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Par0cle	  accelerators	  (1)	  
•  Par0cle	  accelerators	  are	  the	  largest	  

scien0fic	  tools	  built	  by	  humankind.	  
•  The	  LHC	  has	  a	  circumference	  of	  27km	  

and	  is	  used	  to	  probe	  the	  structure	  of	  
maMer	  at	  the	  smallest	  scale	  ever	  
reached.	  

•  Smaller	  accelerators	  such	  as	  
synchrotrons	  and	  neutron	  source	  are	  
used	  in	  many	  countries	  to	  study	  
materials	  and	  crystals.	  
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Par0cle	  accelerators	  (2)	  
Energy	  scales	  

•  The	  LHC	  has	  an	  energy	  of	  7	  TeV	  for	  
each	  beam.	  This	  is	  achieved	  by	  
colliding	  protons.	  

•  The	  same	  result	  could	  be	  achieved	  
with	  electrons	  beams	  with	  an	  energy	  
of	  250-‐500	  GeV	  per	  beam.	  

•  Synchrotron	  light	  sources	  typically	  
operate	  between	  2	  and	  5	  GeV.	  
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Limita0ons	  of	  current	  	  
accelera0on	  techniques	  

•  In	  an	  accelerator	  par0cles	  are	  accelerated	  by	  an	  electromagne0c	  
wave	  crea0ng	  an	  accelera0ng	  gradient	  when	  the	  par0cles	  pass.	  

•  If	  the	  gradient	  is	  too	  high	  an	  imperfec0on	  in	  the	  cavity	  may	  
concentrate	  too	  much	  EM	  power	  and	  create	  a	  spark	  (breakdown)	  
leading	  to	  the	  loss	  of	  the	  beam	  and	  possible	  damages	  to	  the	  cavity.	  

•  So	  far	  accelera0ng	  cavi0es	  are	  limited	  to	  less	  than	  100MV/m.	  

Plasma	  Accelerators	  Nicolas	  Delerue,	  LAL	  Orsay	   4	  



Plasma	  accelera0on	  

•  If	  the	  cavity	  is	  replaced	  by	  something	  that	  
can	  not	  be	  damaged,	  much	  higher	  
accelera0ng	  gradients	  can	  be	  reached.	  

•  This	  can	  be	  done	  by	  crea0ng	  a	  wake	  field	  
in	  a	  plasma.	  

•  Different	  tools	  are	  used	  to	  create	  such	  
plasma	  accelerator:	  
-‐	  Lasers	  (Tajima	  and	  Dawson,	  PRL,	  1979)	  
-‐	  Electron	  beams	  (Hogan	  et	  al.,	  PRL,	  2005)	  
-‐	  Proton	  beams	  (Caldwell	  et	  al.,	  Nature	  
Phys.,	  2009)	  	  
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Wakefield	  in	  a	  plasma	  
Source:	  CERN	  Courier	  

Example	  of	  wake	  field	  
Source:	  h/p://www.arwenmarine.com	  



Wakefield	  
•  A	  high	  intensity	  beam	  
travelling	  in	  a	  plasma	  
leaves	  a	  wake	  behind,	  like	  
a	  boat	  on	  the	  sea.	  

•  Par0cles	  can	  surf	  that	  
wakefield	  and	  be	  
accelerated.	  

•  This	  is	  the	  basic	  principle	  
of	  plasma	  accelera0on.	  
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Ponderomo0ve	  force	  
•  The	  force	  that	  accelerate	  the	  par0cles	  in	  the	  plasma	  is	  	  
the	  ponderomo0ve	  force.	  

