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N\~ IMU:

1. Ever higher intensity lasers
2. Ultrafast optics toward attosecond science
3. How can we reduce the pulse length?

Answer---- intensity!
4. ‘Intensity - Pulse Duration Conjecture’
. Examples of attosecond pulses and beyond
. Confluence of ultrafast optics

and high field science

/. Atom streaking In as — vacuum streaking in zs
8. Attosecond metrology of

v signals at the energy frontier
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Ultra Relativistic Optics
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Intensification of Laser 4

AV~ LMU;

1= J/t

2 paths:
#1 . Increase the laser energy
(or fluence J); the larger, the better
#2 . decrease the laser pulse length z;
the shorter, the better
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CALA Infrastruktur und Hauptanwendungsfelder
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. Does = J/l hold?

One of Attosecond Lab missions: reduce t
From trivial statementof I=J/1

l

The nontrivial assertion:

“In order to compress the pulse further,
we need to increase the intensity of laser”

Is this true?

We cannot find a proof!




The Conjecture @
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Nonlinearities in atom, plasma, and vacuum
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Vacuum nonlinearity

Atomic nonlinear
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Relativistic nonlinearity under intense laser

M E~ L

free of binding potential , but its electron responses:
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a) optics : v<<c, b) Relativistic optics: v~c
ay<<I: ox only a,>>1: 0z >> ox
ed, eE A d Z
dy = 2 >
mc
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mc

nonlinear dz~a,’

Electric Magnetic
field field Sx~a,
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Corkum and Krausz (2007)
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Isolated attosecond electromagnenc @)

Relativistic oscillating mirror of solid surface

Nees et al., J. Mod. Opt. 52, 305 (2005) a,=3, 1=3fs, /1, n=1.5n,



Self-induced concentration of <)
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a,=3, t=5fs, f/1, n=4n,

At peak
Intensity

volume:
™ 1038

N. Naumova, J. Nees, G. Mourou, Phys. Plasmas 12, 056707 (2005)
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. Sold plasma HHG (The Setup)
N v“vm =

VUV/XUV
spectrometer

DLC foil

particle

spectrometer

driver laser

-———I7\Grating

OMCP+CCD

R. Hoerle

In (2010)

 Laser incident normally onto
target
 Collection of XUV-light with
spherical mirror
» stronger signal for first test
» loss of spatial information
* Observable spectral window
limited
to harmonics 6 to 16
« Gold mirror and grating have
polarization dependent
reflectivity
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The Coherent Wake Emission
M\~ M

(R. Hoerlein, 2010)
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U. Teubner, ef al., PRL, 92, 185001 (2004) F. Quére, et al., PRL, 96, 125004 (2006)



AP PHOMOLIE" MMM
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Linear Polarization

Target Thickness Dependence

Hoerlein(2010)
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Harmonic Order _
Relativistic oscillating mirror

M. Zepf: up to 3200" harmonics
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tron ejection Is synchronized =
] 3 ith attosecond pulse generation
Efficiency of attosecond
Escaped relativistic electrons phenomena: ~15% converted to

« compress the reflected attosecond pulses, ~15% to
radiation into attosecond y electron bunches.
pulses and 3t Attosecond ;

« inherit a peaked density 2§ e. M. pulsess
distribution. : \ j

+ Complete modulation of 1} N \ \
e.m. field occurs. Thisis 0ot W 1 iy
relativistic microelectronics 1§ ; AttosecHiid

- I e  bunches |

-1 0 1 2 3 4 5X

a=10, 15fs, f/1,

Naumova et al., Phys. Rev. Lett. (2004) n=25n



Relativistic flying mlrror and shorter pulses @2
AV | i

Esirkepov (2009) --- Einsteirh’s flying mirror made of LWFA

Laser Piston Flying Mirror (LWFA)
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Ultrarelativistic imploding mirror
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OkeVcoherXuVv

\ﬂ;ng :
10, '\/ eV coherent y
100ys
Ultre 7Istic iImplosion X Einstein’s flying mirror
> Esirkepov et al (2004) Bulanov et al (2003)

Large energy laser — — Ultrfast y rays

Tajima/Mourou/et al(2011): use NIF ---ultra-relativistic imploding mirror — ys
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MJ laser—Zettawatt—ultrashort pulse

Tajima,Mourou (P[F{, 2002)
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Ultrafast science < High field science, Large-energy laser
i LM
““‘/V}v“lvm, e

High field
sclience

| Ultrafast

science

ELI pillars: (attosecond,...)

attosecond science

high energy beams

photonuclear physics

high field science
CALA missions

Large-energy
laser
(NIF/LMJ...)
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@)z
1@reakmg of atomic electron ;=

Keldysh field and beyond
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E. Goulielmakis et al (2008)
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Self-focusing in air / vacuum
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Critical power for self-focusing in matter /plasma / vacuum:
15 honlinearity

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

e.g. X-ray of 10keV, P, ~ 10PW
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Studying the Atomic Structure to the

(Mourou)

Vacuum structure

\Vacuum Structure

Keldysh field

Srchwinger intensity / Keldysh intensity = o¢ ~ 1014
Vacuum self-focusing /y; self-focusing power ~ o ~ 101

Does the atomic world
Schwinger field repeat itself in vacuum?



