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  Review of basic laser-plasma accelerator (LPA) physics 
  Limits to single-stage energy gain: laser depletion 
  Staging laser-plasma accelerators 

  Scaling laws for LPA collider design 
  Plasma density choice  
  Laser intensity choice 

  Collider design issues 
  Beamstrahlung mitigation requires short bunches 
  Emittance growth via beam scattering with plasma 

  Conceptual design of a laser-plasma collider at 1 TeV 
  Based on 10 GeV stages 
  Laser technology requirements 

  Conclusions and R&D directions 

Outline 



Conceptual LPA Collider 

Leemans & Esarey, Physics Today, March 2009 

  Based on 10 GeV modules (n~1017 cm-3) 
  Quasi-linear wake: e- and e+, wake control 
  Staging & coupling modules 

  Requires high rep-rate (10’s kHz) 
  Requires development of high       
average power lasers (100’s kW) 
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Laser-plasma accelerators:  
>10 GV/m accelerating gradient 

laser
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plasma wave (wakefield)  E ~102 GV/m  (for n~1018 cm-3, I~1018 W/cm2) 

(>103 larger than conventional RF accelerators) 
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λp =2πc/ωp= (πre
-1/2 ) np

-1/2 ~10 µm 

ωp σt ≤ 1 
Laser pulse duration ~ λp/c ~ tens fs 
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  Limits to single stage energy gain: 
  Laser Diffraction (L~Rayleigh range): mitigated by transverse plasma density 

tailoring (plasma channel) 
  Beam-Laser Dephasing: mitigated by longitudinal plasma density tailoring 

(plasma taper) 
  Laser Depletion: energy loss into plasma wave excitation 

Limits to single-stage energy gain: Laser energy 
depletion necessitates multiple stages 

  Multiple-stages for controlled acceleration to high energy:  

Depletion Length: 

Energy gain (linear regime):  
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Accelerating field: 
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Laser diffraction controlled by 
plasma channel 
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Capillary discharge plasma waveguides: 
  Plasma fully ionized for t > 50 ns 
  After t ~ 80 ns plasma is in quasi-

equilibrium: Ohmic heating is balanced 
by conduction of heat to wall 

  Ablation rate small: cap. lasts for >106 
shots 

  ne ~ 1017 - 1019 cm-3 

Laser diffraction: (L ~ZR) 
Solution: tailor plasma profile to form 

plasma channel 



Experimental demonstration: 1 GeV  
high-quality beam via laser-plasma accelerator 

Electron density 
perturbation 

Plasma channel allows extended 
laser-plasma interaction length 

40 TW,  
38 fs,  
1.5J,  
10 Hz 

25 micron spot 
1018 W/cm2 

LBNL 
Ti:Al2O3 

laser 

H-discharge capillary technology:  
plasma channel production (1-4x1018 cm-3) 

3 cm 
Beam energy =1.0 GeV 

Charge= Q~30 pC 
1.6 mrad rms divergence 
2.5% rms energy spread  
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Ez ~ mcω p e( )∝ n1/ 2

electron 
beam 
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Lacc ~ λp
3 λL

2 ∝ n−3 / 2

Leemans et al., Nature Phys. (2006). 
Nakamura et al., Phys. Plasmas (2007).  
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Single-stage plasma density scalings 
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Proper choice of plasma density and 
staging minimizes main linac length 

  Accelerator length will be determined by staging technology: 

Lstage 

LPA 

Laser 

Lacc Lc € 

Nstage ∝ nNumber of stages: 
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Laser in-coupling using plasma mirrors 
allows compact staging 

  Conventional optics approach: stage length determined by damage on 
conventional final focus laser optics 

Laser 

Laser 
~10 m 
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  Plasma mirror in-coupling: 
  “Renewable” mirror for high laser intensity  
 Relies on critical density plasma production 
 Thin liquid jet or foil (tape) 
 Laser contrast crucial (>1010) 

~10 cm 

  Advantage of laser-driven plasma waves: short in-coupling distance for 
plasma wave driver (high average gradient) 

  Development of staging technology critical to collider application 

plasma 
mirror 



• Laser intensity for large accelerating field in quasi-linear regime: 

• Laser pulse length ~ plasma wavelength λp/2 

• Laser energy (spot size ~ λp)

              

laser
Laser spot size ~ λp

Laser pulse length ~ λp/2

λp

a~1  I >1018 W/cm2  

for 1 micron laser wavelength 

plasma density = n0 ~ 1017  cm-3  λp~ 100 micron Tlaser ~  100 fs 

Laser energy requirements 
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11 plasma density = n0 ~ 1017  cm-3  Ulaser~ 10’s J 
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Collider plasma density scalings:  
Laser energy and Power 
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•  For fixed luminosity (e.g., 1034 s-1 cm-2 for 
Ecm = 1 TeV) and IP size: 
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•  Single-stage laser energy: 

