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Extieme Field Limiis:
Nonlinear QED Vacuum

Towards studying of nonlinear QED effects with high power lasers.
Radiationdominated & QED regimes in the high intensity

electromagnetievave interaction with charged particles & vacuum
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Extreme field imits

The critical electricfield of quantumelectrodynamicsgalledalsothe Schwingerfield, is so strong
that it produceselectronpositronpairs from vacuum,convertingthe energyof light into matter

Sincethe dawnof quantumelectrodynamicsherehasbeena dreamon how to reachit on Earth

With therise of the lasertechnologieghis field becomedeasiblethroughconstructionof extreme
powerlasersor/andwith the sophisticatedisageof nonlinearprocesse relativistic plasmasThis

is one of the most attractive motivationsfor extremepower laser development,.e. producing
matterfrom vacuumby purelight in fundamentaprocessof quantumelectrodynamicsn the non

perturbativeregime

The laserwith intensity well below the Schwingerlimit can createan avalancheof electron
positronpairssimilar to a dischargebeforeattainingthe Schwingerfield. It wasalsorealizedthat
the Schwingeiimit canbereachedisinganappropriateconfigurationof laserbeams

The regimesof dominantradiation reaction,which completely changesthe electromagnetic
wavematter interaction, will be revealed This will result in a new powerful sourceof high
brightnesggammarays A possibility of the demonstratiorof the electronpositronpair creationin
vacuumin a multi-photon processegan be realized This will allow modelingunderterrestrial
laboratoryconditionsthe processes variousastrophysicabbjects

An ultra-relativistic electronemits Cherenkowvradiationin vacuumwith an inducedby strong
electromagnetievave refractionindex largerthanunity. During the interactionwith this wavethe
electronalso radiatesphotonsvia the Comptonscattering SynergicCherenkovComptonprocess
canbeobservedy colliding laseraccelerate@lectronswith a high intensityelectromagnetipulse



Extreme Field Limits
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Schematicofmoniinear QEDprocesses
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Lasermatter interaction transition from the relativistic regime to dominant radiation
friction andnonlinearThomsonscatteringhroughthe limit whenquantumelectrodynamics
comes into play and to electronpositron avalanche/cascadeevelopment, towards
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the EM field intensityincreases

FRel ——— configuration
| sophistication




Dimensionless)parameters

1. Normalized EM wave amplitude
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Electron Motion in High Intensity EM Wave

4 regimes Dimensionless amplitude
a t a=eE/m,wc
RR RR,Q At a=a_, emitted energy becomes equal to the
Y energy received from EM wave.
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When the recoil of the emitted photon is significant, the emission probability is
characterized by _parameter (Lorentz and gauge invarjant

Xe = (e/ES)[(E+ B X B)? — (B - E)?]1/?

At ¢.> ¢ ° the QED effects come into play



Four Interactiom Domains
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Radiation Friction Force:

Lorentz-Abraham-Dirac,
Pomeranchuk
L andau-Lifshitz, =




Basic Equations: Minkovskii & Maxwelll Equations
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Radiation Losses
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LAD-form of radiatiom frictionforce:

A
Equations of electron motion are ke
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Covariant and 3D forms of L-L expression

Radiation reaction force in the Landau-Lifshitz approximation (L -L Il, 876):
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APomeranchuk THheeon¥ e mo

We consider the electron colliding with the EM wave given by >¢z,.m;ﬂ
3(t- X/ 9 _° a(29 g
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Retaining the main order terms in thd_lradiation friction force, ’
we obtain equation for thecomponent of the electron momentum
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Radiation friction effects on charged particle motion

Equations of electron motion

du” e
ds ¢ b+
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S.

Radiation friction effect on electron dynamics

In order to describe the electron motion we write the electron momentum as

ag 6 1a O 0 b
%” % Og cost ) sin(f) ng
&, 2 0&-sin¢) cos(f) g2

HereQg, and. are the components of the electron momentum E

parallel and perpendicular to the electric field.

We assume here that the wave is given.

Neglecting the change of tlggeT component (neagritical plasma density),

we obtain &

q/\ - q| = eradcae( Q é eg Eﬁ'% (l Ci\)-
e
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with the energy balance equation

The QED parameter is given by

ultrarelativistic electron interaction with electromagnetic wave



Electron trajectories
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Integral scattering cross section

Stationary solutions

The energy flux reemitted by the electron is equat (o GE) ,
whichis ° €,G.( 9mc waq +4 q)
The integral scattering cross section by definition equals the ratio
of the reemitted energy flux to the Poynting vector magnitude:

a

5= §G( Jer

ca

Heres: is the Thomson scattering cross secti®n=28 p; /3 =6.65 10 cm

More convenient formula is

_ 4 og
TN

Ya. B. Zel'dovich, Sov. Phys. Usp. 18, 97 (1975)
S.V. Bulanov, T. Zh. Esirkepov, J. Koga, and T. Tajima, Plasma Phys. Rep. 30, 196 (2004)
T. Nakamura, J. K. Koga, T. Zh. Esirkepov, M. Kando, G. Korn, S. V. Bulanov, Phys. Rev. Lett. 108, 195001(2012)



