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1.	
  Fundamental	
  physics	
  with	
  intense	
  lasers	
  
2.	
  Isomorphism	
  between	
  atomic	
  physics	
  	
  and	
  vacuum	
  physics	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Keldysh	
  field	
  vs.	
  Schwinger	
  field	
  

	
  	
  	
  	
  a>osecond	
  streaking	
  of	
  an	
  atom	
  à	
  zeptosecond	
  streaking	
  of	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  vacuum	
  
3.	
  	
  Nonlinear	
  QED	
  as	
  an	
  entry	
  to	
  new	
  field	
  search:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Heisenberg-­‐Euler	
  Lagrangean-­‐-­‐-­‐phase	
  contrast	
  imaging	
  of	
  vacuum	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  DetecKon	
  of	
  its	
  possible	
  deviaKon	
  
4.	
  	
  Low	
  energy	
  new	
  fields:	
  FronKer	
  of	
  large	
  number	
  of	
  coherent	
  

photons:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dark	
  Ma>er	
  and	
  Dark	
  Energy	
  fields	
  in	
  vacuum	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ‘Shake	
  the	
  vacuum’,	
  Degenerate	
  4	
  wave	
  mixing	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  luminosity	
  increases	
  faster	
  than	
  N2	
  with	
  coherency	
  
5.	
  Mission	
  of	
  IZEST:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  kJ	
  [large	
  photon	
  number	
  (=Avogadro	
  number)]	
  laser	
  (PETAL)	
  

	
  	
  	
  	
  	
  +	
  high	
  average	
  power	
  laser	
  (ICAN)	
  toward	
  fundamental	
  physics	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  the	
  internaKonal	
  networking	
  (with	
  many	
  willing	
  labs	
  to	
  cover	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  a	
  wide	
  range	
  of	
  parameters)	
  
	
  



20th	
  Century,	
  	
  the	
  Electron	
  Century	
  
Basic	
  Research	
  Dominated	
  by	
  	
  

Massive	
  and	
  Charged	
  ParKcles	
  (electronics)	
  
	
  

J.J.	
  Thompson	
J.	
  J.	
  Thomson	




21st	
  Century;	
  the	
  Photon	
  Century	
  
Could	
  basic	
  research	
  be	
  driven	
  

by	
  the	
  massless	
  and	
  chargeless	
  parKcles;	
  
Photons	
  (photonics)?	
  

	
  
	
  
	
  C.	
  Townes	
  ToCCwnes	




What	
  is	
  vacuum?	
  

  An observer (bug) in crystal 
                  looks at vacuum 

     Phonon : excitation of vacuum 
Strong field breaks vacuum 

↓ ↓ ↓	



「色=(即是)空」� 「空=(即是)色」�「真(true)空(nothing)」� Photon : distortion of vacuum	


�

vacuum  produces e+e- pair 	



Strong laser field	


Laser wavelength	


                          
Compton length	
QED vacuum breakdown	


crystal	


vacuum	




Self-focusing in air to vacuum	


Critical power for self-focusing in matter /plasma / vacuum: 
         χ3 nonlinearity 
 
                        Pcr =  λ2/(2πn0n2)  ~  GW 
 
         relativistic plasma nonlinearity 
 
                        Pcr =  mc5/e2(ω/ωp)2  ~ 17 (ω/ωp)2  GW 
 
         vacuum nonlinearity 
      
                        Pcr =  (90/28) c ES

2λ2/α  ~ 1015 (λ/λ1µ)2  GW 
 
                             e.g.   X-ray of 10keV,   Pcr ~ 10PW 
 
                    
 
 
	




‘ELI Long-term Ambition’ = 
Studying  the Atomic Structure to the Vacuum Structure  

Vacuum structure	



Schwinger intensity / Keldysh intensity  = α-6  ~ 1014 

Vacuum self-focusing /χ3 self-focusing power  ~  α-6  ~ 1015	


Keldysh field	


Schwinger field	


(Mourou)	


Does the atomic world repeat itself in vacuum?	