Repetition rate: 
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Laser intensity: Quasi-linear regime 
allows for e+ acceleration 

run 405 

  Blowout/Bubble regime  
  high field (a>>1) 
  very asymmetric 

  focuses e- 
  defocuses   e+ 

  self-trapping (staging difficult) 

  Quasi-linear regime 
  Nearly-symmetric e+/e- 
  a ~ 1 
  dark current free (no self-trapping) 
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Quasi-linear laser-driven plasma wave: 
decouples focusing and accelerating forces 

  Quasi-linear regime:  
  Nearly symmetric for e+ and e- focusing and 

accelerating phase regions 
  Expected to be more stable (using channel) 
  Allows for controlled injection of bunch (dark-

current-free structures); high-quality beams 
  Control of focusing forces (laser pulse tailoring) 

laser

Quasi-linear regime:  

•  Small matched beam radius: 

•  Stringent alignment tolerances  

Blowout/Bubble regime:  
Focusing force determined by density 
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 σr = 0.1 micron 
for εx= 10-7 m,  
10 GeV,  
n=1017 cm-3 

Quasi-linear regime:  
Focusing force determined by density and 
transverse laser intensity gradient 

•  Flexibility via laser tailoring: 
•  allows additional control of focusing 
forces (and matched spot) 
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Higher order laser modes to tailor transverse 
wakefield (focusing forces) 

  E⊥/E0 ~ ∇⊥a2/2 
  Add Hermite‐Gaussian modes: 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 Cormier-Michel et al. 
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Future linear colliders with >1 TeV will operate 
in quantum beamstrahlung regime 

  Quantum beamstrahlung regime: 

  High energy colliders > 1TeV  will have Y >1  
  Beamstrahlung effects for fixed Ecm , L, Pb  
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minimize beamstrahlung 
by reducing charge/bunch 
and/or bunch length Beamstrahlung 

energy spread 

Beamstrahlung 
photons 
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Beamstrahlung 
parameter 



Quantum beamstrahlung regime requires 
ultra-short bunches 
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Background beamstrahlung photons: Beamstrahlung induced energy spread: 

σz (µm) 

N=2x109 

For fixed beamstrahlung (Nγ or δγ): 
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•  plasma-based accelerators are intrinsically sources of fs beams 17 



Plasma accelerators are sources of 
ultra-short bunches 

•  Methods for controlled injection in plasma wave: 

•   Plasma density gradient injection (Bulanov et al., PRE 1998; Geddes et al., PRL 
2008) 

•   Laser-triggered injection: colliding pulse injection (Esarey et al., PRL 1997; 
Faure et al., Nature 2006) 

•  In principle, triggered injection in a plasma wave could achieve beam quality 
(low emittance) beyond state-of-the-art photocathodes (space-charge shielding 
provided by ions, rapid acceleration) 

laser

λp
•  (high-density) plasma-based accelerators are 
intrinsically sources of femtosecond beams: 
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33
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  Beam power: Pb = fNEcm  

   AC wall-plug power: ~ 200 MW   5% efficiency 

N ~ 4x109 

 f ~ 15 kHz 
Ecm~ 1 TeV 

Pb ~ 5 MW  
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~15% laser to beam efficiency 
~33% wall-plug to laser efficiency 

  Laser to plasma wave efficiency: ~50% 
  Plasma wave to beam efficiency: ~30% 

  Collider based on 10-GeV stages: 
  (total beam energy ~300 J)/(50 stages) = ~6 J/stage  
  ~40 J/laser at 15 kHz = ~600 kW average power laser 

beyond state-of-the-art laser technology 
  Laser technology development required 

 Collider power and efficiency requirements:  
High average power laser 

  Energy remaining in plasma-based accelerator (damped plasma wave) 
  ~10J/stage remains in plasma  >100 kW/m 
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 1 TeV LPA Collider Parameters 
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Plasma density scalings: 
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  Design considerations for a laser-plasma collider module 
  Laser Depletion: necessitates staging 
  Operation in quasi-linear regime  

  Allows positron acceleration 
  Control transverse fields 

  Conceptual design of laser-plasma collider at 1 TeV 
  10 GeV modules: Laser pulse 40 J, 130 fs, 15 kHz 

  Requires development of 100’s kW average power lasers 
  Requires research on LPA physics and staging technology 

  Demonstrate low emittance, high charge, short e-bunches 

  R&D with BELLA (BErkeley Lab Laser Accelerator):  
  10 GeV LPA stage 
  Positron acceleration in quasi-linear regime 
  Beam-plasma interactions 

Summary 
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