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Shrinking accelerators from km to cm: Plasmas 

Multiple static metallic cavities  

w/ electric fields of ~50 MV/m 

Single co-propagating plasma cavity  

w/ electric fields of ~50 GV/m 



Rutherford/Geiger 1911 
 

Worldôs first particle accelerator experiment: 
Matter consists of electrons and ions 

E. Rutherford, Phil. Mag. 21, 1911 

CERN 1956 
 
Future particle accelerators: 
Accelerate particles via collective fields by 
separating electrons and ions in plasmas 
Veksler, Budker, Fainberg, Proc. CERN Symp. High 
Energy Accelerators, 1956 
   

UCLA 1979: LWFA 
 
Produce transient charge separation in plasma 
via Laser Electron Accelerator 
Tajima & Dawson, Phys. Rev. Letters 43, 1979 
   

CPA 1986 
 
Chirped Pulse Amplification to produce intense 
enough lasers 
Strickland & Mourou, Optics Comm. 56, 219, 1986 
   

Prehistoric days: Plasma Wakefield Acceleration 

Project Matterhorn 
 

Description and computation of nonlinear plasma 
oscillations 
J. Dawson, Phys. Rev. 113, 383, 1959 
   

Stanford/UCLA 1985: PWFA 
 
Acceleration of Electrons by the Interaction of a 
Bunched Electron Beam with a Plasma 
Chen et al., Phys. Rev. Letters 54, 1985 

   

Langmuir/Tonks 1928 
 

ñWe shall use the name plasma to describe [a] region 
containing balanced charges of ions and electronsò 



E. Rutherford, Phil. Mag. 21, 

1911 

Since 1990s: Exponential beams 

 

 

 

 

 

 
 
 

C. Gahn, Phys. Rev. Letters 83, 4772, 1999  

   

Modern LWFA History 

 

250 mJ laser energy,  

120 fs 

 

 

V. Malka, Science 22, 298, 5598, 2002 

   

 

1 J laser energy, 30 fs 

Since 2004: Quasi-monoenergetic beams 

Mangles et al. (RAL), 

Geddes et al. (LOASIS), 

Faure et al. (LOA) 

Pukhov, Meyer-ter-Vehn, 

Appl. Phys. B74, 255, 2002 

? 



LWFA: Mushrooming 

since 2004 

 

FSU Jena 
      ¶ 
   Hidding  et al., PRL 96, 105004, 2006 

 

MPQ/LMU 
Munich 
¶ 
   Karsch.. Hidding et al., NJP 9, 415, 2007 

Osterhoff.. Hidding et al., PRL 101, 085002, 2008 

 

HHU 
Düsseldorf 
¶ 

   

Hidding et al., PRL 104, 195002, 2010 

 

Willi.. Hidding et al., PPCF 51, 124049, 2009 

Debus.. Hidding et al., PRL 104, 084802, 2010 

 

HZDR 
Dresden 
¶ 
   

MBI Berlin 
¶ 
   

UHH/DESY 
¶   

GSI 
¶   

Schmid.. Hidding et al., PRL 102, 124801, 2009 

 

Generation of µm-scale electron 

bunches up to 1 GeV with 8-80 

fs, 30 mJ-3 J laser pulses in gas 

jets, capillaries and gas cells 

 

2004:  

One laser system with 7 TW 

2013:  

> 10 laser systems w/ > 100 TW 

Schlenvoigt et al., Nat.Phys. 4, 103, 2008 

Buck et al., Nat.Phys. 7, 543. 2011 

Fuchs et al., Nat. Phys. 5, 826, 2009 

Hidding et al., PoP  16, 043105, 2009 

Example: Germany 

(non-exhaustive!) 

FZ Jülich 
          ¶ 

   



But: Limited beam quality & stability 

Osterhoff et al., PRL 2008 

Karsch et al., NJP 9, 415, 

2007 Leemans et al., Nat. Phys. 2006 

Hafz et al., Nat. Phot. 2008 

Schmid, PhD Thesis 2009 

Gonsalves et al., Nat. Phys. 

2011 

Clayton et al., PRL 2010 

McGuffey et al., PRL 2010 



Fundamental Issues of LWFA 

External Injection? Clayton et al., PRL 70, 37 (1993) Ą LAOLA@REGAE (DESY), Frascati, é 

Plasma density transition? Suk et al., PRL 86, 1011 (2001), Gonsalves et al., Nat Phys. 7, 862 (2011) 

Colliding laser pulses? Umstadter et al., PRL 76, 2073 (1996), Faure et al., Nature 444, 737 (2006) 

Higher state ionization? Chen et al., JAP 99, 056109 (2006), McGuffey et al., PRL 104, 025004 (2010) 

 

Dephasing, Diffraction & Injection limit energy gain and beam quality: 



Strategies: Dephasing, Diffraction & Injection 

 

Dephasing: 

 

Use longitudinally tapered plasma profile 
Katsouleas, PRA 2056 (1986) 

 

Diffraction:  

 

Use transversally tapered plasma profile 
e.g. Hooker et al., JOSA (2000), Leemans et al., Nat. Phys. (2006)  

 

Injection:  

 

External Injection 
Clayton et al., PRL 70, 37 (1993) Ą LAOLA@REGAE (DESY), HZDR, Frascati, France é 

 

Plasma density transition 
Bulanov et al., PRE 58, R5257 (1998), Suk et al., PRL 86, 1011 (2001), Gonsalves et al., Nat. Phys. 7, 862 (2011) 

 

Colliding laser pulses: 
Umstadter et al., PRL 76, 2073 (1996), Faure et al., Nature 444, 737 (2006) 

 

Higher state ionization:  
Chen et al., JAP 99, 056109 (2006), McGuffey et al., PRL 104, 025004 (2010) (w/ one laser pulse) 

Umstadter et al., US Patent 5789876 A (1995),  Bourgeois et al., acc. PRL (2013) (w/ two laser pulses) 

 



PWFA 

ĂNoñ dephasing: (relativistic) driver and accelerated electrons both propagate with ~ c 

Ý witness electrons experience const. (max.) electric field   

  

LWFA: 
 

 

PWFA: 
 

 

Much less problems with ñdiffractionò in PWFA 

 

 


