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  fields	
  that	
  break	
  maZer,	
  but	
  keep	
  order	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Guiding	
  principle	
  for	
  order:	
  not	
  atomic	
  cohesion	
  (quantum	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  coherence),	
  but	
  rela4vis4c	
  coherence	
  (and	
  plasma’s	
  collec4ve	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  eigenmodes)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  àlaser	
  plasma	
  accelera4on,	
  plasma	
  decelerator,	
  plasma	
  op4cs,…	
  
•  Extreme	
  laser	
  :	
  intensity	
  and	
  frequency	
  [from	
  op4cs	
  to	
  X-­‐rays]	
  
•  Extreme	
  laser:	
  high	
  rep	
  rate	
  and	
  high	
  efficiency	
  	
  [fiber	
  laser	
  (CAN)]	
  
•  European	
  challenges:	
  ELI	
  (Extreme	
  Light	
  Infrastructure),	
  IZEST	
  

(Interna4onal	
  Center	
  for	
  ZeZa-­‐	
  ExawaZ	
  Science	
  and	
  Technology)	
  
•  Extreme	
  light	
  applica4ons:	
  all	
  wriZen	
  in	
  ELI	
  SAC	
  Report	
  +	
  plus	
  novel	
  

applica4ons-­‐-­‐-­‐-­‐-­‐-­‐	
  
	
  	
  	
  	
  	
  	
  	
  	
  EW	
  10keV	
  zs	
  X-­‐ray	
  lasers,	
  compact	
  crystal	
  LWFA,	
  crystal	
  ion	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  accelerators,	
  crystal	
  neutron	
  sources,	
  portable	
  crystal	
  muon	
  /	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  neutrino	
  sources,	
  crystal	
  gamma	
  ray	
  sources,	
  vacuum	
  accelera4on	
  
	
  
	
  
	
  
	
  
	
  
	
  



ELI	
  science:	
  
	
  	
  	
  GeV	
  accelera4on	
  of	
  e-­‐,	
  ions	
  
	
  	
  	
  	
  	
  fs	
  intense	
  X-­‐rays	
  /	
  γ-­‐rays	
  
    aZosecond	
  science	
  
    high	
  field	
  science	
  
	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  à	
  integra4on	
  of	
  science,	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  rather	
  than	
  spligng	
  into	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  narrower	
  subdisciplines	
  
	
  
	
  	
  	
  	
  	
  àbroadening	
  of	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  geographical	
  bases	
  in	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  fron4er	
  science	
  	
  

	
  	
  
Approval	
  of	
  ELI:	
  2011	
  
Start	
  of	
  ELI	
  centers:	
  2012	
  



ELI	
  (Extreme	
  Light	
  Infrastructure)-­‐DC	
  

	
  
	
  	
  
2014	
  ICUIL	
  Gree4ngs	
  (excerpt):	
  	
  
	
  	
  	
  	
  	
  	
  Year	
  2013	
  started	
  with	
  a	
  bang	
  to	
  us	
  the	
  high	
  intensity	
  laser	
  community	
  as	
  well.	
  The	
  Extreme	
  Light	
  Infrastructure	
  
(ELI)-­‐Delivery	
  Consor?um	
  (DC)	
  Interna?onal	
  Associa?on	
  has	
  been	
  founded	
  on	
  April	
  11,	
  2013	
  and	
  as	
  Director	
  General	
  
and	
  CEO	
  appointed	
  as	
  of	
  July,	
  2013	
  was	
  Professor	
  Wolfgang	
  Sandner,	
  our	
  former	
  Co-­‐Chair	
  of	
  ICUIL.	
  As	
  among	
  the	
  early	
  
birds	
  of	
  European	
  ESFRI	
  roadmap	
  projects,	
  ELI	
  has	
  started	
  at	
  850M	
  Euro	
  budget	
  and	
  as	
  of	
  2018	
  it	
  is	
  expected	
  to	
  be	
  
opera4onal.	
  ELI-­‐Beamlines,	
  ELI-­‐Nuclear	
  Physics,	
  and	
  ELI-­‐ALPS	
  (aGosecond	
  science	
  pillar)	
  have	
  now	
  already	
  started	
  
construc4on	
  and	
  well	
  into	
  their	
  way.	
  Also	
  in	
  a	
  serious	
  launching	
  stage	
  is	
  the	
  XCELS	
  (Extreme	
  Center	
  for	
  ExawaG	
  Laser	
  
