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Regimes	
  	
  
of	
  proton	
  accelera=on	
  

•  Target	
  Normal	
  Sheath	
  Accelera=on	
  

•  Coulomb	
  Explosion	
  

•  Radia=on	
  Pressure	
  Accelera=on	
  

• Magne=c	
  Vortex	
  Accelera=on	
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Ion	
  Accelera=on	
  
Applica,ons	
  

  	
  Proton	
  radiography	
  of	
  	
  
dense	
  targets	
  

  	
  Proton/carbon	
  beams	
  for	
  
oncological	
  hadrontherapy	
  

  	
  Fast	
  igni=on	
  

Beam	
  Requirements	
  
  Low	
  emiVance	
  

  Short	
  dura=on	
  
  High	
  energy	
  (for	
  dense	
  maVer	
  

probing)	
  

  Small	
  energy	
  spread	
  ~1%	
  

  High	
  energy	
  (50-­‐250	
  MeV)	
  

  Number	
  of	
  par=cles	
  ~1010	
  sec-­‐1	
  

  Low	
  emiVance,	
  focusability	
  

  High	
  flux	
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Target	
  Normal	
  Sheath	
  	
  
Accelera=on	
  

electrons	
  

protons	
  

ne,	
  ni,	
  Ex	
  

Laser	
  pulse	
   ions	
  

electrons	
  

Normal	
  Sheath	
  Accelera,on	
  

• 	
  Poor	
  contrast	
  requires	
  thick	
  target	
  
• 	
  Prepulse	
  creates	
  preplasma	
  on	
  surface	
  

• 	
  Pulse	
  drives	
  some	
  e-­‐	
  through	
  target	
  

• 	
  Charge	
  separa,on	
  at	
  rear	
  accelerates	
  protons	
  

φsweeping ∼ φpond

Emax/rear ∼ 2Zφpond
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Coulomb	
  Explosion	
  

electrons	
  
protons	
  

Coulomb	
  Explosion	
  Regime	
  
• 	
  High	
  contrast	
  allows	
  sub-­‐micron	
  target	
  
	
  	
  	
  which	
  become	
  transparent	
  to	
  laser	
  
• 	
  Pulse	
  propagates	
  through	
  target	
  
• 	
  Removes	
  most	
  electrons	
  from	
  target	
  
• 	
  Much	
  larger	
  charge	
  separa,on	
  at	
  rear	
  
• 	
  Best	
  designs	
  use	
  high-­‐Z/low-­‐Z	
  layers	
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r0	
  is	
  the	
  focal	
  spot	
  radius	
  

E ∼ P 1/2
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ELECTROSTATIC	
  
FIELD	
  

Double	
  layer	
  target	
  

• 	
  Heavy	
  ions	
  are	
  ionized	
  by	
  the	
  laser	
  pulse	
  
• 	
  Electrons	
  are	
  expelled	
  from	
  the	
  target	
  by	
  the	
  laser	
  pulse	
  

• 	
  Light	
  ions	
  are	
  accelerated	
  in	
  the	
  charge	
  separa=on	
  field	
  
• 	
  Heavy	
  ion	
  layer	
  explodes	
  due	
  to	
  the	
  Coulomb	
  repulsion	
  of	
  excess	
  posi=ve	
  charge	
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Radia=on	
  Pressure	
  	
  
Accelera=on	
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Radia=on	
  Pressure	
  	
  
Accelera=on	
  

n0l0
dp

dt
=

E2
L

2π

(m2 + p2)− p

(m2 + p2) + p

P = (E�2
L /4π)(1 + |ρ|2 − |τ |2) = (E�2

L /2π)(ω�/ω)|ρ(ω�)|2
�
ω�

ω

�2

=
1− β

1 + β

ψ =

t−x(t)�

−∞

E2
L(ξ)

4πnelmic
dξ max{ψ} = EL/Nimic

2

Ekin = mic
2 (2κψ + h0 − 1)2

2(2κψ + h0)

max{Ekin} =
2κEL

κEL +Nimic2
κEL
Ni



Radia=on	
  Pressure	
  	
  
Accelera=on	
  

γ − 1 � 1

E = 8(1011/Ntot)
2(Mp/Mi)(EL/1J)2 MeV

γ � 1

E = 62.5(1011/Ntot)(Mp/Mi)(EL/1 kJ) GeV



Magne=c	
  Vortex	
  	
  
Accelera=on	
   VULCAN:	
  T=1.0	
  ps,	
  W=	
  340	
  J	
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Laser	
  pulse	
  in	
  a	
  waveguide	
  

Electron	
  density	
  profile	
  

Laser	
  
pulse	
  

Channel	
  radius	
  

Energy	
  of	
  the	
  laser	
  pulse	
  in	
  the	
  channel	
  



Energy	
  of	
  electrons	
  

MeV	
  	
  

The	
  energy	
  of	
  electrons	
  accelerated	
  by	
  the	
  laser	
  
in	
  the	
  channel	
  	
  

If	
  we	
  assume	
  that	
  all	
  the	
  energe=c	
  electrons	
  	
  
come	
  from	
  the	
  channel,	
  then	
  the	
  number	
  	
  
of	
  electrons	
  that	
  were	
  ini=ally	
  in	
  the	
  would-­‐be	
  
channel	
  is	
  	
  

and	
  the	
  average	
  electron	
  energy	
  is	
  	
  

From	
  the	
  results	
  of	
  2D	
  PIC	
  simula=ons	
   and	
  

The	
  condi=on	
  of	
  laser	
  pulse	
  energy	
  deple=on	
  is	
  	
  



Proton	
  accelera=on	
  from	
  near	
  cri=cal	
  
density	
  plasma:	
  new	
  scaling	
  

Condi=on	
  for	
  op=mal	
  ion	
  accelera=on	
  	
  
in	
  the	
  case	
  of	
  thin	
  foils:	
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From	
  rela=vis=c	
  	
  
transparency	
  

Condi=on	
  for	
  op=mal	
  ion	
  accelera=on	
  in	
  the	
  case	
  of	
  a	
  long	
  near	
  cri=cal	
  density	
  
plasma	
  slab	
  is	
  based	
  on	
  the	
  requirement	
  of	
  op=mal	
  pulse	
  energy	
  deple=on	
  
(Wp=We).	
  

