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Focused Intensity (W/cm~)

Nonlinear QED: E-e-A = 2m,c? MPa
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Nonlinearities in atom, , and vacuum €3
B~ MU
) electron o
Atomic nonlinear Vacuum nonlinearity
nonlinear potential  relativistic motion
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Keldysh field for Schwinger field for

Laser wakefield

laser atomic vacuum breakdown
ionization
Compact high energy colliders Nonlinear QED fields
Compact accelerator applications General relativistic effects

PeV acceleration for quantum gravity — Vacuum probe (s.a. Dark energy)



Relativistic nonlinearity under intense laser
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free of binding potential , but its electron responses:
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a) optics : v<<, b) Relativistic optics: v~c

ay<<I: ox only a,>>1: 5z >> dx

¢

nonlinear dz~a,’

Electric Magnetic
field field Sx~a,




Strong intensity dependence of electron ionizatio
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se Progress from fs to as yu:

Corkum and Krausz (2007)

attoworld.de

WA

g

i .Pf

W "-n,ﬁ\l el . 4 hﬁ.'l"—ﬂ
E ' 3 fl T
g | I
B I
E " 2 O a’ O
& 10!

L3

1[|-1 1 1 1 1 1 1 1 1 1

1670 1530 125 200 0o
Year

Figure 1 Shortsr and shortar, The minmum dLrstion of eer pukses ol contiwaly Flgues 2 Creating &n attesecord pulss. s-4, An nbanss famicsecond rasrnfrared o

from the dlacovery of mode-kocking In 1964 untl 1986 when &1 pulses wiabls {rencetorth opical) puiss (3howr I yellow) axkects an alectn wavepacket
wera genaratad. Each advanca In bechnokgy opansd new flalds of sclence for from an sfiom or malecule. For kontzslon In 2uch & strong Taid (@, Newton's

messwamant. Each advercs In scence sengthansd the molivation for making even  equatlons of mobon gie & rellively good descripbion of the respones of the skciron
ahorir Issar pulse. Howavar, at & fs (e prods aflighty, & receally ditarent nitall, the electon ks pulked sy from te Siom s, B, but aftar the 1aid ravarsss,

technoi gy was nesded 11 devslopment ook 15 years. Now stoescond Gehnoiogy the ekeinon 1 driven beck (&) whara Itcan ‘ecolis’ during & smell fraction of the
Is prowiding radicaily new ook for eclnca and |8 yetagain opening new felda for ~ laeer caciliation oyck ). Tha parentlon sees an attoescond slection pulsa. This



Mﬁ@m‘e of electronic nonlineairies

In atoms
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,Mwﬁ,ﬁeldysh field and beyond

E. Goulielmakis et al (2008)
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. Sold plasma HHG (The Setup) I
N V“VE e

VUV/XUV
spectrometer

 Laser incident normally onto
target
* Collection of XUV-light with
spherical mirror
; » stronger signal for first test
| particle A .
spectrometer > loss of spatial information
driver laser » Observable spectral window
limited
to harmonics 6 to 16
» Gold mirror and grating have
polarization dependent

I c
[ 7\6 rating reflectivity

OMCP+CCD

DLC foil

R. Hoerlein (2010)



The Coherent Wake Emission
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U. Teubner, et al., PRL, 92, 185001 (2004)

w/wy,

F. Quéré, et al., PRL, 96, 125004 (2006)
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Laser Polarization Dependence MPQ §
,.;\/,\(Vﬁ\. IMU:
R. Hoerlein (2010) 30nm target
_ linear pOla{izationm circular polarization

shol_18pm

00 om0 &m0t Mo 0 " 1000

11 11 7 B ’ o O T el aw' wo e s 'ma e sb ;\\ e
514312 10 ° 8

1513 11 9 7
14 12 10 8 6

* All harmonic orders (odd and even) are observed

« The harmonic spectra are independent of the laser
polarization

« Harmonic generation eficiency is similar in both cases
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Linear Polarization

Target Thickness Dependence

Hoerlein(2010)

7nm DLC 4.5 nm DLC

30 nm DLC

shot_03.pmi

3

ii(l)o Eiu 700 Eéo 9(‘)0 1000
1110 9

| i
308 4oo

15 13
14 12
Harmonic Order

[ 4
100l  %oo

Harmonic Order

Harmonic Order _
Relativistic oscillating mirror

M. Zepf: up to 4000 harmonics



|solated attosecond electromagnetic

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



Self-induced concentratlon of L9

intensity

volume:
™ 1033

N. Naumova, J. Nees, G. Mourou, Phys. Plasmas 12, 056707
(2005)



LMU:

Mé‘&ﬁgtron ejection is synchronized s
Ith attosecond pulse generation

Escaped relativistic electrons

« compress the reflected
radiation into attosecond
pulses and

 Inherit a peaked density
distribution.