Cross section s and electron energy ¢, v.s. EM wave amplitude
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High Power Gamma IRlare
Generation




High Power GammaRay Source

Concept of Inigh powergammeilash genetation:

- 3 Energy of photons emitted via NTS
scalesas, =hw , °h wj .
Electron energy is of the order nf ¢ a
Photon energyisintle - r ay a>a0n
with intensityabove 10°* W/an? .
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Simulation setup
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Preplasma

preplasma
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Optimal conditions for gamma flare generation (Hydrogen)
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Optimal conditions for gamma flare generation (Gold target)
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Optimal conditions for gamma flare generation (lron target)
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Optimal conditions for gamma flare generation (Tilted Iron target)

10PW ¢, =150fs /=1 m A 25 nm l, 80 mm(ELI-BL L4

las

( 1e28 29 \ ( \
20 - 20 - - 3.2 1019 A Electron
S ' c 2.4 °
3 0 " 1.6 $ o / P Photon
o = - 0.8 o> - " [ 0.8 \n 10%7
_ Y _
:_E 0 20 40 60 80 100 120 g0 :—E 0 40 60 80 100 120 00 T;J
© x [wlen] - x [wlen] t 1015
- i - ) ©
g E e g E o &
8 % 2 0.006 N 8 % %E(: & * 1013_
0.004
— O 002 < o f A
In < 1800 :\0" I < 180f )n° 11 ‘.““AA
- o \ +— ; 10+ T
o \\ // A : ‘
v 7 1 ' 8 2 B 0 250 500 750 1000 1250
. 270° 270° Y,

Energy [MeV]

204 - 226 Tilted iron 7 X} 7 \] %/ N]
Y / 181 targ et (Z:24) 180) /‘0= 160 /0, 10 {/W
_ i ;36 a) Electron density and il // AN /4 & /4

\
—

1
N
o
S
7y

J

c
]
= 0
= . .
| ; 45 laserintensity E < 10MeV E > 10MeV E > 100MeV
-20 . 4 , , 0 b) electron x-px phase
O 20 40 60 80 100 120 c) ion x-px phase. 1.0 —— Laser
x [wlen]
0.8 —— Photons
w00 106 100000 10 —~ —— Particles
| 3
1500 101 80000 { = © 0.6
'S 1000 [1014 T 60000 i 1013 -
E ' E 12 >
3 500 108 x 40000 10 9 0.4
1012 20000 101t L
0 v 1011 0 1010 0.2
-500 . B i
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0.0
x [wlen] x [wlen] .

_ _ _ _ _ 200 250 300 350 400 450
\Pulseself-focusmg, hole boring, electron heating, and ion acceleratlon) \_ Time (fs) )




Photon generation efficiency
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Conversion rate, %

Conversion rate, %

Multi -parametric analysis oftarget & laser pulse

Aw=5X, 30 fs laser pulse
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150 fs laser pulse, L, =80
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3D simulations of gamma flare generation

10 PW, 50 fs, 40 micron corona
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Kinematics of inversemimuli-photon Compton scatteiingiin wacuum

Nonlinear Thomson scatteringiw, ~ 0.3fiwga, i.e.N,, = a;

- ~ 2 . . .
Recoil athw, ~ mc“a, imposes constraint on the plmoémergy :

8, < 8, = mc/ hw,
The energy - momentum conservation equtdtesum of kectron
and photon energy - momentum before diel @cattering
MC*y + hw, = MC*y, + N Jw, P +HK =p,+ N JK,
In vacuumy® =k’ It yields
i, = NopfiooP, o + m.c’y,)
N nfiwy, +mMLCy, — P, L£SING + (hw, — 9|,00 cosf
Maximum photon energyw ~ mecz|q|,0 energy in the heaah collision.

In the receding configuration, for co -qmagating electron and laser pul

the scattered photon energy is well d@llithe incidenphoton energy.

F. Ehlotzky, K. Krajewska, and J. Z. Kaminski, Rep. Prog. Phys. 72, 046401 (2009)
C. Bula, et al., Phys. Rev. Lett. 76, 3116 (1996)



Inverse multi-photon Compton scattering in collisionless plasma

The energy - momentum conservation equtdtesum of electron

and photon energy - momentum before dtel @cattering

ML’y + hw, = mgCh, + N iw,, P+ Ak, =p,+ N7k,

In collisionless plasmav” = k’c® + ., wherew;, = 4mne”/ m \/1+a;
Assumingu, = @, (electron - e.m. wave interactatrcritical surface) we obtai

N phhw0(hw0 + meCZ’Yo)

hw, = 2 -
N, iwy, + MLy, — P, [£SIn6 — p ,cCost

Maximum photon energiw. ~ m.c*y,.
Elecrcn momentump, , = mca,, P, = mMC&/2
Gamma photons are emitted at the adgle

—a,/ po<0,<af P,
being confined within thengl e

AO, ~ J(L+a’)mic’/ pf, + N _ Aw,/ mc
a 0 e [,0 ph 0 e
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