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ELI to Scale

1PW, 1mm
~highest power laser today

200PW, 20cm



Les 13 pays de ELI (PP)

- Bulgaria
- Czech Republic
- France
- Germany
- Greece
- Hungary
- Italy
- Lithuania
- Poland
- Portugal
- Romania
- Spain
- United Kingdom

Le projet europŽen ELI



The different Epochs of Laser
Physics
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ÒOptics HorizonÓ

This Þeld does not seem to haveThis Þeld does not seem to have
natural limits, only horizon.natural limits, only horizon.



Why should we build an Extreme
Light

Infrastructure?



Science (1 july 2005)
Ò100 questions spanning the scienceÉÓ

¥ 1) Is ours the only universe?
¥ 2) What drove cosmic inflation?
¥ 3) When and how did the first stars and galaxies form?
¥ 4) Where do ultrahigh-energy cosmic rays come from?
¥ 5) What powers quasars?
¥ 6) What is the nature of black holes?
¥ 7) Why is there more matter than antimatter?
¥ 8) Does the proton decay?
¥ 9)What is the nature of gravity?
¥ 10) Why is time different from other dimensions?
¥ 11) Are there smaller building blocks than quarks?
¥ 12) Are neutrinos their own antiparticles?
¥ 13) Is there a unified theory explaining all correlated elec tron systems?
¥ 14) What is the most powerful laser researchers can build? Theorists say an

intense enough laser field would rip photons into electron-positron pairs, dousing
the beam. But no one knows whether it's possible to reach that point.

¥ 15) Can researchers make a perfect optical lens?
¥ 16) Is it possible to create magnetic semiconductors that wo rk at room

temperature?



The ELIÕs Ultimate Scientific Goal:
Ò Study of the structure of matter from

Atom to Vacuum Ò



Contents

ELI Õs Bricks
¥ The Peak Power-Pulse Duration conjecture
¥ Relativistic RectiÞcation(wake-Þeld) the key to High energy electron beam
¥ Generation of Coherent x and! -ray, by Coherent Thomson, radiation

reaction, X-Ray laser,É
¥ Source of synchronizedattosecondphoton and particle pulses

ELI Õs Science: Study of the structure of matter fromatoms to vacuum
¥ Nonlinear QED, quantum vacuum and vacuum structure
¥ Societal BeneÞt

The Laser: Hybrid OPCPA-CPA



Peak Power -Pulse Duration
Conjecture

1) To get high peak power you must
decrease the pulse duration.

2) To get short pulses you must increase
the intensity



Q-Switch, Dye
I=kW/cm2

Modelocking, Dye
I=MW/cm2

Mode-Locking KLM
I=GW/cm2

MPI
I>1013W/cm2

Laser Pulse Durationvs. Intensity

Relativistic and Ultra R 
Atto, zeptoÉ .?



E. Gulielmakiset al. Science 305, 1267 (2004)

LightwaveLightwave eelectronicslectronics withwith attosecondattosecond pulsespulses
Recording of optical fields with an Recording of optical fields with an attosecondattosecond  oscilloscope oscilloscope



Scalable Isolated Attosecond Pulses

Amplitude, a

1D PIC simulations in
boosted frame

Duration,

" (as) 2D: a=3, 200as

"(as)=600/a0

I=1022W/cm 2

(Hercules)

#=1019$ /%µ2

(#3 laser)

optimal ratio: a0/n0=2,
or exponential gradient
due to &cr=&0a

-1/2

n0= n/ncr
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EQ=mpc2

Ultra-relativistic intensity is
defined with respect to the proton
 EQ=mpc2, intensity~1024W/cm2

NL Optics



.4PW
T. Tajima, G. A. Mourou,ÒZettawatt-Exawatt lasersandtheir applications

in ultrastrong-field physics,ÓPhys.Rev. STAB 5, 031301(2002).



Relativistic Optics
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Relativistic RectiÞcation
(Wake-Field Tajima, Dawson)sE

r
+ -

1)                pushes the electrons.

2) The charge separation generates an electrostatic
longitudinal Þeld.  (Tajima and Dawson: Wake Fields or
Snow Plough)

3) The electrostatic Þeld
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Relativistic RectiÞcation

-Ultrahigh Intensity Laser is associated with  Extremely large E Þeld.

IZE LL
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Laser Acceleration:

At 1023W/cm2 , E= 0.6PV/m, it is SLAC (50GeV, 3km long) on
10µm The size of the Fermi accelerator will only be one meter
(PeVaccelerator that will go around the globe, based on
conventional technology).