       Isomorphism between atomic physics and vacuum QED exists, 
       　However, not identical (atomic: non-relativistic);  
                                           　(vacuum: relativistic, s.a. Schwinger invariants)	


Keldysh parameter	


Vacuum parameter	


= Path toward superSchwinger 	
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γ-photon induced vacuum streaking by lasers	

Tajima,	
  Goulielmakis,	
  Krausz,	
  et	
  al	
  (2011);	
  Ipp	
  et	
  al	
  (2011)	


C.	
  Klier	
  et	
  al	
  (2011)	


earlier	


later;	
  cascade	
  effects	

→	


Goulielmakis(2008)	


QED vacuum streaking	


Atomic	
  as	
  streaking	

Laser	
  field	
  is	
  compressed	
  by	
  factor	
  (hν/mc2) ~ 103-4  
    with the counterstreaming high energy γ 	






H. Gies (2008)	


Vacuum nonlinearities	




H
. G

ies (

20
08)	


↑ vacuum nonlinearity ↑	




IZEST’s	
  Missions	
  
	
  

•  An	
  internaKonal	
  	
  endeavor	
  to	
  unify	
  the	
  high	
  Intensity	
  laser	
  
and	
  the	
  high	
  energy	
  /	
  fundamental	
  physics	
  communiKes	
  to	
  
draw	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
“The	
  Roadmap	
  of	
  Ultra	
  High	
  Intensity	
  Laser”	
  

and	
  apply	
  it	
  to	
  	
  	
  	
  	
  
“Laser-­‐Based	
  Fundamental	
  Physics”	
  

	
  

・　To	
  form	
  an	
  internaKonal	
  team	
  of	
  scienKsts	
  that	
  can	
  foster	
  	
  
and	
  facilitate	
  scienKfic	
  missions	
  of	
  EW/ZW	
  class	
  lasers	
  and	
  
high	
  average	
  power	
  lasers	
  (ICAN)	
  comprised	
  from	
  ICFA	
  and	
  
ICUIL	
  communiKes	
  (in	
  collab)	
  

	
  
	
   	
  	
   	
   	
  	
  	
  	
  	
  

	
  

See	
  more:	
  
www.int-­‐zest.com/	
  
	
  
Also:	
  Tajima	
  and	
  
	
  Mourou	
  PR	
  STAB(2002)	
  
	
  



!

IZEST 

	
  	
  	
  Laser	
  intensity	
  exponen8ates	
  over	
  years	
  

ELI	
  :	
  
www.extreme	
  
-­‐light-­‐infrastructure.eu/	
  

Tajima	
  and	
  	
  
Mourou	
  (2002)revised	
  



New	
  Laser	
  Compression	
  Concept	
  C3	
  	
  
(Cascaded	
  Compression	
  Conversion)	
  

to	
  achieve	
  intensity	
  >	
  1023W/cm2	
  	
  

G.	
  Mourou	
  et	
  al.	
  Opt.	
  Comm.(2012)	
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Pump 

LMA Double-clad Yb-fiber 

Stage I 
(1 branch) 

Stage II 
(128 branches) 

Stage III 
(16384 branches) 

Stage IV 
(1048576 branches) 

Stage V 
(1048576 branches) 

SM Fiber Amplifier LMA Fiber Amplifier 

Isolator 

Yb-fiber 

WDM 

Pump 
diode 

~1-nJ ~100-nJ ~320-nJ ~1-µJ ~1-µJ ~1-mJ 

+ ~20-dB 
Gain 

+ ~30-dB 

Insertion 
- 25-dB 

Insertion 
- 22-dB 

1:128 
  splitter 

1:128 
  splitter 

1:64 
  splitter 

Insertion 
- 25-dB Gain 

+ ~30-dB 
Gain 

+ ~22-dB 
Gain 

+ ~30-dB 

PC 

CAN (Coherent Amplifying 
Network): high average power 
                     high efficiency	


(Mourou)	




Dark	
  	
  Ma?er	
  /	
  Dark	
  Energy	
  
(Quantum	
  Gravity	
  Vacuum)	
  
	
  

•  Weakly interacting particles like axion or axion-like, U(1) gauge bosons with 
low mass in the sub-electron  volt? 

