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1. ELI and beyond: Exawatt-Zettawatt laser
2. Suzuki’s challenge in high energy physics

Hi h f ti T V d b d (E NNA l)High energy frontier: TeV and beyond (EuroNNAc proposal)
A collider?  -----ICAN (EU proposal); low density operation

3 Non-collider paradigm3. Non collider paradigm
Vacuum texture and synchrotron radiation in high energy

Lorentz invariance check
Energy frontier at PeV with attosecond metrology 

without luminosity
4 Hi h Fi ld l l fi ld4.  High Field explores low energy new fields:

high field of laser (cf. high momentum )
Dark matter and dark energy fields in vacuum (Homma’sDark matter and dark energy fields in vacuum (Homma s 

initiative)
degenerate 4 wave mixing, role of ultrawide band laser

5. zs streaking of vacuum by laser and γ photon 
ELI: ELI-NP/γ-photonics, ELI-ALPS

6 N i iti ti IZEST LIL i XCELS i R i
2

6.  New initiative : IZEST = LIL compression, XCELS in Russia,
ELI 4th Pillar, EW-class science



Laser Intensity vs. Years

IZEST



IZEST constituency  resides in UHIL community 



New Laser Concept : C3

(Cascaded Compression 
Conversion)Conversion)

Mourou et al. Opt. Comm. (2011)



Plasma Optics
C3 results from the cascaded actions of the three basic techniques, 

CPA OPCPA and Plasma Compression(PC)CPA, OPCPA, and Plasma Compression(PC). 
Optics can handle several kJ/cm2.
Size reduction by1000 in area.
Disposed after each shotDisposed after each shot.

Mourou et al. Opt. Comm (2011)



New Scientific Regime Calls 
for New Technologies: ICANfor New Technologies: ICAN

( high average power)
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The CAN Conceptp

Electron/positron beam

104 fibers  all coherently phased.
Electron/positron beam

Transport fibers

~1mm

~70cm

Length of a fiber ~2m      Total fiber length~ 5 104km 



New Paradigm
IZEST’s Mission:
Responding to Suzuki’s

PeV

Responding to Suzuki s 
Challenge

Leptogenesisg
SUSY breaking

Extra dimension
Dark matter
Supersymmetry

TeV

Standard ModelAts to S ki Standard Model
Quarks
Leptons

Atsuto Suzuki:
KEK Director General,

ICFA Chair 



Evolution of Accelerators and their Possibilities （Suzuki,2008)

Ultra‐High

Accelerator

E=40 MV/m

Ultra High
Voltage STEM 

with 
Superconducting

RF cavity

2020s

ILC

RF cavity

ILC
2.5-5 GeV ERL

Superconducting L band linac
E=200 MV/m

2030s

Superconducting L-band linac

Decelerating structure

E th
Two-beam LC

Earth

Space debris

mm waves

E=10 GV/m

2040s
10cm‐10GeV Plasma Channel Accelerator

Earth-based space debris radar
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Laser-plasma LC Table-top high energy
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20th Century,  the Electron Century
Basic Research Dominated byBasic Research Dominated by 
Massive and Charged Particles 

J.J. ThompsonJ. J. Thomson



21st Century; the Photon Century21st Century; the Photon Century
Could basic research be driven

by the massless and chargeless particles; 
Photons?

C. Townes ToCCwnes



Laser Wakefield (LWFA): 
i irelativity regulates

Kelvin wake

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

Wave breaks at v＜cNo wave breaks and wake peaks at v≈c

QCD wake (Chesler/Yaffe 2008)

Hokusai

← relativity

Hokusai

← relativity
regularizes Maldacena

(The density cusps.
Cusp singularity)

(Plasma physics vs.
superstring theory)



Nuclear Wake? PHENIX PRL 97, 052301 (2006)

2.5<pT
Trigger<4 GeV/c

1<pT
Assoc<2.5 GeV/c

3<pT
Trigger<4 GeV/c

1<pT
Assoc<2.5 GeV/c

Horner (STAR) QM2006

• BNL (and CERN) heavy ion 
collider: “monojet”
Co ld be ca sed b

PHENIX
0-12%

Au+Au 0-5%

• Could be caused by:
– Large angle gluon radiation (Vitev and 

Polsa and Salgado).

D fl t d j t d t fl– Deflected jets, due to flow (Armesto, 
Salgado and Wiedemann) and/or path 
length dependent energy loss (Chiu 
and Hwa)

near near

and Hwa).

– Hydrodynamic conical flow from 
mach cone shock-waves (Stoecker, 
Casalderrey-Solanda Shuryak and Teaney Renk

Medium
away away

Medium
Casalderrey Solanda, Shuryak and Teaney, Renk, 
Ruppert and Muller).