Relativistic Microelectronics





26fs



J. Faure et al., C. Geddes et al., S. Mangles et al. , 
in Nature 30 septembre 2004

 e-beamThe Dream Beam



Z inj =225 ! m

Tunable monoenergetic bunches

Z inj =125 ! m

Z inj =25 ! m

Z inj =-75 ! m

Z inj =-175 ! m

Z inj =-275 ! m

Z inj =-375 ! m

pump injection

pump injection

late injection

early injection

pump injection

middle injection

V. Malka and J. Faure



Front and back acceleration mechanisms

Peak energy scales as : EM ~ (I L! #)1/2



C

Vp ~0

Vp ~C

C

Non relativistic ions

Relativistic ions >1024
Photons

Photons

Ep ~  I1/2

Ep ~ I

The Ultra relativistic:Relativistic Ions



High Energy Radiation
Radiation

¥ Betatron oscillation
¥ Radiation reaction
¥ X-ray laser
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Radiation Reaction: Compton-Thomson Cooling

a) Charge separation.
E-Þeld Creation

b)e- move backwards, scattered on
the incoming Þeld, cooling the e-

N. Naumova, I, Sokolov



AttosecondGeneration
from

Overdenseplasma



(a)

(b)

Relativistic Self-focusing:
" = 1#

$ 2
p

%0$
2

        where %0 = 1+ a0

2

A.G.Litvak (1969), C.Max,
J.Arons, A.B.Langdon
(1974)

?

Refraction

Reflection



2-D PIC simulation
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2-D PIC simulation



Scalable Isolated Attosecond Pulses

Amplitude, a

1D PIC simulations in
boosted frame

Duration,

" (as) 2D: a=3, 200as

"(as)=600/a0

I=1022W/cm 2

(Hercules)

#=1019$ /%µ2

(#3 laser)

optimal ratio: a0/n0=2,
or exponential gradient
due to &cr=&0a

-1/2

n0= n/ncr
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AttosecondGeneration
(electron)



Attosecond Electron Bunches

N. Naumova, I. Sokolov, J. Nees, A. Maksimchuk, V. Yanovsky, and G. Mourou,
Attosecond Electron Bunches, Phys. Rev. Lett. 93, 195003 (2004).

Attosecond pulse train

Attosecond
bunch train

25Ö30 MeV

a0=10, "=15fs, f/1, n0=25ncr



Coherent Thomson Scattering

N. Naumova, I. Sokolov, J. Nees, A. Maksimchuk, V. Yanovsky, and G. Mourou,
AttosecondElectron Bunches, Phys. Rev. Lett. 93, 195003 (2004).

Attosecond pulse train

Attosecond
bunch train

25Ö30 MeV

a0=10, "=15fs, f/1, n0=25ncr
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ELI: A Unique Infrastructure that
offers simultaneously

¥ Ultra high Intensity ~1026W/cm2
¥ High Energy particles >100GeV
¥ High Flux of X and! rays

¥ With femtosecondtime structures
¥ Highly synchronized
(We could possibly get beams equivalent to
1036W/cm2)



ELI will be Unique: it will provide
Photons and Particles with Short and
Synchronized Time Structure in the

femtosecond attosecond regime

Visible

Particules: Electrons
Protons, muons,É

High energy radiation: X,
gamma ray



Nonlinear QED
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Vacuum Structure
Quantum Vacuum

According to the theory of general relativity, space is endowed
with physical qualities: in this sense there exist an ether.

According to the general relativity space without ether is unthinkable
There would not be any propagation of light possible, but also no possibility of
existence for standards of space and time (measuring-rods and clocks), norany
space-time intervals in the Physical sense.

But this ether may not be though of as endowed with the quality, characteristics of
ponderablemedia, as consisting of parts that may be tracked through time.The idea
of motion may not be applied to it.

A. Eistein LorentzLecture 1920



THE QUANTUM VACUUM virtual particle-antiparticle
pairs are continuously created
andannihiliated: the quantum vacuum is full of activity .

The CLASSICAL ("ordinary " or "pneumatic")
VACUUM on the other hand is deÞned as
the absence of matter: the classical vacuum is empty.

TestingQuantumVacuum



e+

e-

Testing Quantum Vacuum

' +

' +

' +



Laser-induced Nonlinear QED

1023W/cm2

1023W/cm2

GeV electrons

e-

e+

e! + " # e! ' + e+e!

G. Mourou, S. Bulanov, T. Tajima Review of Modern Physics (2006)

You can enhance the laser Þeld by the
electron! factor for ~105(50GeV)
Intensity~ 1036W/cm2



Laser-induced Nonlinear QED

1023W/cm2

1023 cm2 1023W/cm2

GeV electrons
"-photon

e-

e+Gas Jet

! + " # e+ + e$

G. Mourou, S. Bulanov, T. Tajima Review of Modern Physics (2006)

h! m =
x

x +1
E0 x "

4E0h! 0

m2c4

for E0 =10GeVandh! 0 =1.5eV x= .24

andh! m = 7.GeV



Ultra-high Intensity

General Relativity

and Black Holes



Equivalent to be near 
a Black Hole of 

Dimension?
Temperature?

Laboratory Black Hole
T. Tajima and G. Mourou Review of Modern Physics



Is Optics in General
Relativity? GM

Rsc
2 = 1Using the gravitational shift near a black hole: 

.

a0 =1! Rs = " laser =1µm

a0 =106 ! Rs = .01A ~ " c

BH radiusRs =
1
a0

! laser

2"

As we increase a0 theSwartzschildradius can become equal 
to the Compton wavelength. 

kT =
hae

2" c



Optics and General Relativity:
Hawking Radiation

$c

Rs

e+

e-

%&

gm0! c = 2m0c
2

Rs = ! c

Rs =
!

