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Quantum mechanics -- Relativity

Particle physics in infinitesimally small
distance (such as Planck distance) vs.
‘macroscopic’ structure of vacuum?

Warping of vacuum, Structure and
property of vacuum

Extreme Field Science: Laser and
Accelerator

Single particle vs Collective effects
Special vs General Relativity



What is vacuum?
What is relativity?

An observer in a crystal as vacuum  Phonon is an excitation of vacuum  Strong field breaks vacuum

! ! !
[ (B) z=| Photon is a distortion of vacuum ete- pair production
out of vacuum
REIED [ZEENEE ]

Z |



_ k= PeV Accelerator

Table-top X-ray FEL

1000 times, ¢ . 100 GV/m

higher energy " * X
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@ . transition cross-section Era
Extfa dimension
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1960 1970 1980 1990 2000 2010
(Tajima,Mourou,2002) 4



V. Yanovsky, et al., Opt. Express 16 2109 (2008)

Here we rep the upgrade of the HERCULES laser to 300 TW output powe: .
repetition rate. To our knowledge, this 15 the first nmlt-100TW-scale laser at ugh repetibon
rate. By using adaptive optics and f'] parabola we focuse it beam mtoa l3p
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What is collective force ?

How can a Pyramid have been built?

?“[ Fi J
\ 1 a“ a a
-“r}i_ . 4',’: uf“ , fZ R \yh;” W

Individual particle dynamics vs. Coherent movement

Collective acceleration
Collective radiation (N? radiation)
Collective ionization (N? ionization)



Vacuum Breakdown
at Schwinger Field

E>0 \\
R 77 ‘\ e
e 7/ ()

2m,C?

W l ac| E 2e ( T Sj
— X —_—
7 L\ E, TE

Julian Schwinger

Pair Creation: Vacuum boiling

Note the similarity of Schwinger expression to the Keldysh atom ionization <
from the ‘structure’ of vacuum / atom



Higher order QED and QCD hep-ph/9806389

Euler-Heisenberg effective action in constant Abelian field U(1) can be expressed as

1l 7 1 «

|1t P Losno (A )————[( F? ) —(KFE)z} ——{4( F?2 ) EEF ( FF)}
/A

90
e_
If U(1)—U(1) + condensed SU(3) due to self-interacting attractive force of gluons

(04 a a
—F° —><—S<32>+—(12F2 (0]%G2|0) ~ (2.3£0.3)107GeV "
T T T T

Focus on only light-light scattering amplitude after the substitution

| o _~
Ll—IOOp . A _|_Ga = F ki —FF o)
oot B g0 t( e GFP } ?@z

1qi27z4 A 2285 ~2 Ea s (2 I\N\l
R i (St ] B 6

5 m, T q
<GG>
QCD effect dominates pure QED 1-loop vacuum polarization to light-light scattering

2 4
2nd —term _ ﬁqiﬂm4e<ng>zews muz%mdzSil.SMeV,qu2=4qd2=ﬂ
T

Ist—term 547 m’ 9

Check of Euler-Heisenberg yet to come. Any deviation from it? 8
— axion field?; extended fields( such as dark energy, Tajima-Niu, 1997, etc.)?



Some Examples of Vacuum Nonlinearities

v .
A

Radiation

laser pulse

electron E
Larmor
Radiation

Iaser pulse

Unruh radiation (Chen&Tajima (1999))

Sy,

Electron-positron pair production
in the laser interaction with the electron beam

e"+ny >y, ytny' > e+ e
Higher harmonic generation (Bula et al (1996); Burke et al (1997))
through quantum vacuum interaction

(Fedotov & Narozhny (2006))



Extra dimensional effect

based on Kaluza-Klein theory

PRD 68(2003)106005, A. Ganguly et al.
1
_ —1-+?‘F
S 16u-rG‘d+J“r IvIR
g#v+K3¢A“AI, KpA,
KpA, ¢

Ymn— (vf’ -1

- I
R<43+ OF, vy L w070

6 ¢&

Js5 couples electromagnetic field

§=

1 Jﬂ” -
167G, ) @ V78

1 20l/.G,

Extreeeemely small,
unless B is extreeeemly large
10

V=1

(K.Homma'’s slide,2007)



Vacuum Emission
Under Gravity

General Relativity

and Black Holes




Hawking radiation

What 1s ‘vacuum’? Does ‘something’ emerge from ‘nothing’?

B e I == DEES > TRR=F) 7



Radiation via event horizon

-- access to zero-point energy --

F

p Trajectory of observer with a constant

proper acceleration o (Rindler observer)

_ _ Rindler 1 and 2 are causally disconnected
Rindler 2 Rindler 1 ihtroduction of an event horizon)

X
00
$= > (aU,+a’uy)

K=—o0

+00
+ * + *
p=> OOu® +b" U + b +b® ")
k=—c0

P
Minkowski spacetime

Minkowski spacetime looks as if thermal bath
to a Rindler observer via the Bogoliubov trans.