– Cerenkov gluon radiation (Dremin, 
Koch).

w y
Deflected Jets

away
Conical Emission

• Jet quenching: collective 
deceleration by wakefield?

LWFA th d (W t l 2010)

↓ 
Collective Interaction in

14

- LWFA method (Wu et al. 2010)
or ~Maldacena’s superstring method

subatomic scales
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(Nakajima, 2011) 1017 /cc (conventional)    →   1015 /cc 



PeV AcceleratorPeV Accelerator
With conventional Technology
The accelerator would Girdle the Earth:The accelerator would Girdle the Earth:

Fermi’s vision (1954)

1km laser plasma accelerator
with LIL or LMJ 

(Vision 2011)



Theory of wakefield toward extreme energy 
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dephasing length pump depletion length

→  0.7PeV
(with Kando, Teshima)



γ-ray signal from primordial GRB

(A
bdo, 

Energy-dependent 
photon speed ?
Observation of primordial

et al, 200

Observation of primordial 
Gamma Ray Bursts (GRB)

(limit is pushed up

9)

←
low (limit is pushed up 

close to Planck mass)

w
er energ

Lab PeV γ (from e-)

gy             

can explore this
with control

        higheer→



Feel vacuum texture: PeV energy γ

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

Coarser,
llower energy
texture

Finer,
higher energy

c < c0

← (0 1PeV)

g gy
texture

PeV γ (converted from e- )
←(1PeV : fs behind)

← (0.1PeV)

1km



Extreme High Energy  and Synchrotron Radiation
E > 30TeV: untested territory for Lorentz invariancey

(B. Altschul, 2008)

20
↑  Lorentz violating term ( >30TeV)

Synchrotron radiation
radiation



Attosecond  Metrology of PeV γ Arrivals
(Tajima Kando Teshima(Tajima, Kando, Teshima
PTP, 2011)

(standing)

High energy γ- induced Schwinger breakdown 
(Narozhny; Nikishov Ritus)

( g)

(Narozhny; Nikishov, Ritus)
CEP phase sensitive laser triggers breakdown and results in 

electron-positron acceleration 
Attosecond electron streaking
γ- energy tagging possible



TeV proton acceleration by LWFA
High Intensity regimeearly Radiation Pressure L t tti k fi ld High Intensity regime

I = 1023 W/cm2

(using ELI type laser)

early Radiation Pressure
Acceleration of ions 

Later setting up wakefield

Ε i   = (1/6) a0
2 (nc /ne) mc2

Snowplow LWFA
of ions injected by RPA
as injector at multi-GeV

0.5TeV over↓ ions

↓ saturation
0.5TeV over

dephasing length of 1cm↑ elec

↓ ions

t bl LWFA f i

Zheng et al., 2011

stable LWFA of ions



TeV proton Energy Scalings(RPA x LWFA )
TeV over cm @ 1023W/cm2TeV over cm  @ 10 W/cm

Laser field evolution

Accel gradient

E iA l l th Energy gainAccel length

(Zheng et al. 2011)



Neutrino speeding
faster than c ?faster than c ?
(OPERA collaboration)

microsec rise time  vs.
ns advance time:
room for a large errorroom for a  large error

IZEST:
LWFA with RPA (X. Yan’s group)

TeV proton over cm
fs pulse, far narrower rise timefs pulse, far narrower rise time

T. Adam et al. (OPERA)
(2011)

24

(2011)



The Conjecture
(← physics: “Matter is nonlinear”(← physics: Matter is nonlinear

“The more rigid nonlinearity, the more intense to manipulate it”; 
rigidity vs. pulse length)

i i i i i )
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Streaking Vacuum
(from atomic physics to QED vacuum physics)

XUV photon ionization
Laser streaking

vacuum
Gamma photon ‘ionization’
XUV streaking

(from atomic physics to QED vacuum physics)
atom

size↔
aB

Laser streaking 
→ attosecond dynamics

g
→zeptosecond dynamics

ES/EK = α-3;  Pc vac/Pc = α-6

↔λC = α aB↔
depth of potential
Φ = α-2WΦ = α 2WB

Uiberacker et al. (2007)

Nikishov(1964)
Nonperturbative:

Multiphoton:



γ-photon induced vacuum streaking by lasers
Tajima, Goulielmakis, Krausz, et al (2011)

Atomic as streaking
Laser field is compressed by factor (hν/mc2) ~ 103-4

with the counterstreaming γ

Goulielmakis(2008)

QED vacuum streaking
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Laser fits the gaping hole
in search of unknown fields:
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Evading detections 
of laws here

proton LCLHC
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Log10(Energy Density) [g/cm3] High energy
colliderDomains ofDomains of physical lawsphysical laws collider
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Homma, Habs, Tajima (2011)