Science)	
  at	
  the	
  level	
  of	
  subexawaZ	
  (200PW).	
  They	
  have	
  launched	
  an	
  impressive	
  workshop	
  “Laser	
  Ascent	
  to	
  Subatomic	
  
and	
  Applica4ons”	
  in	
  Moscow	
  as	
  a	
  step	
  toward	
  this	
  realiza4on	
  in	
  Russia.	
  This	
  aspires	
  to	
  be	
  the	
  fourth	
  and	
  final	
  pillar	
  of	
  
ELI,	
  ELI-­‐High	
  Field	
  Science.	
  	
  

ELI:	
  €	
  850M	
  ESFRI	
  
	
  	
  	
  	
  	
  	
  	
  project	
  (2012~)	
  
	
  
	
  	
  	
  	
  	
  	
  	
  up	
  to	
  sub-­‐exawaZ	
  
	
  	
  	
  	
  	
  	
  	
  laser	
  	
  

ELI-­‐Delivery	
  Consor4um	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  IA	
  	
  :	
  2013~	
  



Vacuum Polarization	
  
	
  	
  	
  IZEST	
  	
  	
  C3	
  

Extreme	
  Light	
  	
  Road	
  Map	
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LMJ/NIF,	
  2MJ,	
  3B€	
  

ELI,	
  kJ	
  0.3	
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Laser	
  Wakefield	
  (LWFA):	
  	
  
nonlinear	
  op?cs	
  in	
  plasma	
  

Bow	
  (‘ponderomo4ve’)	
  

and	
  Kelvin	
  wake	
  waves	
  

Wave breaks at v＜c No wave breaks and wake peaks at v≈c 

(The density cusps. 
Cusp singularity) 

(Plasma physics vs. 
Superstring theory)	


← relativity 
       regularizes 
(relativistic coherence)	


cf: QCD wake/bow (Chesler/Yaffe 2008): 
     Maldacena (string theory) method	


Hokusai	

	


 Maldacena	
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(when	
  1D	
  theory	
  applies)	
  

 Theory of wakefield toward extreme energy 	


In order to avoid wavebreak, 
              a0  <  γph

1/2 , 
where 
                γph  = (ncr / ne )1/2	


100

101
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E
le

ct
ro

n 
en

er
gy
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M

eV
)

1017 1018 1019 1020

Plasma density (cm-3)

1 GeV

1 TeV

dephasing length	
 pump depletion length	


  Three ways to increase 
energies: 
(1) Reduce density ne 
(2)  Increase laser frequency or  

ncr 
(3)  Increase laser intensity a0	


←experimental 	


←theoretical	




LMJ target chamber  
10m diameter	


IZEST propose 100 GeV Ascent Experiment using 
 3.5 kJ, 500fs, 7 PW PETAL laser	


Method(1)	
  	
  to	
  decrease	
  density	
  

Nakajima(IZEST	
  2014)	
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Density	
  scalings	
  of	
  LW
FA	
  

	
  	
  	
  	
  	
  	
  for	
  collider	


_______________________	
 _____	


(Nakajima,	
  PR	
  STAB,	
  2011)	
 1018	
  	
  /cc	
  (conven4onal)	
  	
  	
  	
  →	
  	
  	
  1016	
  	
  /cc	
  	


_________________________________________	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  _________	
  



Conversion	
  of	
  laser	
  into	
  X-­‐ray	
  laser	
  pulse	
  
Naumova	
  et	
  al.	
  PRL	
  (2004)	
  

Even	
  beZer:	
  
Single	
  osc.	
  laser	
  pulse	
  (Mourou	
  et	
  al.	
  2014)	
  	
  converted	
  into	
  single	
  osc.	
  X-­‐ray	
  laser	
  
	
  by	
  the	
  above	
  Naumova	
  ‘s	
  method	
  (Tajima,	
  2014)	
  
à	
  EW	
  (1-­‐10)keV	
  aGosecond	
  zeptosecond	
  X-­‐ray	
  laser	
  (single	
  osc.	
  Pulse)	
  from	
  PW	
  laser	
  