•  The	  oscilla0on	  frequency	  will	  depend	  on	  the	  nature	  of	  
the	  plasma	  and	  in	  par0cular	  to	  its	  density.	  
=>	  different	  plasma	  densi0es	  will	  lead	  to	  different	  
accelera0on	  regime.	  
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Laser-‐driven	  and	  bean	  driven	  
Different	  type	  of	  beams	  can	  be	  used	  to	  generate	  
such	  wake	  field:	  
-‐	  high	  intensity	  lasers	  (100	  TW,	  PW	  class)	  
	   	  =>	  this	  is	  done	  in	  many	  laser/plasma	  labs	  

-‐	  charged	  par0cle	  beams	  (e-‐,	  e+,	  p,…)	  
	   	  =>	  SLAC	  and	  soon	  CERN	  
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Progress	  in	  laser	  technology	  
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Example	  of	  experiment	  

•  One	  way	  to	  create	  such	  plasma	  wakefield	  is	  to	  shot	  a	  
laser	  in	  a	  gas	  jet.	  

•  Electrons	  will	  then	  be	  extracted	  from	  the	  plasma	  and	  
accelerated	  to	  high	  energy.	  

•  Different	  plasma	  regimes	  exist.	  
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Plasma	  regime	  
•  Different	  laser	  intensi0es	  or	  different	  plasma	  densi0es	  lead	  

to	  different	  wakefield	  regime.	  
•  Leg:	  moderate	  laser	  power	  (a0=0.5)	  	  =>	  Linear	  regime	  
•  Right:	  much	  stronger	  laser	  power	  (a0=4)	  =>	  	  non	  linear,	  

forma0on	  of	  a	  bubble/cavity	  
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Understanding	  what	  is	  happening:	  
simula0ons	  

•  To	  understand	  what	  
happens	  in	  such	  
experiment	  it	  is	  necessary	  
to	  make	  simula0ons.	  	  

•  Such	  simula0ons	  require	  
calcula0on	  of	  the	  
Maxwell	  equa0ons	  in	  3D	  
in	  a	  large	  grid	  (Par0cle	  in	  
Cell	  simula0ons).	  	  

•  They	  require	  massively	  
parallel	  computers.	  
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Bubble	  regime	  

In	  the	  bubble	  regime	  some	  
“wavebreaking”	  occurs:	  at	  
the	  back	  of	  the	  bubble	  
some	  plasma	  electrons	  
“fall”	  in	  the	  bubble	  and	  are	  
accelerated	  by	  the	  
ponderomo0ve	  force.	  	  
	  
However	  this	  will	  lead	  to	  
large	  energy	  spread	  and	  
large	  divergence	  for	  the	  
electrons	  produced.	  
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Linear	  regime	  

•  In	  the	  linear	  regime	  the	  waves	  are	  more	  regular	  
and	  the	  accelera0on	  is	  beMer	  controlled.	  

•  However,	  the	  electrons	  need	  to	  come	  from	  an	  
external	  source…	  
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Effect	  of	  laser	  density	  

•  Top:	  linear	  regime	  
•  BoMom:	  bubble	  regime	  
•  hMp://iopscience.iop.org/1367-‐2630/12/4/045005/fulltext/	  	  

Geissler	  M	  et	  al	  2006	  New	  J.	  Phys.	  8	  186	  	  
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Laser	  speed	  in	  plasma	  
•  The	  laser	  does	  not	  propagate	  at	  the	  speed	  of	  light	  (c)	  in	  the	  plasma,	  

whereas	  electrons	  that	  reach	  an	  energy	  of	  a	  few	  MeV	  do.	  
•  There	  will	  be	  a	  slippage	  between	  the	  electrons	  and	  the	  laser.	  
•  This	  limits	  the	  accelera0on	  length.	  
•  As	  the	  speed	  of	  the	  laser	  depends	  on	  the	  plasma	  parameters,	  the	  

maximum	  accelera0on	  length	  will	  also	  depend	  on	  the	  laser	  
parameters…	  
...	  As	  does	  the	  Ponderomo0ve	  force!	  