•  Nonlinear effect in large electromagnetic fields: light shinning through a wall 
      à much more sensitive new technique. 
•  Ultralight ultraweak coupling fields of quantum gravity origin (Dark Energy 

candidate) in ~ nano-electron volts? 
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Birefringence	
  by	
  QED	
  in	
  eV	
  range	
  

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

2

4
µν

µν
µν

µν

α FFFF
m

LQED +=

Euler-­‐Heisenberg	
  one-­‐loop	
  Lagrangian	
  

1.42x106	
  J/µm3	
  

ELI(~200J	
  per	
  ~20fs)	
  	
  
can	
  reach	
  Δn~10-­‐9~10-­‐10	
  
	
  σ	
  	
  so	
  small,	
  never	
  observed-­‐-­‐à	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  fortune	
  in	
  disguise	
  
	
  

Refrac8ve	
  index	
  depends	
  on	
  polariza8ons	
  

e-­‐	
  
e+	
  

( Homma, Habs, Tajima, 2011) 

	
  	
  
	
  	
  σ	
  ~	
  O(10-­‐42b)	
  	
  



QED vacuum probe by intense laser	

Heisenberg-Euler Langrangian:  tiny nonlinearity, never observed 
                      intense laser needed;  sensitive probe, avoid blinding laser 
 Phase contrast imaging(refractive index →diffraction, noise reduction)	


(with Homma, Habs)	




Crystal nonlinearity  à 
      second harmonic generation (Franken et al, 1961)	


Vacuum  nonlinearity by light- mass 
field (dark energy, axion,..)   
       à   second harmonic	


QED nonlinearity	


Intense laser probes matter /vacuum nonlinearity	


   Learn from Nonlinear Optics of matter for vacuum:	
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Beyond	
  QED	
  photon-­‐photon	
  interac8on	
  

√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	
  Ma?er	


])~(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	
  

µν
µν

µν
µν σφ FFFF ~

K.Homma,	
  D.Habs,	
  
T.Tajima	
  (20121,	
  2012)	
  
	
  

Quantum	
  anomaly	




 cf. Brillouin forward scattering beat  /  optical     
      parametric excitation = phonon mediating 
                 (Nambu-Goldston boson)	


Mass of light fields(dark energy fields,  axion-like fields) resonates  
         with specific crossing angle of co-propagating lasers	


co-parallel intense laser  probe    
     of vacuum	


Many orders of magnitude gain  
  in resonant coupling and     
  sensitivity over long interaction: 
Nonlinearity of vacuum 
  ω + ω → 2ω  (SHG a la Franken) 
or see next . 

(with Homma, Habs)	


Learning from laser parametric scattering:  
                    low energy (meV - neV) fields (vacua)   	




+z	


2ω,	


2ω,	


2ω	

ϑΔ

w0	


xω 	


xω	


xω,	


Degenerate	
  Four-­‐Wave	
  Mixing	
  (DFWM)	
  

Decay	
  into	
  (4-­‐x)ω	
  can	
  be	
  induced	
  by	
  frequency-­‐mixing	
  

.	


21 

K.Homma,	
  D.Habs,	
  
T.Tajima	
  
	
  Appl.	
  Phys.	
  B	
  	
  (2012)	
  

(4-­‐x)ω=2ω+2ω-­‐xω	


        resonance	


Laser-­‐induced	
  nonlinear	
  op8cs	
  in	
  vacuum	
  	
  (cf.	
  Nonlinear	
  op8cs	
  in	
  crystal)	


Wirth	
  et	
  al.	
  (Science	
  2011:	
  synthesized	
  light	
  transients)	


Sweep	
  by	
  arbitrary	
  
frequency	
  xω 	


(signal)	
  ~	
  	
  N1	
  N2	
  N3	
  /	
  τ	
  
	
  



Photon	
  mixer	
  to	
  new	
  fields:	
  
Dark	
  Ma?er	
  and	
  Dark	
  Energy	
  in	
  a	
  single	
  shot	
  (with	
  rep-­‐rate	
  such	
  as	
  
ICAN/IZEST,	
  far	
  lower	
  detec8on	
  limit	
  possible)	
  	
  	


22 	
  mass	
  of	
  coupling	
  [eV]	


St
re
ng
th
	
  o
f	
  c
ou

pl
in
g	
  
[1
/G

eV
]	


Gravita8onal	
  
Coupling（Dark	
  Energy)	


SHG	
  
200J	
  
15fs	
  	
  

QCD	
  axion	
  (Dark	
  ma?er)	


DFWM	
  
200J	
  
1.5ns	
  

	
  
	
  
	
  
	


DFWM	
  
200J	
  
15fs.	
  
