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• Laser-Plasma Wake Field Acceleration: 
the Bubble regime 
 

• Problems of the Bubble regime in uniform plasma: 
broad energy spectra, limited energy gain 
 

• Bubble in a deep plasma channel: 
reversed fields and high quality acceleration 
 

• New scaling laws for deep plasma channels: 
much higher energy gains per Joule laser energy 

Outline 



Virtual Laser Plasma Lab 
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Plasma or neutral gas 

A. P u kho v, J. P la sm a  P h ysi cs , v ol .  61, p a r t  3 , p . 425 (1999) .

Gas of an arbitrary element can be used. 

The code VLPL is written in C++, object oriented, 
parallelized using MPI for Massively Parallel performance 
109 particles and 108 cells can be treated 

Advanced physics & numerics 
 
• Inelastic processes 
• QED, radiation damping 
• hybrid hydro model 
• quasi-static approximation 
• Lorentz boost tc

ctc
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A. Pukhov, J. Plasma Phys. 61, 425 (1999) 
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Tajima, Dawson, PRL43, 267 (1979) 

E-field 
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Plasma wave  -factor 

Maximum energy gain 

Emax = eEmax min(Ld, LL) 

Ld  ph
2 l p 

Dephasing length 

Wakefield acceleration 
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Laser depletion length 
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Wave breaking E-field 

2D wave breaking  

Bulanov Pegoraro Pukhov Sakharov  
PRL 78 (1997) 

Akhieser, Polovin (1956) 

Wave breaking 



Wakefield acceleration 

electron 
density 

laser 
intensity 

conv. eff. : 15 % 

109 electrons 
10 <  < 100 

ang. spread : ±1° 
 e  <   mm mrad 

50 MeV 



Laser bubble acceleration 

Pukhov & Meyer-ter-Vehn Appl. Phys. B  74, pp. 355-361  (2002) 
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Bubble regime:  
Ultra-relativistic laser, I=1020 W/cm2: 

A.Pukhov & J.Meyer-ter-Vehn, Appl. Phys. B, 74, p.355 (2002) 
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Accelerators go compact 
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Mangles et al, Rutherford: 
70 MeV beam 

Geddes et al, LBNL: 
 85 MeV beam 

Faure et al, LOA:  
170 MeV beam 



Texas PetaWatt: 2 GeV electrons 
Nature Communications 4, 1988 (2013 
 
 
 
 
 
LBNL: 4.2 GeV 
Phys. Rev. Lett. 113, 
 245002 (2014) 



• Shadowgraphy:  

visualize plasma wave 

• change electron density 

 change plasma 

wavelength 

12 

Ultra-Short Probe Pulse 

• Shadowgraphy:  

visualize plasma wave 

• change electron density 

 change plasma 

wavelength 

A. Buck, M. Nicolai, M.C.Kaluza et al. Nature Physics (2011) 
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Snapshot of a bubble 



SSimilarity for Relativistic Plasmas  
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c

e

an

n
S Ultra-relativistic laser plasmas, a>>1,  

have the similarity parameter 

Dynamics of plasmas with  S=const  is similar.  
The electron distribution function scales as 

Gordienko, Pukhov, Phys. Plasmas 12, 043109 (2005) 



Families  
of bubbles 
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Scalable plasma cavity: the Bubble 
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Pukhov, Gordienko, Phil Trans. R. Soc. A, (2006) 364, 623–633 

A.Pukhov & J.Meyer-ter-Vehn, Appl. Phys. B, 74, p.355 (2002) 
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Numerical test  
of the similarity scalings 
 
O. Jansen et al. 
Eur. Phys. J. Special Topics 223, 
1017–1030 (2014) 
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Bubble: reasonably high acceleration 
gradients have been demonstrated 
 
The next step: 
Quality of the accelerated electron bunches 
should be improved. 



Betatron resonance:  
broadening of the spectrum 

Pukhov et al., Phys. Plasmas 6, 2847 (1999) 
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• Bubble fields are prescribed by the similarity theory 
 

• The acceleration is limited by pulse energy depletion 
 

• The longest pulses give the maximum energy gain 
 
 
 

• When the laser fills the bubble, it interacts with the beam 

Bubble dilemma in uniform plasma 
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Breaking similarity chains: 
deep plasma channels give us additional freedom 

Pukhov et al., PRL 113, 245003 (2014) 



Fields in the channel can be adjusted 
to balance depletion and dephasing 

New scaling law for electron energy gain: 
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R is the laser pulse radius 

Wide, ultra-short 
pancake-like pulses  
optimize energy gain 

Pukhov et al., PRL 113, 245003 (2014) 



Ultra-short pancake-like laser pulses 
optimize electron energy gains 

Aspect ratio  
of the laser pulses  
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Pukhov et al., PRL 113, 245003 (2014) 
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Bubble in a deep channel 
What is new? 
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Pukhov et al., PRL 113, 245003 (2014) 



Reversed radial field in the bubble 
channel uniform 

Pukhov et al., PRL 113, 245003 (2014) 



Reversed radial electric field in the bubble 
channel uniform 
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Pukhov et al., PRL 113, 245003 (2014) 



Focusing force in the channel walls only 
No net transverse force in the void region. 
No betatron resonance! 

Pukhov et al., PRL 113, 245003 (2014) 



Channel: Mono-energetic spectra 

Pukhov et al., PRL 113, 245003 (2014) 



Longitudinal phase space of the witness bunch 

Pukhov et al., PRL 113, 245003 (2014) 



r.m.s. energy uncertainty in each slice 10-3  
limited by numerical resolution only 

Pukhov et al., PRL 113, 245003 (2014) 



Scale to higher energies 

1.1 kJ 10 kJ 

32 fs 70 fs 

10 10 

64 mm 140 mm 

8 1016 2 1016 
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98 GeV 400 GeV 

Simulated Scaled 

Pukhov et al., PRL 113, 245003 (2014) 



Summary 
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 Deep plasma channels generate new similarity scalings 
 

 Deep plasma channels lead to reversed field configuration in the bubble 
 

 Energy gains per Joule of laser energy are much higher in deep channels 
Pancake-like pulses optimize energy gain in channels 
 

 High quality particle acceleration in plasma is feasible 

Pukhov et al., PRL 113, 245003 (2014) 


