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Nonlinearities in atom, plasma, and vacuum

Atomic
nonlinear potential

Plasma electron 
nonlinear  
relativistic motion

Vacuum nonlinearity
nonlinear potential relativistic motion

vs.

Keldysh field for
laser atomic

Schwinger field for
vacuum breakdownLaser wakefield

ionization

Compact high energy colliders
Compact accelerator applications
PeV acceleration for quantum gravity

Nonlinear QED fields
General relativistic effects
Vacuum probe (s a Dark energy)PeV acceleration for quantum gravity Vacuum probe (s.a.  Dark energy)



Relativistic nonlinearity under intense laser

Plasma free of binding potential , but its electron responses: 

a) a) ClassicalClassical optics : optics : v<<c,       v<<c,       b) b) RelativisticRelativistic optics:  optics:  v~cv~c
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Strong intensity dependence of electron ionization

Ionization strongly dependent
l i t iton laser intensity, 

typically as a function of In

Hetzheim (2009)



Pulse Progress from fs to asg
Corkum and Krausz (2007)



Some of electronic nonlineairies 
in atoms

Corkum and Krausz(2007)



Keldysh field and beyondy y

E. Goulielmakis et al (2008)



Sold plasma HHG (The Setup)
VUV/XUV

spectrometer • Laser incident normally onto 

DLC foil

y
target
• Collection of XUV-light with   
spherical mirror

driver laser

particle
spectrometer

spherical mirror
stronger signal for first test
loss of spatial information

• Observable spectral windowdriver laser • Observable spectral window 
limited 
to harmonics 6 to 16
G ld i d ti h• Gold mirror and grating have 
polarization dependent 

reflectivity

R. Hoerlein (2010)



The Coherent Wake Emission 

Plexiglass Target (Density 1.3 g/cm^3):Glass Target (Density 2.6 g/cm^3): g g ( y g )g ( y g )
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Laser Polarization Dependence

linear polarization circular polarization
30nm targetR. Hoerlein (2010)
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• All harmonic orders (odd and even) are observed
• The harmonic spectra are independent of the laser 
polarizationpolarization
• Harmonic generation eficiency is similar in both cases



Target Thickness Dependence

7 nm DLC30 nm DLC 4 5 nm DLC
Linear PolarizationHoerlein(2010)

7 nm DLC 30 nm DLC 4.5 nm DLC 
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Harmonic Order 
12 14 

Harmonic Order 
12 14 

Harmonic Order 
12 14 

Relativistic oscillating mirror
M. Zepf: up to 4000th harmonics



Isolated attosecond electromagnetic 
pulses in 3D simulationpulses in 3D simulation
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a0=3, =5fs, f/1, n=1.5ncr

Nees et al., J. Mod. Opt. 52, 305 (2005)



Self-induced concentration of 
li ht t ll l hi h i t itlight to smaller volume higher intensity

a0=3, =5fs, f/1, n=4ncr
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N. Naumova, J. Nees, G. Mourou, Phys. Plasmas 12, 056707 
(2005)



Electron ejection is synchronized 
with attosecond pulse generation

Effi i f tt d
Escaped relativistic electrons 
• compress the reflected 

Efficiency of attosecond 
phenomena: ~15% converted to 
attosecond pulses, ~15% to p

radiation into attosecond 
pulses and  Attosecond 

electron bunches.

• inherit a peaked density 
distribution.

e. m. pulses 

• Complete modulation of 
e.m. field occurs. This is 
relativistic microelectronics!

25㾂30 
M Vrelativistic microelectronics! Attosecond 

e- bunches
MeV

a=10, 15fs, f/1, 
n=25ncr

Naumova et al., Phys. Rev. Lett. (2004)



Relativistic flying mirror and shorter pulses

Esirkepov (2010)
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16
Tajima/Mourou/Moses(2010): use NIF ---ultra-relativistic imploding mirror  ys!



The Mourou Conjecture
( physics: �“Matter is nonlinear”(  physics: Matter is nonlinear

�“The rigider nonlinearity, the more intense to manipulate it�” )
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Pulse intensity  P= E/T



MJ laser Zettawatt ultrashort pulse 
KECK telescope
(1/2)( )

NIF
0.1 Zettawatt

Tajima,Mourou (PR, 2002)

Tom Connell / Wildlife Art Ltd

10m5MJ @ 10ns
530nm

Tom Connell / Wildlife Art Ltd.
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Ultrafast science  High field science, Large-energy laser

High field 
i

Ultrafast 
science

!
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!
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!
Large-energy 

laser

(NIF/LMJ…)



Vacuum nonlinearities

H. Gies (2008)
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 vacuum nonlinearity 
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Self-focusing:  Pcr = (90/28) c ES
2 2/  Pcr  1024 ( 1 (at 1 ) / )2 W

(Mourou/Tajima/Bulanov (2006))



Self-focusing in air to vacuum

Critical power for self-focusing in matter /plasma / vacuum:p g p
3 nonlinearity

P = 2/(2 n0n2) ~ GWPcr   /(2 n0n2)    GW

relativistic plasma nonlinearity

Pcr =  mc5/e2( / p)2 ~ 17 ( / p)2  GW

vacuum nonlinearityvacuum nonlinearity

Pcr =  (90/28) c ES
2 2/ ~ 1015 ( / 1 )2 GW

e.g.   X-ray of 10keV,   Pcr ~ 10PW



‘ELI Long-term Ambition’ =

Studying  the Atomic Structure to the y g
Vacuum Structure 

(Mourou)( )

Keldysh field

S h i i i / K ld h i i 6 1014Schwinger intensity / Keldysh intensity  = -6 ~ 1014

Vacuum self-focusing / 3 self-focusing power  ~  -6 ~ 1015

Vacuum structure Schwinger field

Does the atomic world
repeat itself in vacuum?



Self-focusing and laser acceleration in vacuum

Laser acceleration in vaccum by Laser acceleration in vaccum by
self-focused X-ray crossed with laser ?

Can we repeat LWFA and plasma physicsCan we repeat LWFA and plasma physics    
in vacuum?
Laser vacuum acceleration with ‘snowplow’Ashour-abdalla, et al. (1981)



Merci Beaucoup!Merci Beaucoup!

(Mourou, 2010)