(0, 1D 10, Yo —

e—27ra)/a _1

(K.Homma)

Optical laser as a source of acceleration | Ynruh temp.< HaWki"?{te:f;P-

o
Electron as an Rindler particle KT =— <k, T=—
27 27




Unruh vs. Larmor radiation
| =10"[W /cm*]= E ~10"[V /m] (Chen, Tajima,1999)
= kT =0.06eV = ~10eV (blue shift in lab. frame)

- Observer
Rindler frame in Rindler 1 Strong correlation between
_ absorption and emission
negative frequency despite of causal disconnection
mode in Rinder 2 G. Unruh PRD 29 1047-1056, 1984

. N lated pai
Correlated /jf Inertial frame | ; o oonc ated palf

pair radiation in background process

‘m R
»




Event Horizon Analog?,.....

Fig. 1. Fiber-optical ho- A

rizons. (A} A light pulse

in a fiber slows down in- .

frared probe fight atempt- '@

ing 1o owertake it The )’

diagrams bdow ar in the

-miwing frame of the

R T
aons. The probe i slowed

down by the pulse until s B C
group welodty matches
the pulse speed at the
points indicated by bladk
dots, esmblishing 3 white- | —d'
hole horizon at the bad
and a blade-hole horizon
at the front of the pulse.
the probe light & blue-
shified at the white hole until the optical dispersion releases it from the horizon €} Quantwm pairs. Even
if no probee light is inddent, the horizon emits photon pairs mmesponding to waves of positive frequencies
from the outside of the horizon paired with waves at negative frequendes from beyond the horizon. An
optical shodk has sieepened the pulse edge, indreasing the luminosity of the white hole.

T.Philbin et al., Science 319, 1367 (2008)



Klying Mirror
for Femto-, Atto-, ... Science

= . Rhodopsin : —
1000 times. ¢ -2.00 fs o 7,
shortér tinte ' '+, ° |

]
[ ]
resolution
" Photosynthetic
. reaction in leafs

~100 fs

# Photo-switching
of metal-te-insulator {

o I Femto-sec Beam |
P Technology |

1ps=10"s




Classical and LWEF Accelerators

E-field ., =10 MV/m
R>R, ., Synchrotron radiation

ACCELERATING _
WAVEGUIDE Plasma Waveguide

Plasma cavity

Anode

Insulator
N

1 A2 1

-y __

Cathode ¢
\ Y J « - > Plasma Wave Laser Pulse
INJECTOR Electron Bunch
RF cavity

Ultrahigh axial electric fields
Compact electron accelerators
Plasma wakefields: Tajima & Dawson (1979)
E > 10 GV/m, fast waves
Plasma channel: Guides laser pulse

(Bulanov)

and supports plasma wave



Laser x Laser:
EM Pulse Intensification and Shortening
by the Flying Mirror

Wake 1+,
Frequency: @"(f)=m, -
1- /3, cos@

Intensity: [, =y (D, /2) ],

Collimation:

—

Incident e
pulse

@, - ——m—— &~ 17y
—
Reflected e ——— N:"r?: rtga‘:flliéhe
cHy oM wave emitted
W =——M0@0, %4}’1@“ into narrow
c-v angle

A. Einstein, Ann. Phys. (Leipzig) 17, 891 (1905)

Power: P'.' =Y, s"s"F:J

Enerqy: & ® yp:é;

3D Particle-In-Cell Simulation

driver % yin __Z:z “Source | <
\ e = « 4 G/ ’ ,’/ drivey =
ll B /, oz i
- SRS -2 &l b
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—= IEAS % Rl
= s 75\._-1" | —= e
= A -
transmitted == incident e.m. (Bulanov, Esirkepov, Tajima, 2003)
ph wave




Colliding two lasers for the
flying mirror experlment

vacuum
Side View 630 um

focus center

t,=0

Driver | | “— Source
200 mJ, 76 fs 12 mJ

Top View Relativistic Microlens

», um 4500 NN W 24570 N " em’”

—

100182 — e S Driver
f Soliton LB = Ndem— =

L0

Moving spot Stationary spots

formation region 0 - o —3()
50 - :
Crossing i
i point _350L
Driver altatd ' -E
= -400
5 —450¢

50 x, um =05 5 10 05 tips] 0
(Kando et aI 2007)




» The interaction of two counter-propagating pulses is described by equations
OB +dE =inw |E [ E,
8B —d.E =inw | E [ E,
with 1, = 7(64 /45mm *)
These equations yield for Ej,- = \/f_jexp(z'@j) J=12
I =1(u), I =I(v), u=z2—-t v=z+t

B (1,0) =P (1) +(n,w /2) f” I.(s)ds

B, (u,v) =B, (uv) — (nw, /2) f I (s)ds

The pulse profiles transport without any distortion and the phases undergo
nonlinear shifts!