Streaking vacuum (1)

(from atomic physics to vacuum physics) 1

vacuum

Gamma photon ‘ionization’
streaking
—zeptosecond dynamics
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Uiberacker et al. (2007)
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Laser streaking Multiphoton:  casain
— attosecond dynamics Wi= S g ) + Wem g Wi w3el (6
PRL 102, 150404 (2009) PHYSICAL REVIEW LETTERS | eck ending
atO m Momentum Signatures for Schwinger Pair Production in Short Laser Pulses

with a Subcycle Structure

F. Hebenstreit,' R. Alkofer,' G. V. Dunne,” and H. Gies®



Streaking vacuum 2 (learning from atoms)
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Atoms:
Keldysh field E, = Wg/ag

Goulielmakis(2008)

Keldysh parameter y, ;- =

Vacuum:
Schwinger/Nishikov field

Esy = Eg, (M C%hw)

Scwinger field

Ese = o Eg

Q_p -

e
Yve = m c/eE =1/a,
where o = e, or g (quark)

Streaking resolving power (Itatani2002; Kienberger 2004).
At = N(hiwm/edp,) ~\[(hwle,)/ay] /o ~ zs

real spacetime mapping (instead of spectroscopy) of

structure/dynamics of vacuum (QED and perhaps QCD)



Suzuk|(2009) (an aecelerator lab DG) ‘s challeng " Photosynthet|c
5 odopsin ctlon in leaves

\b\’;\"z . \\

o~

1
i

10Q0 time's ¢

shorter time " %,

resolution

® Fast to- cwlfrhmn

® of metal-to- msulator
~1ps

Femto-sec Beam
Technology




A. Suzuki (KEK)'s Challenge:
1000 times 1 PeV/

higher energy
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Wakefield toward extreme energy of PeV @2
W\ MU
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Electron energy (Me

K- PeV A cce/er'd for

Pt o

Adopt:
NIF laser (3MJ)

> um|  _ 0.7PeV

(PTP2011 with Kando, Teshima)




y-ray signal from primordial GRB

LETTERS NATURE
> [ . -
g Einstein’s relativity?
S O | rra: 1o Energy-dependent
20 2 photon speed ? | |
09 B SN . ' c:F SR P Observation of primordial
bt Gamma Ray Bursts (GRB)
% fal ._ g (limit is pushed up
) N Y o close to Planck mass)
3 Do, ¥ oo}
8 g 52- | -5.000 ¢
MR ] [ !
:g :-‘I_!AT “‘;" : : | - | ] l-41:!0 ;j; Lab PeV y (from e-)
2§ ] | 5§||‘Mm|| TInG can explore this
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3§l ] g with control
R I . B llngm ke

Time since GBM trigger (10 May 2009, 00:22:59.97 uT) (3)

Figure 1| Light curves of GRB 090510 at different energies. a, Energy lowest to highest energies. f also overlays energy versus arrival time for each



Feel vacuum texture: PeV energy vy E@QE
:

M~ MU

Laser acceleration — controlled laboratory test to see guantum gravity texture
on photon propagation (Special Theory of Relativity: c,)

Coarser,
lower energy
texture

Finer,
higher energy
texture

«— (0.1PeV) )
{1 PeVy(converted frome")
1km "« (1PeV : fs behind)

goalline



Attosecond Resolution of PeV y Arrivals £

. },‘ Q @ LMU:
Goalline” detection (Kando, 2011)

» > Y energy

v detector

«—r R, =exp - 3)2)(E)
At e V3l E /)

ee* induced by
laser tirggered by y

X

High energy y- induced Schwinger breakdown (Narozhny, 1968; Baier 2010)
CEP phase sensitive laser: electron-positron acceleration

Attosecond electron streaking

v- energy tagging possible



Conclusions ol
NN LMU:
. In order to reduce the pulse length,

we need to increase the intensity
Ultrafast Optics < High Field Science
. Highest energy laser — Shortest pulses
Attosecond — Zeptosecond
. Vacuum physics can learn from Atomic physics
e.g. laser streaking of atom
. Vacuum _physics < Atomic physics




(Mourou, 2010)




