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Simula5on	  of	  laser	  ion-‐accelera5on	  and	  transport	  
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Simula5on	  of	  laser	  ion-‐accelera5on	  and	  transport	  

Planed	  contribu/ons	  (related	  to	  the	  project	  plan):	  

-‐	  Integrated	  simula5ons	  of	  laser-‐accelera5on	  and	  the	  interface	  to	  the	  accelerator	  op5cs.	  	  	  

-‐	  Op5miza5on	  of	  the	  laser	  and	  target	  configura5ons.	  

-‐	  Studies	  of	  the	  de-‐neutraliza5on,	  the	  interac5on	  with	  intense	  B-‐fields	  for	  de-‐neutraliza5on	  	  
	  	  and	  ion-‐electron	  space	  charge	  effects	  during	  the	  early	  beam	  transport	  phase.	  

GSI	  accelerator	  physics	  division:	  	  

	  	  	  -‐	  theory/simula5on	  of	  intense	  ion	  beams,	  accelerator	  experiments,	  op5miza5on	  of	  FAIR	  rings	  	  

	  	  	  -‐	  ‘new’	  ac5vity:	  laser	  ion-‐accelera5on	  and	  transport	  simula5ons	  

	  	  	  	  	  	  	  Zsolt	  Lecz	  (PhD	  student,	  TU	  Darmstadt),	  Vladimir	  Kornilov	  (GSI),	  Oliver	  Boine-‐F.	  (GSI	  and	  TUD)	  	  	  	  	  
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Plasma/beam	  simula5on	  codes	  available	  at	  GSI	  
(list	  incomplete)	  	  

CST	  par/cle	  studio	  
-‐3D	  par5cle	  tracking	  with	  3D	  EM	  and	  ES	  field	  solvers,	  not	  a	  plasma	  code	  
-‐	  (expensive)	  GSI	  license	  (5	  frontends/3	  simula5on	  processes),	  Windows	  (Linux	  solvers)	  

OOPIC	  (Tech-‐X	  Corp.,	  Boulder)	  
-‐	  2D	  (x-‐y	  or	  r-‐z)	  EM	  or	  ES	  Par5cle-‐In-‐Cell	  (PIC)	  plasma	  code.	  
-‐	  Based	  on	  the	  Berkeley	  XOOPIC	  code	  
-‐	  Monte-‐Carlo	  collisions	  and	  ioniza5on	  
-‐	  inexpensive	  licenses	  for	  educa5onal	  use,	  	  Mac/Win/Linux	  

VORPAL	  (Tech-‐X	  Corp.,	  Boulder)	  
-‐3D	  EM	  plasma	  and	  beam	  simula5on	  tool.	  	  	  
-‐one	  of	  the	  most	  flexible,	  high	  performance	  plasma/beam	  simula5on	  tool	  available	  
	  	  	  (’alterna5ve’:	  LSP	  code	  from	  ATK,	  D.	  Welch	  et	  al.)	  	  
-‐ (moderately	  expensive)	  GSI	  license:	  Linux,	  limited	  to	  16	  CPU	  cores	  

DYNAID	  
-‐	  1D	  implicit	  fluid/PIC	  hybrid	  solver	  
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Simula5on	  of	  laser	  proton	  accelera5on	  with	  OOPIC	  

X(micrometer)	  

TNSA	  
Ponderomo5ve	  pressure:	  Shock	  wave	  

Target	  

14…95	  fs	  

1D	  simula5on	  
OOPic	  code	  

Target	  
Front	  side	  

Rear	  side	  

Zsolt	  Lecz	  
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Laser	  absorp5on	  
1D	  OOPIC	  simula5on	  (perpendicular	  incidence)	  	  

Zsolt	  Lecz	  

The	  energy	  of	  laser	  pulse	  is	  converted	  into	  hot	  electron	  energy:	  
• Resonant	  absorp5on,	  vacuum	  hea5ng,	  different	  skin	  effects,	  
ponderomo5ve	  absorp5on,….	  