•  This	  is	  a	  strong	  limita0on:	  the	  accelera0on	  length	  is	  intrinsically	  
limited!	  
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Accelerated	  charge	  and	  energy 	  	  

•  Another	  consequence	  of	  the	  speed	  difference	  will	  
be	  on	  the	  accelearted	  charge:	  
-‐	  a	  dense	  plasma	  will	  support	  the	  accelera0on	  of	  
a	  higher	  charge	  
-‐	  however	  it	  will	  have	  a	  larger	  phase	  slippage	  and	  
therefore	  the	  energy	  ager	  accelera0on	  will	  be	  
lower.	  
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“Dream	  beam”	  in	  the	  bubble	  regime	  

•  In	  2004,	  3	  groups	  
managed	  to	  achieve	  
significant	  accelera0on:	  
86	  MeV	  to	  170MeV.	  

•  Nature:	  “dream	  beam”	  
papers	  
-‐	  RAL/IC/UK:	  Mangles	  et	  
al.	  
-‐	  LOA/France:	  Faure	  et	  al.	  
-‐	  LBNL/USA:	  C.G.R.	  
Geddes	  et	  al.	  
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Dream	  beam…	  
•  In	  each	  case	  the	  electrons	  
were	  accelerated	  in	  a	  gas	  
jet	  in	  the	  bubble	  regime.	  

•  In	  2008	  about	  800	  MeV	  
were	  achieved	  Phys.	  Rev.	  
LeM.	  103,	  035002	  
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Accelera0on	  in	  a	  capillary	  

•  One	  solu0on	  to	  reduce	  the	  plasma	  density	  while	  
keeping	  a	  long	  accelera0on	  length	  is	  to	  contain	  the	  gas	  
in	  a	  capillary.	  

•  In	  some	  case	  plasma	  ionisa0on	  can	  be	  aided	  by	  a	  
discharge	  in	  the	  gas.	  
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Accelera0on	  with	  a	  capillary	  (2)	  

•  In	  2006,	  one	  group	  achieved	  1	  GeV	  by	  
accelera0ng	  using	  a	  33mm	  long	  capillary.	  
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Effect	  of	  
a	  density	  ramp	  

•  By	  playing	  on	  the	  
plasma	  density	  (gas	  
pressure)	  it	  is	  possible	  
to	  control	  the	  energy	  
of	  the	  accelerated	  
electrons	  (switching	  
between	  the	  bubble	  
regime	  and	  the	  linear	  
regime).	  
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Typical	  gradient	  	  
and	  beam	  proper0es	  

•  The	  accelera0ng	  gradients	  achieved	  
can	  be	  very	  high	  (1	  GeV	  over	  33mm).	  

•  However	  the	  spent	  laser	  beam	  need	  
to	  be	  extracted	  so	  it	  is	  not	  directly	  
possible	  to	  put	  2	  accelera0ng	  cells	  
ager	  each	  other…	  

•  Because	  the	  laser	  pulse	  is	  short	  the	  
beams	  are	  also	  usually	  very	  short,	  but	  
the	  measure	  is	  very	  difficult.	  

•  Beam	  quality	  (transverse	  emiMance)	  
is	  small,	  dominated	  by	  the	  large	  
divergence	  of	  the	  beam.	  

•  Shot	  to	  shot	  stability	  is	  a	  problem…	  
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About	  beam	  stability	  &	  energy	  spread	  
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•  Energy	  spread	  and	  shot	  to	  shot	  stability	  different	  from	  
typical	  accelerator.	  



The	  BELLA	  project	  at	  LBL	  
•  Following	  the	  success	  of	  the	  2006	  Oxford-‐LBL	  
experiment	  Wim	  Leemans	  has	  received	  a	  big	  
grant	  to	  build	  a	  large	  laser	  facility	  dedicated	  to	  
laser-‐driven	  plasma	  accelera0on.	  
=>	  BELLA	  project,	  aim:	  10	  GeV	  
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Recent	  results	  from	  BELLA	  
•  In	  december	  2014	  the	  BELLA	  team	  from	  Berkeley	  
published	  results	  achieved	  with	  a	  1PW	  laser:	  they	  
accelerated	  electrons	  to	  4.6	  GeV.	  	  
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Beam-‐driven	  plasma	  accelera0on	  

•  The	  wakefield	  can	  also	  be	  created	  by	  a	  beam	  
of	  charged	  par0cles.	  