Crystal	
  Accelera?on	
  by	
  X-­‐ray	
  Laser	
  
Method	
  (2):	
  increase	
  frequency	
  

When	
  laser	
  ω0	
  ì,	
  	
  
we	
  can	
  ì	
  	
  ne,	
  	
  Eacc	
  
	
  length	
  Lacc    (*)	
  
(typically	
  102-­‐103	
  smaller	
  than	
  
plasma	
  LWFA)	
  
	
  
more	
  compact	
  accelerator	
  
smaller	
  emiZance	
  
	
  
Need	
  to	
  reduce	
  electron	
  fric4on:	
  
	
  	
  	
  	
  	
  crystal	
  nano-­‐channels	
  
	
  	
  	
  	
  	
  	
  	
  	
  (see	
  previous	
  works	
  right)	
  
	
  
	
  
NB	
  (*):	
  
Lp	
  ~	
  1/(6π)	
  	
  c/ωp	
  	
  Ee	
  	
  /a0	
  mc2	
  
[Ld	
  ~	
  1/π	
  	
  c/ωp	
  	
  Ee	
  /mc2	
  ]	
  
	
  

	
  For	
  given	
  energy	
  Ee	
  ,	
  	
  L	
  	
  ,	
  as	
  	
  ne	
  	
  
Method	
  (3)	
  	
  à	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  increase	
  intensity	
  ì onto	
  4ghter	
  

spotsî,	
  when	
  wavelength	
  î	
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Einstein and Ether	


(A. Einstein, 1922)	


_____________________________________________________________
________________	
  



      Feel vacuum texture: PeV energy γ	


                 PeV γ (converted from e- )	

           ←(1PeV : fs behind)	


   ← (0.1PeV) 	


    1km	


Laser acceleration → controlled laboratory test to see quantum gravity texture 
                                    on photon propagation (Special Theory of Relativity: c0)	


Coarser, 
lower energy 
texture	


Finer, 
higher energy 
texture	


c < c0	




γ-ray signal  from primordial GRB 

Energy-dependent  
photon speed ? 
Observation of primordial 
Gamma Ray Bursts (GRB)  
    (limit is pushed up  
     close to Planck mass) 
 

Lab PeV γ (from e-) 
  can explore this 
  with control 
 

(A
bdo, et al, 2009) 

←
low

er energy                     higher→
 

     	




Brief History of ICUIL – ICFA Joint Effort 
–  ICUIL Chair (Tajima) sounded on A. Wagner (Chair ICFA) and Suzuki 

(incoming Chair) of a common interest in laser driven acceleration, Nov. 
2008 

–  ICFA GA invited Tajima for presentation by ICUIL and endorsed initiation of 
joint efforts on Feb. 13, 2009 

–  Joint Task Force formed of ICFA and ICUIL members, W. Leemans, Chair, 
Sept, 2009 

–  First Workshop by Joint Task Force held @ GSI, Darmstadt, April, 2010 
–  Report to ICFA GA (July,2010) and ICUIL GA (Sept, 2010) on the findings 
–  EuroNNAc Workshop on Novel Accelerators (CERN, May, ’11) 
–  Publication of Joint Task Force Report (Dec. 2011) 
–  Start of ICAN Workshop Series  @ CERN (Feb., 2012) 
–  US DOE AAC Workshop on advanced laser tech (2013) 
–  Final ICAN Conference @ CERN (June, 2013) à next phase WE-CAN 

  High Luminosity  
 Extreme laser : high rep rate, high efficiency laser 
                        = Coherent Amplification Network Laser (2013) 



CAN	
  Laser	
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Beyond	
  QED	
  photon-­‐photon	
  interac?on	
  

√ｇ	


√ｇ	


M-­‐1	


mass	
  m	


M-­‐1	


√ｇ	


√ｇ	


φµν
µνFFgM 1−

σµν
µνFFgM ~1−

Resonance	
  in	
  quasi-­‐parallel	
  collisions	
  in	
  low	
  cms	
  energy	


If	
  M~MPlanck,	
  Dark	
  Energy	


QCD-­‐instanton,	
  Dark	
  MaGer	


])~(7)(4[
360
1 22

2

4
µν

µν
µν

µν

α FFFF
m

LQED +=

Away	
  from	
  4	
  :	
  7	
  =	
  QCD	
  ,	
  low-­‐mass	
  scalar	
  φ ,	
  	
  or	
  pseudoscalar	
  σ	


(unlike	
  Higgs,	
  which	
  is	
  heavy	
  fields	
  for	
  photon-­‐photon	
  interac?on,)	
  

