. Scheme of principle of the injection with 
colliding laser pulses: 
 (a) the two laser pulses propagate in opposite 
direction,  
(b) during the collision, some electrons get enough 
longitudinal momentum to be trapped by the 
relativistic plasma wave driven by the pump beam,  
(c) trapped electrons are 
then accelerated in the wake of the pump laser pulse. 
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Beam loading terminates trapping 

E. Esarey et al, RevModPhys 81, 1229 (2009) 
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LLNL Staged Accleration to 0.5 GeV 

Pollock et al., Phys. Rev. Lett. 107, 045001 (2011). 

• Stage 1 cell ‘seeded’ with N2 

• no self-trapping in He stage 2 at given density 
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Staged Accleration to 0.5 GeV 

Pollock et al., Phys. Rev. Lett. 107, 045001 (2011). 

35 pC, <5% energy spread 
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LBNL capillary discharge & density tailoring 

Gonsalves et al Nature Phys 7, 862 (2011) 

• supersonic gas jet in front of 3.3 mm capillary 

discharge 

• tailor density so that  injection terminates 

• sub-mm plasma in jet  

• self focusing -> vph slowing to facilitate 

injection, then shut off self-focusing 

• 30% pump depletion, plenty left for wake 

generation in capillary discharge waveguide 

• ‘tune’ with focal position xf  
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LBNL capillary discharge & density tailoring 

Gonsalves et al Nature Phys 7, 862 (2011) 
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Living with the energy spread: FEL with TGU 
(Free Electron Laser with Transverse Gradient Undulator) 

•Progress towards LPA beams of  1 GeV, 

10 kA, 0.1 um emittance  

• energy spread an issue for FELs 

• transversely disperse e bunch and  

compensate with a canted-pole wiggler 

• at early stage of numerical feasibility 

studies 

Huang et al PRL 109, 204801 (2012) 
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Issues for the future 

V Malka, Phys. Plasmas 19, 055501 (2012) 
E Esarey  et al, RevModPhys 81, 1229 (2009)  

• Repetition rate 

 

• Stability in plasma and laser propagation 

 

• Computational  issues for simulations of extended accelerators 

• need high temporal and spatial resolution for laser, plasma wave,  self-

injection, and trapping, but long propagation lengths 

 

• Average power:  for useful luminosity, need  kHz x nC x TeV = MW 

• laser-plasma coupling @ 1% energy spread  = 1% 

• what might be some problems re-using the laser pulse?* 

• laser wallplug efficiency = 1% (could improve) 

• 10 GW ! 

• laser-seeded e-bunch-driven plasma ERL? (back to big structures)* 

 

• Propagation effects, laser coupling effects etc over “long” distances 

* jump-offs for discussion 