•  Here	  also	  there	  will	  be	  linear	  and	  non	  linear	  
regimes.	  
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Beam	  driven	  accelera0on	  

•  The	  wakefield	  can	  also	  
be	  excited	  by	  a	  par0cle	  
bunch.	  

•  In	  that	  case	  either	  the	  
head	  of	  the	  bunch	  will	  
accelerate	  the	  tail	  of	  
the	  bunch	  or	  a	  pilot	  
bunch	  will	  accelerate	  a	  
witmess	  bunch.	  
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SLAC	  energy	  doubling	  
•  In	  2007	  a	  team	  using	  the	  
SLAC	  42	  GeV	  beam	  
managed	  to	  double	  the	  
energy	  of	  some	  of	  the	  
electrons,	  up	  to	  85	  +/-‐	  7	  
GeV.	  

•  To	  do	  that	  they	  used	  a	  
long	  bunch	  whose	  head	  
accelerated	  its	  tail.	  

•  The	  plasma	  was	  created	  
in	  a	  lithium	  oven.	  

•  The	  accelerated	  charge	  
was	  very	  low.	  
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FACET	  
•  The	  SLAC	  linac	  is	  now	  
par0ally	  used	  by	  LCLS,	  but	  the	  
remaining	  part	  is	  available	  for	  
R&D	  on	  plasma	  accelera0on	  	  
=>	  FACET.	  

•  Dedicated	  studies	  of	  beam	  
driven	  plasma	  accelera0on.	  
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FACET	  (2)	  
•  To	  improve	  the	  performance	  of	  
their	  experiment	  the	  have	  a	  
complicated	  notch	  system	  to	  
«	  cut	  »	  the	  beam	  in	  two	  halves	  to	  
create	  a	  pilot	  and	  a	  witness	  beam	  
separated	  by	  about	  40um	  (120fs).	  
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FACET:	  Results	  

•  Using	  this	  scheme	  they	  achieved	  a	  10	  GeV	  accelera0on	  
with	  a	  good	  stability	  and	  a	  reasonable	  charge.	  
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AWAKE	  
•  Protons	  have	  a	  beMer	  transformer	  ra0o	  than	  
electrons	  =>	  it	  is	  possible	  to	  reach	  higher	  
energies	  using	  protons!	  

•  AWAKE	  experiment	  at	  CERN.	  
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Caldwell	  et	  al.,	  	  
Nature	  Physics	  5,	  363	  -‐	  367	  
(2009)	  



Electrons	  accelerated	  by	  protons	  
•  In	  the	  proposed	  experiment,	  1-‐TeV	  protons	  are	  extracted	  

from	  the	  SPS	  and	  modulated	  so	  that	  they	  accelerate	  
electrons.	  

•  According	  	  simula0ons	  such	  scheme	  could	  accelerate	  the	  
electrons	  up	  to	  600	  GeV	  at	  once!	  
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AWAKE	  at	  CERN	  
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•  Currently	  being	  
built.	  

•  Start	  ager	  LS1,	  in	  
2016.	  
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Compresseur	  

	  
LR	  

Laser	  pilote	  
Laserix	  

800nm	  -‐	  5Hz	  	  
2.5J	  -‐	  500ps	  

	  
800nm	  -‐	  5Hz	  	  
1.5J	  –	  30fs	  

VIDE	  

Mise	  en	  
forme	  
S.T.	  