Domains ofDomains of physical lawsphysical laws



Birefringence by QED in Birefringence by QED in eVeV rangerange
Euler-Heisenberg one-loop Lagrangian

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

2

4






 FFFFLQED 

Euler-Heisenberg one-loop Lagrangian

e-
e+

O(10-42b) 

360 mQ

Refractive index depends on polarizations

e+

1.42x106 J/m3

ELI(~200J per ~20fs)ELI( 200J per 20fs) 
can reach n~10-9~10-10
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( Homma, Habs, Tajima)



Phase contrast imaging of vacuumPhase contrast imaging of vacuum

Probe laser(phase contrasted)
0z z

ffpfpfp fp

)( )(

fpfpfp

),( 00 yx ),( yx 

Target laser (warp vacuum)

Phase Contrast

K.Homma, D.Habs, T.Tajima  (2011)
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Beyond QED Beyond QED photonphoton--photonphoton interactioninteraction
])~(7)(4[1 22

2
 FFFFL  ])(7)(4[

360 4





 FFFF
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LQED 





  FFFF ~

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


Resonance in quasi-parallel collisions in low cms energy

If M~MPl k Dark Energy

√ｇ √ｇ


FFgM 1

If M MPlanck, Dark Energy
arXiv:1006.1762 [gr-qc]
Y. Fujii and K.Homma

Quantum anomaly

√ｇ

√ｇ
M-1

mass m

M-1

√ｇ

√ｇ QCD-instanton, Dark Matterｇ mass m ｇ


FFgM ~1
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K.Homma, D.Habs, T.Tajima
(2011)



Degenerate FourDegenerate Four--WaveWave Mixing (DFWM)Mixing (DFWM)
Laser-induced nonlinear optics in vacuum (cf Nonlinear optics in crystal)

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

K.Homma, D.Habs, T.Tajima
Appl Phys B (2011)

Laser induced nonlinear optics in vacuum (cf. Nonlinear optics in crystal)

Appl. Phys. B  (2011)

+z
 x

w0 (4-x)ω=2+2-x
resonanceresonance

 x
.

Sweep by arbitrary
frequency xω from SLT

32
Wirth et al. (2011: synthesized light transients)



HFS road to unknown fields:HFS road to unknown fields:
dark matter and dark energydark matter and dark energydark matter and dark energydark matter and dark energy

SHG
200J

/G
eV

] 200J
15fs

g/
M

  [
1/

QCD axion (Dark matter)DFWM

Lo
g 

g

DFWM
200J 1.5ns

200J
15fs
200J

Gravitational

200J 1.5ns(induce) 15fs(induce) 

K. Homma @ Bucharest
in ELI-NP workshop on 11 Mar, 2011

Coupling（Dark Energy)
p ,

33log m  [eV]
K.Homma, D.Habs, T.Tajima (2011)



Latest Development: CERN getting into the game
EuroNNAc Workshop on novel accelerators (May 3-6, 2011)EuroNNAc Workshop on novel accelerators (May 3 6, 2011)



IZESTIZEST
International Center for 

Z tt E tt S i d T h lZetta-Exawatt Science and Technology

* Highest intensity  using existing / near future lasers with the world      
brainpower

* TeV (and PeV) energy frontier,  with non-collider paradigm (such as    e (a d e ) e e gy o t e , t o co de pa ad g (suc as
Lorentz invariance check)

* High field approach (as opposed to high momentum) of fundamental  
physicsphysics

* Works with ICUIL and ICFA, in a shorter timeline than a generation

35
Under the Aegis of 

CEA,  Ecole Polytechnique and 
Ministry of Research and Education

of France



IZEST Associate LaboratoriesIZEST Associate Laboratories
CUOS
Mi hi

ALLS
Montreal

GSI(?)Willi
DusseldorfGSI 

Darmstadt
Nishny Novgorod

IAP Russia

APRC
Kansai Japan 

NT-LeCos
T iMichigan

USA
Ca

IAP Russia
.Kyoto U.