Po
yn
/
ng
	  v
ec
to
r	  
hi
st
or
y	  

Power(W)	  

Reflected	  wave	  

5	  



Oliver	  Boine-‐Frankenheim,	  Laser	  ion	  accelera5on	  mee5ng,	  6.8.2010	  

Correla5on	  between	  hot	  electron	  temperature	  	  
and	  maximum	  proton	  energy	  
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4!1018 W /cm2 as shown in Fig. 2!a" is fitted with a
temperature of 1.1 MeV. The electron spectrum at
1!1019 W /cm2 as shown in Fig. 2!a" is fitted to the distri-
bution with a 2.3 MeV temperature. Figure 2!b" shows pro-
ton energy spectra observed simultaneously with electron
spectra at the same two different intensities. The proton spec-
trum at 4!1018 W /cm2 as shown in Fig. 2!b" has a maxi-
mum proton energy Emax of 11 MeV !spectral cutoff". The
Emax for the proton energy spectrum at 1!1019 W /cm2 as
shown in Fig. 2!b" is 20 MeV. These results indicate a linear
correlation between proton maximum energies and escaped
electron temperatures.

Small errors in the placement of the Thomson parabola
relative to the irradiation site on the target can result in mis-
interpretations of maximum proton energy; especially with
narrower proton spatial distributions. Consequently maxi-
mum proton energies are evaluated from the proton detector
stack that subtends a large detection solid angle. Furthermore
the detector stack can also resolve angular distributions !i.e.,
spatial distributions" with resolution set in 1 MeV steps. Us-
ing the proton detector stack and the electron spectrometer,
the correlation between escaped electron slope temperature
and maximum proton energy was obtained by changing the
laser intensities as shown Fig. 3. The proton maximum en-
ergy !Emax" is proportional to the electron slope temperatures
!Tes" according to the linear relation, Emax#10Tes with a
10% error. Protons are accelerated by the electrostatic sheath
field generated between the high density electron cloud and
the proton layer adsorbed in the target rear surface. Spatial
proton distributions were obtained with the CR-39 and the
RCF in the proton detector stack. Figure. 4!a" illustrates a
typical image of the proton beam observed with the RCF.
The optical density of the proton beam image shown with a
grayscale is proportional to proton dose. Because the proton

doses are also proportional to the proton areal densities, the
proton beam image on the RCF shown in Fig. 4!a" corre-
sponds to a spatial distribution of proton densities. As shown
in Fig. 4!a", a pattern of stripes is superimposed in the image.
The stripe pattern shows a periodic variation of optical den-
sity on the gray scale. Therefore the spatial proton density
distribution includes periodic proton density fluctuations.
The proton density profile including these fluctuations is
shown in Fig. 4!b". The periodic density fluctuation is gen-

FIG. 2. !Color online" Energy spectra of escaped electron and proton beams obtained simultaneously using the Thomson parabola ion spectrometer and the
magnetic electron spectrometer at different laser intensities. !a" Electron energy spectra shown with open rectangles and black dots are obtained at the 4
!1018 and 1!1019 W /cm2, which can be fitted with the slope temperatures of Tes=1.1 MeV and Tes=2.3 MeV, respectively, for Boltzmann distributions.
The dashed line shows the detection limit. !b" Proton energy spectra obtained simultaneously with the escaped electron energy spectra of !a". The data points
of open rectangles and black dots correspond to the data points at Tes=1.1 MeV and Tes=2.3 MeV, respectively, of !a". The
proton energy spectra have the spectral cutoffs at maximum energies of Emax=12 MeV and Emax=20 MeV, respectively. The black solid line shows the
detection limit.

FIG. 3. !Color online" Correlation between escaped electron temperature
!Tes" and proton maximum energy !Emax". Data points !rectangles" are fitted
with the interpolation curve of Emax=10 Tes.

073110-3 Correlation between laser accelerated MeV proton… Phys. Plasmas 17, 073110 !2010"
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M.	  Tampo	  et	  al.,	  PoP	  2010	  

Measured	  electron	  and	  proton	  spectra	  (GEKKO,	  Osaka)	  

Fluid	  expansion:	  P.	  Mora,	  PRL	  2003:	  

4!1018 W /cm2 as shown in Fig. 2!a" is fitted with a
temperature of 1.1 MeV. The electron spectrum at
1!1019 W /cm2 as shown in Fig. 2!a" is fitted to the distri-
bution with a 2.3 MeV temperature. Figure 2!b" shows pro-
ton energy spectra observed simultaneously with electron
spectra at the same two different intensities. The proton spec-
trum at 4!1018 W /cm2 as shown in Fig. 2!b" has a maxi-
mum proton energy Emax of 11 MeV !spectral cutoff". The
Emax for the proton energy spectrum at 1!1019 W /cm2 as
shown in Fig. 2!b" is 20 MeV. These results indicate a linear
correlation between proton maximum energies and escaped
electron temperatures.