« Complete modulation of
e.m. field occurs. This is

relativistic microelectronics!

Naumova et al., Phys. Rev. Lett. (2004)
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Efficiency of attosecond
phenomena: ~15% converted to
attosecond pulses, ~15% to
electron bunches.
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Attosecond -
e. m. pulses \ :
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a=10, 15fs, f/1,
n=25n.,



Relativistic flying mlrror and shorter pulses
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Esirkepov (2010)

Flying Mirror
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Tajima/Mourou/Moses(2010): use NIF ---ultra-relativistic imploding mirror — ys!
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The Mourou Conjecture
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“The rigider nonlinearity, the more intense to manipulate it” )
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Tajima,Mourou (PXR, 2002)
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Ultrafast science < High field science, Large-energy laser
,.MWE\. LMU';

! Ultrafast
science
(attosecond,...)

WA

High field
science

Large-energy
laser

(NIF/LMJ...)



Why quantum vacuum physics?

» Heisenberg-Euler/Casimir in

Vacuum nonllnearltles mathematical physics

4 Lk ) ) .
i e QFT in strong fields or with
" 1 [ boundaries

0 i | « functional determinants

e applied quantum vacuum physics

e quantum fluctuations as a
building block

e dispersive forces in micro/nano
IT'IE[E:hiI"IEI'}" [DEKIEVIET @ THISWORKSHOP]

¢ fundamental effect of QFT

;}—w : | f_: e (~ Lamb shift, g — 2, ...)
:-':k‘.‘*.,—- oA Ei,xlﬁm e fundamental physics
' Fa e search for new physics

e new particles or forces

H. Gies (2008)



Light Propagation in a E field.

= quantum Maxwell equation for a “light probe™ fe
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—=  magnetized quantum vacuum induces birefringence

[Ca P g TH s o =40 F

r- detection schemes: PVLAS, BMV, Q8A OSQAR, TR18-B7

Self-focusing: P, =(90/28) ¢ E?A*/a — P~ 10%* (w, (at 1p) /w)* W

(Mourou/Tajima/Bulanov (2006))
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Self-focusing in air to vacuum
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Critical power for self-focusing in matter /plasma / vacuum:
5 honlinearity

nonlinearity
P.,= mc/e*(w/w,)? ~ 17 (w/w,)* GW
nonlinearity
P, = (90/28) c EgA%/a ~ 10 (A2, )> GW

e.g. X-ray of 10keV, P, ~ 10PW
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. ‘ELI Long-term Ambition’ =
N VHVE e

Studying the Atomic Structure to the
Vacuum Structure

Molecule

Keldysh field

Schwinger intensity / Keldysh intensity = a® ~ 104
Vacuum self-focusing /y; self-focusing power ~ a® ~ 1013

Does the atomic world
Schwinger field repeat itself in vacuum?
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Self-focusing and laser acceleration in vacudi

I ULTRARELATIVISTIC ELECTRODM A I_Mu :

Partice Fick Up |Electron) on the plston, and pressurs balance yields

Ll -
o Toou 200 bt or = 4 HEL « BEB1) {10)
- Vpesa ]
'.._ .-l..“ whizre ¥, 15 the piston [tn\rn-frnnt] vaelocilty, Lhe
ph ] n sabseript w indicates that the fields, momentum,
and density are to be evaluated in the moving
amal  E - frame of the interace, and {n) and (p0 are, re-
i spectively, the average densily and momentuem al
3348 g i the leading edge of the pulse {over a length 47.-"-:1.1'_
S — in the laboratory frame), Lorentz transformations
agl—=Ee - P —— [rom the moving to the lab [rame yield
1T (7T 1141 ] Ty ITAD
e 2u il M P/ B )= L EL/YE, (11}
. Ty where the subscript L denotes laboratory frame
= | variables and the relativistic factor ¥, = [1 (e}
_ S ] et
X i 1 Our sitmulations show that {p b, = 4 p® and (),
) i R With m = 20w, (twenty times the original
w8 density) at saturation, o that
_— S = e ) W na) | [l i) sl (g ) e . (12)
gy . . With o/ w (ng) = 10 and @ in)/ wiin,,) = &, we
i iF o W s Ml M obitain
O Dy
Py ==I:i:.-"alr}|.-"'m £ pime (13}
- Tetagg”
s .
L g . .
— Laser acceleration in vaccum by
o | 5 N T .
| e self-focused X-ray crossed with laser ?
mant E. ]
e e E e e .
P Can we repeat LWFA and plasma physics

in vacuum?
Ashour-abdalla, et al. (1981) Laser vacuum acceleration with ‘snowplow’






