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  How	  laser-‐plasma	  accelerators	  (LPAs)	  work	  

  Challenges	  of	  LPAs	  –	  why	  staged	  LPA	  is	  cri3cal	  
  Staged	  LPA	  experiment	  at	  LBNL	  

  Experimental	  results	  so	  far	  on:	  

  Injec3on	  module	  

  Plasma	  mirror	  for	  coupling	  laser	  pulses	  

  Accelera3on	  module	  

  Summary	  of	  where	  we	  are	  and	  outlook	  



Laser-‐plasma	  accelerators	  (LPAs)	  can	  sustain	  high	  Ez	  
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Laser-‐plasma	  accelerators	  (LPAs)	  can	  sustain	  high	  Ez	  

4	  

2 4 6 8 100

50

100

150

200

Plasma density (1018/cm3)

Ez
 (G

V/
m

)

a=0.5

a=1

E0a=2

Example:	  
a	  ~	  0.5	  –	  2	  

n0	  ~	  1018	  cm-‐3	  
Ez	  ~	  10	  –	  100	  GV/m	  	

++

+

-

-

--

-
-

-

-
-

-

-

-

-

-

-

-

-

--

-
-

-
-
-

-
-

-

-

-

-
-

-

-

-

-

-

-

-

- -

-

-
-

-

-

-

-
-

-

-

-

-

-

-
-

-

-
-

-

--
-

-

-

-

--
-

-

-
-

-

-

-

-
-
-

-

-

-
-

-

-
-

--

-

-

-

-
--

-
--

- -

-

-

-
-

-

-

-

-

-

-

-

-

--
-

-

-
--

-
-

-

E-!eld

+
+

+
+

+
+

+

++
+

+

+
+

+
+

+

-

-

-

-

+

+

+

+

+

+

1
2

€ 

∂ 2

∂t 2
+ωP

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
∂n
n0

= c 2∇2 a2

2

€ 

a∝ λ I1/ 2Laser	  strength	  parameter	

a	  >>	  1:	  Non-‐linear	  
a	  ~	  1	  	  :	  Quasi-‐linear	  
a	  <<	  	  1	  :	  Linear	

e-‐	  density	  
pertuba3on	

Laser	  radia3on	  
pressure	



Challenges	  of	  LPA	  
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High	  accelera3ng	  gradient	  ~1	  -‐	  100GV/m	
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High	  accelera3ng	  gradient	  ~1	  -‐	  100GV/m	
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Capillary	  discharge	  waveguides	  mi3gate	  laser	  diffrac3on	  
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  Laser	  diffrac3on	  limits	  accelera3on	  length	  to	  ~ZR = π ω0
2/λ	  

A.	  Gonsalves	  et	  al.	  PRL	  98	  (2007)	  	  	  
D.J.Spence	  &	  S.M.Hooker	  PRE	  63	  (2001)	  	  

A.	  Butler	  et	  al.	  PRL	  89	  (2002)	  
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Capillary	  discharge	  waveguides	  mi3gate	  laser	  diffrac3on	  
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  Laser	  diffrac3on	  limits	  accelera3on	  length	  to	  ~ZR = π ω0
2/λ	  
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1 GeV in 3 cm	

W.	  P.	  Leemans	  et	  al.	  Nature	  Physics	  418	  (2006).	



Density	  control	  and	  Staged	  accelera3on	  cri3cal	  to	  LPAs	  
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  For	  a	  given	  laser	  strength	  a0,	  there	  is	  an	  op3mal	  accelera3on	  length	  ~Ld	  ~	  Lpd	  
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decrease 
with increasing a0

increase
with increasing a0
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Density	  control	  and	  Staged	  accelera3on	  cri3cal	  to	  LPAs	  
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  For	  a	  given	  laser	  strength	  a0,	  there	  is	  an	  op3mal	  accelera3on	  length	  ~Ld	  ~	  Lpd	  