Japan

Taiwan

LIL



IZEST Support LaboratoriesIZEST Support Laboratories
FERMILAB John Adam CERN Max Planck

Livermore National
Lab/NIF

Inst. Physics
KEK



IZEST
Launching Workshop:

Laser-based High Field Fundamental Physics
Preparing for the future
28-29 November, 2011

Ecole Polytechnique,Palaiseau,Paris

Fundamental High Energy Physics has been mainly driven by the high energy fermionic colliding beam paradigm. Today the possibility to 
amplify laser to extreme energy and peak power offers, in addition of possibly more compact and cheaper way to help HEP, a 
complementary new alternative underpinned  by single shot, large field laser pulse, that together we could call High Field Fundamental Physics.
The main mission of the International center on Zetta-Exawatt Science and Technology (IZEST) is to muster the scientific community behind this gy ( ) y
new concept. As an example, we project to use  the laser field to probe the nonlinearity of vacuum due to nonlineairities and light-mass weak 
coupling fields such as Heisenberg-Euler QED, dark matter and dark energy.  The advancement of intense short-pulsed laser energy by 2-3 
orders of magnitude empowers us a tremendous potential of unprecedented discoveries. These include: TeV physics, new light-mass weak-
coupling field discovery potential, nonlinear QED and QCD fields, radiation physics in the vicinity of the Schwinger field, and zeptosecond 
dynamical spectroscopy of vacuumdynamical spectroscopy of vacuum.

Today, a number of  exawatt class  facilities in Europe and in the world are already in the planning stage, like the ELI-Fourth Pillar, French 
LIL, and the Russian Mega Science Laser as well as Japanese Exawatt Laser. IZEST should serve as a common platform opened to the 
international scientific community with a passion for this emerging opportunies and the desire to be engaged. Ist headquarter will be located at the 
Ecole Polytechnique, the center of ist theoretical facility. The experimental programs will be performed on the  most powerful european laser, the 
LIL laser at the CEA-CESTA in Bordeaux. It is expected that a large part of the work will also be carried out in the IZEST-associated laboratories 
around the world. 

November 28-29, 2011 at the Ministery of Research, Paris V, we intend  to hold a three-day workshop with the participation of the main 
players to first review the role of high field in fundamental physics and to examine the new technology that needs to be brought to bear to 
accomplish the above mission. Second as one of the main objectives, we will establish a joint strategy, put together coordination groups, and p j , j gy, p g g p ,
provide recommendation for the facilities in the planning stage.   

Among the main topics that will be discussed include:
Exawatt and Zettawatt laser technology
TeV physics
Nonlinear effects in VacuumNonlinear effects in Vacuum 
Dark energy and  dark matter
Radiation near the Schwinger field 
Other fundamental physics issued addressable by extreme high fields



Supporter of IZEST:

Atsuto Suzuki:
KEK Director General,,

ICFA Chair 



CERNCERN

Rolph Heuer 
CERN Director General



IZEST High Energy Physic 
( d i l )(and intense laser) 

Supporters:Supporters:

Young-Kee Kim
Fermilab Deputy Director  

Fermilab



John Adam Institute
for Accelerator Science

DirectorDirector
Andrei Seryi  



Max Planck Institute of Physicsy
(The Heisenberg Institute)

Mashahiro Teshima
MPP Director 



Japan Atomic Energy Agency
Quantum Beam Science

Paul Bolton
Quantum Beam Directorate
Deputy Director General  



National Ignition Facility LLNLNational Ignition Facility LLNL

Edward Mose
Director NIF Program



ELI (2010), now Mega Project on Extreme Laser (2011)
E t Li ht I f t t EU d id d (2010) t C h H d R iExtreme Light Infrastructure: EU decided (2010) at Czech, Hungary, and Romania
Now, Russia announced July 5, 2011: 6 Mega Projects (3-4B Euro) include Extreme Laser

Beyond ExawattBeyond Exawatt
Beyond 10kJ

ELI: serving Chair, Scientific
Advisory Committee

Extreme Laser Mega Project 
(in budget negotiation):
Chief Scientific Advisor/
Mega Grant Honorary Director
(suggested)
International team being formed:
IZEST (International Center for
Zetawatt / Exawatt Science and 
Technology)

46

http://strf.ru/



XCELS (Russian ‘Mega Science’ laser: 2011-)



Conclusions
• Optical approach: does it overtake the accelerator inOptical approach: does it overtake the accelerator  in 

high energy and fundamental physics?
• Collider physics requirements: == low density• Collider physics requirements:  == low density 

operation, laser with large energy per stage 
E f ti (b d T V) ith i i / f• Energy frontier (beyond TeV) with precision w/ a few 
shots possible = non-collider paradigm of 
f d t l ifundamental science

e.g.  Lorentz invariance test , quantum gravity
• High field science approach: capability to explore 

new fields (dark matter; dark energy): DFWMnew fields (dark matter; dark energy):  DFWM,      
learning from NLO (in matter) / SLT; zs metrology
J i t IZEST i t l li ti t・ Join us at IZEST ------intense laser applications to 
fundamental physics 48



Centaurus A:

cosmic 
wakefield
linac?

Danke schoen!

Tajima’s HP: http://www.munich-photonics.de/1/menschen/members/member/?personid=136&cHash=c8b0c3ef3