Laser Energy & Power Required to
Achieve the Schwinger Field

The driver and source must carry 10 kJ and 30 J, respectively
(Parameters on the order of ELI and HiPER Lasers)

Reflected intensity can approach the Schwinger limit
5 _ 1 62,03

QED
eh
It becomes possible to investigate such the fundamental problems of nhowadays physics, as e.g.
the electron-positron pair creation in vacuum and the photon-photon scattering

LLLH 1 b k /_)\‘ b 2 b dm
I = —F - = B(F F) - 14F F¥F F

\ 16p 64p + * ° ' T
‘J_\J:

The critical power for nonlinear vacuum effects is P =

for / = 1mm ityields P_% 25T 10"W
Light compression and focusing with the FLYING MIRRORS yields
for/ = 1,/4g, P = Pogph with & , # 30  the driver power Pcr t 10PW

9 P
45[72 CEQED]
a 4p

. . Mourou, Tajima, Bulanov, 2006
Laser self-focuses in vacuum with RE! ) )



Homma proposes: experimental test

Measure instantaneous variation of refractive index
iIn Electro-Optical crystal by external electric fields.

y

‘ = T(reo)Ey

Z

47zgon ‘R’

(Homma, 2007)

i
)

At ~ Ay ~ R tan(cos ' (0.5)"?)
Phase retardation

él—w__mé]_f(rEO) €

A 2¢,n° AR
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Diffraction patterns with a thin wire of 50um?

Fourier transformation of Gaussian is Gaussian with smaller waist.

Pictures taken by wide dynamic range CMOS camera

i
m|
=
1
=
L]
40

20 40 60 B0 100 120 1

7 . i
20 40 60 80 100 120 140 60 B0 100 120

No wire Horizontal wire Tilted wire Vertical wire

Spatially homogenous interferometer:
Intensity modulation of (A+3A)?2 gives contrast ~ SA/A in everywhere.

Outer diffraction sampling gives contrast close to infinity !

23
(Homma, 2007)



Past attempts via non-collider method
exploring new fields such as axion......

- ' i
S l I
= 10 = il -.rl
— r L
(@) L
e F ] I
o — W[l
>
O f—
o
107 E =
: _ __r—___._ :
| mammey :
10T = L L L L L | L_—
0.4 L1 B a8 OL7T o8 e 1

!
mass  my, [mei]

A.Chou et al.,PRL (2008) observed no signal so far (Note:claim of axion by PVLAS was withdrawn)



Example of Crossing of Laser and Beams

Kansail Research Establishment = Lasers & SPring8

SPring-88GeV e-beams X
laser(FEL)

FEL

New Paradigm for
nuclear physics and
nuclear energy

(Ejiri et al.)

Polarized et ==

(Omori et al.) — |

Photonuclear physics
Photonuclear transmutation
Polarized positrons for collider

storage ring
= 16000



Intense Laser at ATF2 Suggested
laser x accelerator

« Laser Compton Gamma Rays
nuclear resonance fluorescence,
Moessbauer spectroscopy, detection of nuclear matter, EW/S
coupled physics, gamma-gamma collider simulator
- High Y Physics
QED nonperturbative regimes, near-
Schwinger field physics, vacuum polarization and
nonlinearities
- Quantum Control
coincided modulation and scattering, beam
manipulation, femtosecond diagnosis, zeptosecond spectroscopy



ATF2 Configuration @ KEK

Electrons with y ‘see’ the EM fields compactified and
Intensified by a factor of y (and intensity | by y2)

REERBMBLAD  Tong  Vacum ;-7 AD
£ = & ﬁl 0 O OEE A o OO =m0
= L = % Eovan or—iman
Accelerator Test facility Finial Focus [ ATF2 ] AREA I
. EEL t 3 B ~ E b $es = R = 5 = B £ 2 [
o N L1 g TN 3 33 5 3 31 i @ Of H

y~2.5x 103
| =102 W/cm? ----- = | = 10% & Schwinger field)



Conclusions

Extreme fields of laser: a new tool for particle and
field physics

Beyond collider paradigm?

Laser x Accelerator: window into new regimes

Is anything beyond standard theory? Verification of
Euler-Heisenberg theory, axions, dark energy,...?

s ¢ constant?

Collective effects important for laser acceleration,
vacuum study, ...

More study of relativity expected, needed
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