IZEST	
  
ê	
  

K.Homma,	
  D.Habs,	
  T.Tajima	
  
(2012)	
  



Log10(Energy Density) [g/cm3] 

Lo
g 1

0(
S

ys
te

m
 S

iz
e)

 [c
m

] 

Horizon 

proton LC LHC 
RHIC 

C
os

m
ol

og
ic

al
 

ob
se

rv
at

io
n	


High energy 
collider	


Sun 

Galaxy 

Laser fits the gaping hole 
in search of unknown fields: 

dark matter/dark energy 

23  Homma, Habs, Tajima (2012) 

ESchwinger	


ELI	


Domains	
  of	
  physical	
  laws	


Evading	
  
detec8ons,	
  	
  
Possible	
  fields	
  
here	
  



Conclusions	
  
	
  

	
  

•  Nonlinear	
  opKcs	
  (atoms)	
  à	
  Nonlinear	
  opKcs	
  (vacuum)	
  
•  Nonlinear	
  QED:	
  phase	
  contrast	
  imaging	
  of	
  vacuum-­‐-­‐-­‐	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Heisenberg-­‐Euler	
  Lagrangean,	
  Specific	
  predicKon	
  
•  Any	
  deviaKon	
  from	
  above	
  à	
  new	
  physics,	
  new	
  fields	
  
•  Proposed	
  degenerate	
  4	
  wave	
  mixing	
  method:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  very	
  sensiKve	
  to	
  detect	
  small-­‐mass	
  new	
  fields	
  such	
  as	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dark	
  Ma>er(axion-­‐like	
  parKcles)	
  and	
  Dark	
  Energy	
  
•  The	
  sensiKvity	
  (and	
  luminosity)	
  of	
  the	
  coherent	
  large	
  photon	
  number	
  

detecKon:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  luminosity	
  (per	
  shot)	
  N3/	
  τ	
  	
  [N	
  the	
  number	
  of	
  laser	
  photons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (~Avogadro	
  number),	
  τ	
  the	
  pulse	
  length]:	
  	
  N3/	
  τ	
  ~	
  1070	
  	
  	
  (N3f/	
  τ	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  when	
  rep-­‐rate	
  f	
  is	
  applied,	
  could	
  be	
  greater	
  than	
  1080	
  	
  per	
  year)	
  
•  New	
  way	
  of	
  exploring	
  fundamental	
  physics	
  with	
  intense	
  and	
  large	
  

photon	
  number	
  lasers	
  emerging	
  

	
  
	
  
	
  
	
  



Merci Beaucoup! 

Crab nebula 

    (X-ray) 

(optical) 

Merci Beaucoup! 

Crab nebula 

    (X-ray) 

(optical) Thank	
  you!	
  
(OpKcal)	
  

Cosmic	
  PeV	
  acceleraKng	
  machine	
  
Crab	
  nebula:	
  	
  
ç opKcs  ê X-­‐rays	
  
	
  

Acknowledgments	
  for	
  Collabora8on:	
  	
  
G.	
  Mourou,	
  	
  W.	
  Leemans,	
  	
  K.	
  Nakajima,	
  K.	
  Homma,	
  P.	
  
Bolton,	
  M.	
  Kando,	
  S.	
  Bulanov,	
  T.	
  Esirkepov,	
  J.	
  Koga,	
  F.	
  
Krausz,	
  E.	
  Goulielmakis,	
  D.	
  Habs,	
  B.	
  LeGarrec,	
  C..	
  
Barty,	
  	
  D.	
  Payne,	
  H.	
  Videau,	
  P.	
  MarKn,	
  W.	
  Sandner,	
  A.	
  
Suzuki,	
  M.	
  Teshima,	
  R.	
  Assmann,	
  	
  R.	
  Heuer,	
  A.	
  
Caldwell,	
  S.	
  Karsch,	
  F.	
  Gruener,	
  M.	
  Somekh,	
  J.	
  
Nilsson,	
  W.	
  Chou,	
  	
  F.	
  Takasaki,	
  M.	
  Nozaki,	
  D.	
  Payne,	
  
A.	
  Chao,	
  J.P.	
  Koutchouk,	
  Y.	
  Kato,	
  X.	
  Q.	
  Yan,	
  C.	
  
Robilliard,	
  T.	
  Ozaki,	
  J.	
  Kieffer,	
  N.	
  Fisch,	
  D.	
  Jaroszynski,	
  
A.	
  Seryi,	
  T.	
  Kuehl,	
  H.	
  Ruhl,	
  C.	
  Klier,	
  Y.	
  Cao,	
  B.	
  Altschul,	
  
T.	
  Seggebrock,	
  K.	
  Kondo,	
  H.	
  Azechi,	
  K.	
  Mima,	
  	
  M.	
  
Yoshida,	
  T.	
  Massard,	
  A.	
  Ipp	
  