Faisceau	  e-‐	  

Project	  at	  LAL:	  Electron	  accelera0on	  with	  a	  
Photoinjector	  and	  a	  laser	  

Cellule	  Plasma	  
(capillaire,	  jet	  de	  gaz,…)	  

Adapté	  de	  	  M.PiMman	  –	  Seillac	  2015	  



Example	  

J.	  Plasma	  Physics	  (2013),	  vol.	  79,	  part	  2,	  pp.	  143–152.	  doi:10.1017/S0022377812000736	  Andreev	  et	  al.	  
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Aim:	  >	  1GeV	  (3%	  dispersion)	  
	  

Andreev	   PHIL	  +	  	  
Laserix	  

Ini0al	  charge	  (pC)	   2,5-‐10	   100	  

Energy	  (MeV)	   3	   3	  

Rms	  bunch	  length	  
(um	  [fs])	  

47	  [150]	   30-‐60	  
[100-‐200]	  

Transverse	  size	  rms	  
(um)	  

33	   1500	  

Transverse	  emiMance	  
(mm.mrad)	  

1	   5-‐15	  

Laser	  Intensity	  
(W/cm2)	  

3	  x1018	  	   1.7x1019	  

Energy	  (J)	   2-‐	  2.25	   2	  

a0	   1-‐1.5	   0.5-‐3	  

Plasma:	  	   �p =
!0

!p
' 100

n0=1.12x1017cm-‐3	  	  



Possible	  applica0on	  in	  HEP	  
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•  One	  could	  dream	  of	  a	  LC	  based	  on	  plasma	  accelera0on!	  
•  But	  there	  are	  s0ll	  many	  hurdles	  to	  clear!	  

Leemans/Esarey(2009):Laser-‐driven	  plasma-‐
wave	  electron	  accelerators.physicstoday	  



Or	  beam	  driven	  LC	  

•  This	  could	  also	  be	  done	  using	  the	  LHC	  beams	  as	  a	  
driver	  for	  a	  linear	  collider…	  
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Plasma	  based	  FEL	  

•  More	  likely	  than	  a	  collider	  is	  a	  X-‐ray	  Free	  Electrons	  Laser	  
based	  on	  plasma	  accelera0on:	  
less	  sensi0ve	  to	  shot	  to	  shot	  instabili0es	  and	  much	  
smaller…	  

•  	  Many	  projects	  worldwide	  on	  this,	  including	  some	  near	  
Orsay.	  
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Accelera0on	  of	  ions	  

•  The	  progress	  of	  laser	  
has	  also	  permiMed	  
some	  progress	  in	  ion	  
driven	  accelera0on.	  

•  The	  mecanism	  at	  play	  
are	  rather	  different:	  to	  
create	  and	  accelerate	  
ions	  the	  laser	  must	  be	  
shot	  on	  a	  solid	  target.	  
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Ion	  accelera0on	  (2)	  

•  What	  happens	  in	  ions	  accelera0on	  is	  comparable	  to	  
Newton’s	  pendulum:	  the	  kine0c	  energy	  of	  the	  laser	  
is	  transferred	  to	  the	  atoms	  of	  the	  target	  and	  those	  
on	  the	  opposite	  side	  are	  ejected.	  
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Ion	  accelera0on	  (3)	  

•  At	  the	  same	  0me	  a	  return	  current	  is	  formed	  and	  some	  
ions	  are	  accelerated	  in	  the	  backward	  direc0on.	  
Electrons	  are	  also	  produced.	  
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Ions	  accelera0on:	  	  
performances	  

•  The	  energy	  
achieved	  by	  ion	  
accelera0on	  are	  
much	  lower	  than	  
for	  electrons,	  but	  
there	  is	  also	  a	  
significant	  gain	  with	  
respect	  to	  classical	  
accelerators.	  
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Outlook	  

•  Plasma	  accelera0on	  has	  benefited	  from	  the	  progress	  of	  
laser	  technology	  to	  make	  tremendous	  progress.	  

•  Beam	  energies	  of	  up	  to	  a	  few	  GeV	  achieved.	  
•  Could	  be	  a	  long	  term	  solu0on	  to	  replace	  accelera0ng	  
cavi0es.	  

•  However	  s0ll	  many	  hurdles	  to	  clear!	  STABILITY!	  
•  Some	  interes0ng	  results	  were	  published	  in	  the	  pas	  few	  
months.	  

•  Progress	  in	  laser	  technology	  will	  also	  drive	  progress	  in	  
plasma	  accelera0on.	  
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