Lp	
  	
  is	
  the	
  laser	
  	
  
pulse	
  length	
  

We	
  is	
  the	
  energy	
  of	
  electrons,	
  	
  which	
  were	
  ini=ally	
  in	
  the	
  would-­‐be	
  	
  
propaga=on	
  channel	
  	
  The	
  maximum	
  proton	
  energy	
  	
  

scales	
  as	
  



Proton	
  accelera=on	
  in	
  	
  
near-­‐cri=cal	
  density	
  plasmas.	
  	
  

Op=mal	
  condi=ons.	
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Proton	
  maximum	
  energy	
  

The	
  dependence	
  of	
  the	
  target	
  thickness	
  	
  
on	
  target	
  density	
  corresponding	
  to	
  	
  
maximum	
  accelerated	
  proton	
  energy	
  

1	
  PW	
  laser	
  pulse	
  



Ion	
  accelera=on	
  from	
  	
  
near	
  cri=cal	
  density	
  plasma	
  

a)	
   b)	
  

c)	
   d)	
  

e)	
   f)	
  

electrons	
   protons	
  



The	
  spectrum	
  of	
  protons	
  accelerated	
  	
  	
  
from	
  3.0	
  ncr	
  50	
  λ	
  thick	
  target	
  
	
  by	
  a	
  1	
  PW	
  laser	
  pulse	
  	
  

The	
  spectrum	
  of	
  protons	
  accelerated	
  	
  
from	
  1ncr	
  60	
  λ	
  thick	
  target	
  by	
  	
  
a	
  100	
  TW	
  laser	
  pulse.	
  	
  

The	
  dependence	
  of	
  the	
  proton	
  maximum	
  
energy	
  on	
  the	
  laser	
  pulse	
  power	
  for	
  n=3ncr	
  and	
  
f/D=1.5	
  .	
  The	
  black	
  circles	
  are	
  the	
  results	
  of	
  2D	
  
PIC	
  simula=ons.	
  	
  The	
  curve	
  is	
  the	
  fit	
  of	
  the	
  
data	
  by	
  func=on	
  bPa.	
  The	
  thickness	
  of	
  the	
  
target	
  was	
  chosen	
  to	
  maximize	
  the	
  proton	
  
energy	
  for	
  the	
  given	
  laser	
  pulse	
  parameters	
  	
  
and	
  density	
  of	
  the	
  target.	
  	
  

a=0.7-­‐0.8	
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Directed	
  Coulomb	
  Explosion	
  

Electrons,	
  
expelled	
  from	
  
the	
  focal	
  spot	
  

Protons,	
  accelerated	
  	
  
by	
  the	
  moving	
  	
  

charge	
  separa=on	
  	
  
field	
  

Heavy	
  ions,	
  
accelerated	
  	
  
by	
  the	
  light	
  	
  
pressure	
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Spectra	
  of	
  protons:	
  
(1)  Gaussian	
  pulse	
  
(2)  Flat-­‐top	
  pulse	
  

500	
  TW	
  30	
  fs	
  	
  
laser	
  pulse;	
  
1.5	
  λ	
  focal	
  spot	
  

Ultra-­‐thin	
  solid	
  density	
  foil:	
  
100	
  nm	
  Al	
  foil	
  

220	
  MeV	
  
∆E/E = 3%
Proton	
  bunch	
  

E ∼ P 1/2



Directed	
  Coulomb	
  Explosion	
  regime	
  	
  
of	
  proton	
  accelera=on	
  

Protons,	
  accelerated	
  	
  
by	
  the	
  moving	
  	
  

charge	
  separa=on	
  	
  
field	
  

Heavy	
  ions,	
  
accelerated	
  	
  
by	
  the	
  light	
  	
  
pressure	
  	
  

In	
  the	
  moving	
  frame	
  



22	
  

Parameters	
  of	
  simula,on	
  
Simula=on	
  box:	
  20	
  λ	
  x	
  10	
  λ	
  
Grid	
  mesh	
  size:	
  λ/200	
  
Laser	
  pulse:	
  500	
  TW	
  	
  
Linearly	
  polarized	
  (z)	
  
Focused:	
  f/D=1.5	
  
Foil:	
  first	
  layer	
  Al+13,	
  	
  
electron	
  density	
  400ncr	
  
second	
  layer	
  H+,	
  	
  
electron	
  density	
  30	
  ncr	
  	
  	
  

Directed	
  Coulomb	
  Explosion	
  	
  

Electron	
  density	
   Ion	
  density	
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EX	
  

the	
  an=cipated	
  
experimental	
  condi=ons	
  for	
  
the	
  Hercules	
  laser	
  	
  
at	
  U	
  of	
  M	
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Flying	
  mirrors	
  (FM).	
  	
  

mirror	
  

Double	
  Doppler	
  Effect	
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FM	
  from	
  Coulomb	
  Explosion	
  

FM	
  from	
  Radia=on	
  Pressure	
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FM	
  from	
  mul=ple	
  electron	
  layers	
  (DCE)	
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