Small errors in the placement of the Thomson parabola
relative to the irradiation site on the target can result in mis-
interpretations of maximum proton energy; especially with
narrower proton spatial distributions. Consequently maxi-
mum proton energies are evaluated from the proton detector
stack that subtends a large detection solid angle. Furthermore
the detector stack can also resolve angular distributions !i.e.,
spatial distributions" with resolution set in 1 MeV steps. Us-
ing the proton detector stack and the electron spectrometer,
the correlation between escaped electron slope temperature
and maximum proton energy was obtained by changing the
laser intensities as shown Fig. 3. The proton maximum en-
ergy !Emax" is proportional to the electron slope temperatures
!Tes" according to the linear relation, Emax#10Tes with a
10% error. Protons are accelerated by the electrostatic sheath
field generated between the high density electron cloud and
the proton layer adsorbed in the target rear surface. Spatial
proton distributions were obtained with the CR-39 and the
RCF in the proton detector stack. Figure. 4!a" illustrates a
typical image of the proton beam observed with the RCF.
The optical density of the proton beam image shown with a
grayscale is proportional to proton dose. Because the proton

doses are also proportional to the proton areal densities, the
proton beam image on the RCF shown in Fig. 4!a" corre-
sponds to a spatial distribution of proton densities. As shown
in Fig. 4!a", a pattern of stripes is superimposed in the image.
The stripe pattern shows a periodic variation of optical den-
sity on the gray scale. Therefore the spatial proton density
distribution includes periodic proton density fluctuations.
The proton density profile including these fluctuations is
shown in Fig. 4!b". The periodic density fluctuation is gen-

FIG. 2. !Color online" Energy spectra of escaped electron and proton beams obtained simultaneously using the Thomson parabola ion spectrometer and the
magnetic electron spectrometer at different laser intensities. !a" Electron energy spectra shown with open rectangles and black dots are obtained at the 4
!1018 and 1!1019 W /cm2, which can be fitted with the slope temperatures of Tes=1.1 MeV and Tes=2.3 MeV, respectively, for Boltzmann distributions.
The dashed line shows the detection limit. !b" Proton energy spectra obtained simultaneously with the escaped electron energy spectra of !a". The data points
of open rectangles and black dots correspond to the data points at Tes=1.1 MeV and Tes=2.3 MeV, respectively, of !a". The
proton energy spectra have the spectral cutoffs at maximum energies of Emax=12 MeV and Emax=20 MeV, respectively. The black solid line shows the
detection limit.

FIG. 3. !Color online" Correlation between escaped electron temperature
!Tes" and proton maximum energy !Emax". Data points !rectangles" are fitted
with the interpolation curve of Emax=10 Tes.
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Proton	  and	  electron	  energy	  distribu5on	  
OOPIC	  simula5ons	  

Te,hot ≈ 570 keV

Zsolt	  Lecz	  
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I = 4 ⋅1018...4 ⋅1019  W/cm2

τ L = 100 fs
ne / nc = 10

Laser	  intensity:	  

Pulse	  length:	  

Density:	  

Simula5on	  parameters:	  

Wmax ≈ 14.3 ⋅Th

Wmax = 2Th[ln(tp + tp
2 +1)]2

P.	  Mora,	  PRL	  2003;	  M.	  Tampo,	  et	  al.	  PoP	  2010	  

Maximum	  proton	  energy	  Wmax	  from	  	  
fluid	  expansion	  model:	  

⇒Wp,max ≈ 27 ⋅Te,hotWmax

Te,hotWe
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OOPIC	  limita5ons	  
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-‐	  Great	  for	  learning/lectures	  and	  for	  studying	  reduced	  models.	  

-‐ 	  Can	  be	  run	  parallel	  (Linux	  only)	  with	  mpi,	  but	  only	  with	  many	  restric5ons	  	  	  	  	  	  	  	  	  
	  	  	  concerning	  the	  geometry	  and	  boundaries.	  

-‐	  Serial	  mode:	  only	  1D	  simula5on	  studies	  

-‐	  No	  visualiza5on	  in	  the	  parallel	  mode	  (dumps	  HDF5	  files).	  