µν
µν

µν
µν σφ FFFF ~

K.Homma,	
  D.Habs,	
  
T.Tajima	
  (2011)	
  
	
  

arXiv:1006.1762	
  [gr-­‐
qc]	
  
Y.	
  Fujii	
  and	
  K.Homma	
  

Quantum	
  anomaly	




Photon	
  mixer’s	
  road	
  to	
  unknown	
  fields:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dark	
  MaGer	
  and	
  Dark	
  Energy	
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Lo
g	
  
g/
M
	
  	
  [
1/
G
eV

]	


	
  
	
  
	
  
	


K.Homma,	
  D.Habs,	
  T.Tajima	
  
(2011)	
  

(Court.	
  A.	
  Oexinger)	
  



Mountain	
  of	
  Radioac?ve	
  Junk	
  at	
  Nuclear	
  Facility	
  

B.	
  Carluec	
  
(Court.	
  A.	
  Oexinger(CERN))	
  



	
  	
  	
  	
  TeV	
  proton	
  accelera?on	
  by	
  LWFA	


Ε i   = (1/6) a0
2 (nc /ne) mc2 

     
 
 
 
 

Snowplow	
  LWFA	
  
	
  	
  	
  of	
  ions	
  injected	
  by	
  RPA	
  
	
  	
  	
  as	
  injector	
  at	
  mul4-­‐GeV	
  
	
  
 
 
 
 
0.5TeV over 
 dephasing length of 1cm	
  
	


Zheng	
  et	
  al.,	
  2011	
  

High	
  Intensity	
  regime	
  
	
  	
  	
  	
  I	
  =	
  1023	
  W/cm2	
  
(using	
  ELI	
  type	
  laser)	


early	
  Radia4on	
  Pressure	
  
	
  Accelera4on	
  of	
  ions	
  	


Later	
  segng	
  up	
  wakefield	


↑ elec	


↓ ions	

↓ satura4on	


stable	
  LWFA	
  of	
  ions	




10GeV-­‐TeV	
  proton	
  Energy	
  Scalings(RPA	
  x	
  LWFA	
  )	

TeV	
  over	
  cm	
  	
  @	
  1023W/cm2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Zheng	
  et	
  al,	
  2012)	
  
10GeV	
  over	
  mm	
  	
  	
  @	
  1022W/cm2	
  	
  (Zheng	
  et	
  al,	
  2013)	
  
200MeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  @1021W/cm2	
  	
  (Wang	
  et	
  al,	
  2013)	




Nature	
  Photon.	
  (2013)	
  

CAN	
  Laser	
  



Conclusions	
  	
  

�  Novel	
  Extreme	
  Laser	
  fron?ers:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1)	
  EW	
  keV	
  zs	
  laser;	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (2)	
  kHz	
  kW	
  average	
  power	
  laser 
�  Laser-­‐driven	
  accelerators	
  :	
  (a)	
  far	
  higher	
  energies	
  (PeV);	
  

(b)	
  far	
  smaller	
  length	
  /	
  width	
  /	
  emiZance;	
  (c)	
  respectable	
  
ave.	
  power	
  

�  Compact	
  ion	
  accelerators:	
  protons,	
  neutrons,	
  muons,	
  etc.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Nuclear	
  transmuta4on	
  by	
  laser-­‐driven	
  neutron	
  sources,	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ADS,	
  ADR;	
  	
  portable	
  neutrino	
  source	
  
� Huge	
  vacuum	
  nonlinearity:	
  vacuum	
  self-­‐focusing,	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Schwinger	
  field,	
  super-­‐Schwinger	
  fields,	
  vacuum	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  accelerators,	
  etc.	
  
�  	
  Industrial	
  applica4ons	
  (auto-­‐industry,	
  chemical	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  industry,	
  mechanical	
  industry,	
  medical,	
  military,	
  etc.)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  with	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (1)	
  compact	
  crystal;	
  or	
  (2)large	
  fluence	
  with	
  CAN	
  laser	
  	
  

	
  
	
  