2" a0

= ! c # a0 =106

I =103 0W / cm2

In order to have Hawking radiation
You need the gravitational Þeld
strong enough to break pairs

h#



Finite Horizon and extra-
dimensions

d =
c2

ae

!
"
2#

1
a0

4 + nD Gauss Law

for Planck distance

MP4

2 ~ rn( )n
MP4+n

n+2

rn ~ 10
3 0
n

! 1 7
cm

a d

3 + 1 D Ògravitational Ó
leakage

nD

N. Arkani-Hamed et al. (1999)

The distance to Þnite horizon is 

Up to n=4 extra-dimensions could be
tested.

T. Tajima phone # 81 90 34 96 64 21



ELI: from the Atomic Structure to
the Vacuum Structure

Vacuum structure



100 m

The Ext reme Light  Inf rast ruct ure
exploded v iew
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Ultrahigh Intensity Laser:
Hybrid OPCPA-CPA seems the
Architecture of Choice

¥ The OPCPA until the last amplifier will preserve a 10fs bandwidth

¥ The CPA as the last amplifier will guaranty
the efficiency. A) twice as efficient than the straight OPCPA; B)
pump laser based on long pulses will provide an uncomplicated,
cheap, efficient, high repetition rate pump

¥ Hybrid architecture will provide at least a gain in energy of 10
without loss of bandwidth

¥ In a distant future It could be easily extendable to the Megajoule
Type laser To reach the zetawatt 1021 W level and 1029W/cm2



30mJ

Hybrid OPCPA-CPA Prototype for ELI.
Architecture.

30J

300J 25ns

300J
2.5nsNd:glass amplifier

170J
2 ns

200 J
20 fs
10PW

Seed laser
20fs

Stretcher
20 fs( 2ns

1nJ
20 fsNd:YLF

laser
#=1053nm

1 J
2 ns

Synchronization
system

OPCPA I
(front-end)

Compressor
2 ns( 20 fs

2 J
2.5 ns

OPCPA II
(power)

1mJ
2.5ns

Ti:Sa

Nd:YLF
amplifier

2&

1mJ
25ns

Nd:YLF
amplifier

Nd:glass amplifier

Nd:glass amplifier

Nd:glass amplifier

Nd:glass amplifier

2&

2&

2&

2&
2&

4 x 200J  20ns

300J 25ns

300J 25ns

300J 25ns

300J

0.2 J
25 ns

2& KDP

8 PW
high contrast

x4 focus intensity



Hybrid OPCPA-CPA Prototype for ELI.
Details.

IAP10fs with chirped mirror17fsPulse duration

IAP65%Energy efficiency

IAP0.5mm KDP, 30cm diaCrystalSecond harmonic
generator

LOA20fs, 200J (60% efficiency)Compressor

LOA, IAP300J, 150nmOutput pulse

LOATwo Ti:Sa, 15-20cm diaTi:Sa, 15-20cm dia .Crystal

IAP8x100J, 20ns2& Nd:glass, 4x200J, 20nsPump laserFinal Ti:Sa

IAP30J, 150nmOutput pulse

IAPBBO, LBO, two DKDPDKDP, 100mm dia .Crystal

IAP2x80J, 2ns2& Nd:glass, 170J. 2nsPump laserPower OPCPA

IAP30mJ, 150nmOutput pulse

IAPBBO, LBODKDP 10mm dia.Crystal

IAP2& Nd:YLF , 1J, 2nsPump laserFront-end OPCPA

IAP2nsStretcher

IAPJitter <100ps for 2ns
Jitter <1ns for 25ns

Synchronization

IAP, LOACr:forsterite (1.25 µ)
Fiber 1.55 µ-1.7µ-0.85µ

20-25fs, 1nJ, TiSaSeed laser

LabOptional parametersParametersPart



.4PW
T. Tajima, G. A. Mourou,ÒZettawatt-Exawatt lasersandtheir applications

in ultrastrong-field physics,ÓPhys.Rev. STAB 5, 031301(2002).



! Megajoule laser (NIF, LMJ) pumping a CPA-type
system + large telescope technology + deformable
mirrors for correcting the phase front,
T. Tajima, G. Mourou, Phys.Rev.STAB, 5, 031301
(2002)

! A plasma wakefield in the wave-breaking regime as
a tool for generating a coherent radiation of
ultrahigh intensity, S.V. Bulanov, T.Esirkepov ,
and T. Tajima, PRL, 91, 085001 (2003)

! Tight focusing of X-ray lasers,
A. Ringwald, Phys. Lett . B, 510 , 107 (2001)

Ways to obtain ultrahigh laser
intensities:



ELI Infrastructure



Thank you

Become an ELI enthusiast
You can register @

WWW.eli-laser.eu
Eli@eli-laser.eu