-‐	  Restricted	  input	  par5cle	  distribu5ons	  and	  EM	  wave	  launcher.	  
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VORPAL	  4.2	  
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Rela/vis/c	  EM	  PIC	  model	  

-‐FDTD	  with	  cut-‐cell	  boundaries	  (complex	  geometries)	  
-‐Moving	  window	  
-‐1D,	  2D,	  3D	  
-‐higher-‐order	  PIC	  macro-‐par5cles,	  fluid-‐PIC	  hybrid	  

Broad	  range	  of	  par/cle	  sources	  and	  emiRers	  

Collision	  models	  	  

-‐Direct	  Simula5on	  Monte	  Carlo	  (DSMC)	  
-‐Reac5ons,	  field/impact	  ioniza5on	  

Massively	  parallel	  

-‐visualiza5on	  with	  IDL	  

Accelerator	  elements	  

….	  

Scaling	  of	  a	  3D	  EM	  PIC	  simula5on	  	  
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Plasma	  and	  accelerator	  simula5ons	  with	  VORPAL	  
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Plasma	  wakefield	  accelera5on	  
Conven5onal	  accelera5on	  
	  	  	  	  	  (RF	  cavity)	  	  
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Plans	  with	  VORPAL	  at	  GSI	  
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‘Integrated	  simula/ons’:	  

Simula5on	  of	  the	  laser	  target	  interac5on	  for	  PHELIX	  parameters	  

Study	  of	  the	  resul5ng	  neutralized	  beam	  distribu5on	  (2D/3D).	  

Further	  expansion	  and	  transport	  of	  the	  ini5al	  distribu5on	  on	  a	  	  
coarser	  grid	  using	  the	  low-‐frequency	  E,B	  solvers.	  	  	  	  

-‐>	  Op5miza5on	  of	  experimental	  set-‐up.	  
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Large	  scale	  plasma	  simula5ons	  with	  DYNAID	  
implict	  mul5-‐fluid/PIC	  hybrid	  code	  
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ω peΔt 1
Implicit	  5me-‐advance	  schemes:	  

Implicit	  PIC:	  A.Friedman,	  A.	  B.	  Langdon,	  and	  B.	  I.	  Cohen,	  Plasma	  Physics	  and	  Controlled	  Fusion	  6,	  225	  (1981)	  
Implicit	  mul5-‐fluid:	  P.W.	  Rambo,	  J.	  Denavit,	  J.	  Comput.	  Phys.	  98	  (1992)	  317.	  
DYNAID:	  O.	  Boine-‐F.,	  T.	  Pointon,	  Th.	  Mehlhorn,	  Nucl.	  Instr.	  and	  Meth.	  A	  415	  (1998)	  473	  

ω ceΔt 1

Example:	  Expansion	  of	  a	  par5ally	  	  
ionized	  gas	  (Li,	  Li+,	  e)	  across	  a	  strong	  	  
magne5c	  field	  with	  Bz=2	  T.	  	  

ω peΔt 100 ω ceΔt ≈ 1Time-‐step:	  

Plan:	  Develop	  a	  2D	  r-‐z	  implicit	  PIC	  	  
	  	  	  code	  for	  the	  expanding	  beam/plasma	  
	  	  	  to	  study	  the	  de-‐neutraliza5on.	  	  	  

Internal	  electric	  field:	   Ey + ux × Bz = 0

-‐>	  	  	  	  	  	  	  	  	  	  	  driq	  across	  the	  magne5c	  field	  E × B

νΔt 1
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Summary	  
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Integrated	  simula5on	  of	  the	  laser	  accelera5on	  and	  transport	  using	  the	  VORPAL	  code.	  	  

Reduced	  models	  (plasma	  expansion,	  …..)	  and	  their	  numerical/analy5cal	  solu5ons.	  

Support	  the	  experimental	  ac5vi5es	  with	  plasma/beam	  simula5on	  studies.	  

.	  
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VORPAL	  example:	  Chopper	  for	  low	  energy	  ion	  beams	  
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- Demonstrate beam tracking with 
realistic beam 

- Investigate effects of neutralization 
due to plasma 

- Investigate effects of bias potential 
for expelling positive ions 

- Demonstrate beam steering with 
applied +/- 2.5kV potential 