Ldepletion

Ldephasing

decrease 
with increasing a0

increase
with increasing a0

Challenges	  of	  LPA	

Staging	  supplies	  fresh	  laser	  pulses	

W.	  P.	  Leemans	  &	  E.	  Esarey	  
Physics	  Today	  2009	



Staging	  experiment	  requires	  precision	  
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  Advantages:	  
-  Staged	  LPA	  can	  supply	  fresh	  laser	  pulses	  	  

-  Separate	  injec3on	  and	  accelera3on	  
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Staging	  experiment	  requires	  precision	  
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Staging	  experiment	  requires	  precision	  
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  Advantages:	  
-  Staged	  LPA	  can	  supply	  fresh	  laser	  pulses	  	  

-  Separate	  injec3on	  and	  accelera3on	  

  Challenges:	  
-  Laser	  spa3al	  overlap	  ~um	  

-  Temporal	  overlap	  ~	  fs	  

-  Two	  capillary	  +	  plasma	  mirror	  opera3on	  
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Staging	  experiment	  @	  LOASIS	  Program	  
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TREX	  laser	  	  
 	  Ti:Sapphire	  laser	  (λ	  =	  805	  nm)	  
 	  Peak	  power	  40TW	  
 	  Op3mum	  compression	  40	  fs	  
 	  Rep.	  rate	  1	  Hz	  	

New	  beamline	  for	  staging	  experiment	  completed	  in	  Nov	  2011	  	
First	  high	  power	  laser	  opera3on	  in	  April	  2012	  

Interac3on	  chamber	  and	  
beam	  transport	  chambers	

High	  power	  laser	  
diagnos3cs	

Electron	  
spectrometer	

Electron	  
beam	  dump	

Staging	  capillaries	

~	  3	  cm	



Electron	  injected	  -‐-‐	  Op3miza3on	  in	  progress	  
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Injec3on	  module	
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  Capillary	  only	  injector	  was	  unstable	  
-  1%	  N2,	  He	  balanced	  mixed	  gas,	  0-‐10pC,	  ~3mrad	  

-  Large	  fluctua3ons	  for	  energy	  and	  charge	  	  
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Plasma	  mirror	  used	  to	  reduce	  coupling	  distance	  
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  Laser	  is	  too	  intense	  to	  use	  conven3onal	  op3cs	  close	  to	  focus	  

Laser	  coupling	



Plasma	  mirror	  is	  intensity	  dependent	  
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  Plasma	  mirror	  triggers	  ~	  Intensity	  1E14	  W/cm2	  
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Plasma	  mirror	  is	  intensity	  dependent	  

19	  

  Plasma	  mirror	  triggers	  ~	  Intensity	  1E14	  W/cm2	  

Too	  high	  intensi3es:	  
expansion	  of	  the	  plasma	  	  
→	  increase	  of	  absorp3on	  
→	  poor	  quality	  of	  reflected	  beam	  
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Tape	  drive	  based	  plasma	  mirror	  characterized	  
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  Reflec3vity	  and	  mode	  quality	  op3mized	  
410 nm

-230 nm

VHSMylar

1.25 mm
0.94 mm

Laser	  coupling	

RMS = 68 nm	 RMS = 16 nm	

456 um

Counts x2	



What	  is	  the	  energy	  gain	  expected	  from	  2nd	  module?	  

S. Shiraishi et al., Phys. Plasmas 20 (2013). 
C. Benedetti et al., AIP Conf. Proc. 1299, 250 (2010). 
B. A. Shadwick et al., Phys. Plasmas 16 (2009). 21	  
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Op3cal	  spectra	  analyzed	  as	  wakefield	  diagnos3c	  

S. Shiraishi et al., Phys. Plasmas 20 (2013). 
C. Benedetti et al., AIP Conf. Proc. 1299, 250 (2010). 

B. A. Shadwick et al., Phys. Plasmas 16 (2009). 22	  

  Spectral	  shiws	  correlates	  with	  laser	  energy	  transferred	  into	  plasmas	  
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Data	  agrees	  with	  simula3on	  within	  uncertainty	  

  Experimental	  setup	  

Optical 
spectrometer

Mode imager

Al coated 
pellicle

Capillary
O!-axis 
parabola

lens f=50 cm
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a0	  =	  1.2	  
n0=1.5e18/cm3	
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  INF&RNO	  PIC	  simula3on	  performed	  
to	  assist	  in	  interpreta3on	  of	  data	  
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Ez	  es3mated	  for	  experimental	  data	  using	  simula3on	  

  Various	  experimental	  parameters	  studied	  for	  efficiency	  of	  laser	  energy	  transfer	  

24	  1: S. Shiraishi et al., Accepted to Phys. Plasmas. 

-  Laser	  energy	  

-  Plasma	  density	  

-  Laser	  temporal	  profile	  

-  Laser	  focus	  posi3on	  &	  es3mated	  
longitudinal	  density	  profile	  

-  Laser	  spa3al	  profile	  

Affects	  wake	  profile	  but	  not	  redshiw	  significantly	

Input	  to	  simula,on	  
Data	  &	  Sim.	  agree	  within	  uncertainty	  

Based	  on	  measured	  ΔR,	  es3mate	  
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  Good	  guiding	  with	  laser	  reflected	  off	  
plasma	  mirror	  

Output	  mode	

Total	  transmission	  ~65%	  
Plasma	  mirror	  ~75%	  

Guiding	  ~85%	

Input	  mode	

  Op3miza3on	  of	  wake	  excita3on	  in	  
progress	  

Input	  
Output	  

More	  efficient	  wake	  excita3on	  expected	  
with	  beEer	  matched	  guiding	  &	  
op3miza3on	  of	  pulse	  dura3on	  	

n0~3.3e18/cm3	

Based	  on	  simula3on	  <Ez>	  ~	  1	  GV/m	  

Accelera3on	  module	

(Preliminary)	
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Summary	  and	  outlook	  of	  Staged	  LPA	  
Staging	  beamline	  commissioned	  in	  April	  2012	  
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Staging	  beamline	  commissioned	  in	  April	  2012	  
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Summary	  and	  outlook	  of	  Staged	  LPA	  
Staging	  beamline	  commissioned	  in	  April	  2012	  
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  E-‐beam	  injected	  in	  accelera3on	  module	  
Op,miza,on	  for	  energy	  spread	  and	  shot	  to	  shot	  

fluctua,on	  in	  progress	  

  Tape	  drive	  based	  plasma	  
mirror	  is	  characterized	  

  Good	  guiding	  achieved	  with	  laser	  reflected	  
off	  plasma	  mirror	  Output	  mode	Input	  mode	

Op,miza,on	  for	  
wake	  excita,on	  in	  
progress	  

  Spectra	  analyzed	  to	  
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Staged	  LPA	  experiments	  following	  the	  op,miza,ons	
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  Spa3al	  profile	  affects	  wake	  profile	  but	  not	  redshiw	  

Wakefield	  structures	  very	  different	  

Peak	  Ez	  &	  redshiw	  similar	  for	  both	  profiles	  
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  Laser	  temporal	  pulse	  shape	  affects	  wake	  excita3on	  significantly	  
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Step	  towards	  understanding	  and	  control	  of	  plasma	  wakefield	  

  Step	  towards	  beEer	  understanding	  wake	  excita3on	  and	  structures,	  par3cularly	  
comparing	  experiment	  and	  simula3ons	  

33	  S. Shiraishi et al., Phys. Plasmas 20 (2013). 

-  Laser	  energy	  

-  Plasma	  density	  

-  Laser	  temporal	  profile	  

-  Laser	  focus	  posi3on	  &	  es3mated	  
longitudinal	  density	  profile	  

Input	  to	  simula,on	  
Data	  &	  Sim.	  agree	  within	  

uncertainty	  

Based	  on	  experimentally	  measured	  ΔR,	  
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