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Extreme Field Limits : 

Nonlinear QED Vacuum

Towards studying of nonlinear QED effects with high power lasers. 

Radiation dominated & QED regimes in the high intensity

electromagnetic wave interaction with charged particles & vacuum.

Schwinger (Sauter, Bohr,é) field

2 3 2
29

2
10

4

e S
S S

m c E W
E I c

e cmp
= = º



Extreme field limits

Thecritical electricfield of quantumelectrodynamics,calledalsotheSchwingerfield, is sostrong

that it produceselectron-positronpairs from vacuum,convertingthe energyof light into matter.

Sincethe dawnof quantumelectrodynamicstherehasbeena dreamon how to reachit on Earth.

With the rise of the lasertechnologiesthis field becomesfeasiblethroughconstructionof extreme

powerlasersor/andwith thesophisticatedusageof nonlinearprocessesin relativisticplasmas. This

is one of the most attractivemotivations for extremepower laser development,i.e. producing

matterfrom vacuumby purelight in fundamentalprocessof quantumelectrodynamicsin the non-

perturbativeregime.

The laserwith intensity well below the Schwingerlimit can createan avalancheof electron-

positronpairssimilar to a dischargebeforeattainingthe Schwingerfield. It wasalsorealizedthat

theSchwingerlimit canbereachedusinganappropriateconfigurationof laserbeams.

The regimesof dominant radiation reaction,which completely changesthe electromagnetic

wave-matter interaction,will be revealed. This will result in a new powerful sourceof high

brightnessgamma-rays. A possibility of the demonstrationof the electron-positronpair creationin

vacuumin a multi-photon processescan be realized. This will allow modelingunder terrestrial

laboratoryconditionstheprocessesin variousastrophysicalobjects.

An ultra-relativistic electronemits Cherenkovradiationin vacuumwith an inducedby strong

electromagneticwaverefractionindex largerthanunity. During the interactionwith this wavethe

electronalso radiatesphotonsvia the Comptonscattering. SynergicCherenkov-Comptonprocess

canbeobservedby colliding laseracceleratedelectronswith ahigh intensityelectromagneticpulse.



Extreme Field Limits

https://www.eli-beams.eu/projekty/hifi/
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Laser-matter interaction transition from the relativistic regime to dominant radiation

friction andnonlinearThomsonscatteringthroughthelimit whenquantumelectrodynamics

comes into play and to electron-positron avalanche/cascadedevelopment, towards

nonlinearvacuumwith electron-positroncreationandnonlinearvacuumpolarizationwhile

theEM field intensityincreases.

Schematic of nonlinear QED processes 
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Electron Motion in High Intensity EM Wave

Dimensionless amplitude

At  a=arad emitted energy becomes equal to the 

energy received from EM wave.

When the recoil of the emitted photon is significant, the emission probability is 

characterized by ceparameter (Lorentz and gauge invariant)

At the QED effects come into play
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Curves IR(w), IQ(w) and IR-Q(w) , IQ-R(w) subdivide 

(I, w) plane to 4 domains: 

I) Relativistic electron - EM field       

interaction with neither radiation  

friction nor QED effects

II)  Electron - EM wave interaction is  

dominated by radiation friction 

III) QED effects important with

insignificant radiation friction effects 

IV)  Both QED and radiation friction 

determine radiating charged particle  

dynamics in the EM field

Four Interaction Domains
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Radiation Friction Force:

Lorentz-Abraham-Dirac, 

Pomeranchuk, 

Landau-Lifshitz, é



Basic Equations: Minkovski & Maxwell Equations

Minkovski equations:                                          where    
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Intensity of radiation emitted by electron is given by

In circularly polarizedEM wave (in plasma), whose 

amplitude is equal to                      electron energy 

losses are

For linearly polarizedwave we have

Radiation Losses
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LAD -form of radiation friction force

Equationsof electronmotion are:

Radiationfriction force is givenby

Here , is propertime:

4-velocity is

and is 4-tensorof EM field
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Covariant and 3D forms of L-L expression

Radiation reaction force in the Landau-Lifshitz approximation (L -L II, §76):
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ñPomeranchukTheoremò

We consider the electron colliding with the EM wave given by 

Retaining the main order terms in the L-L radiation friction force, 

we obtain equation for the x-component of the electron momentum

Its solution is 
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Radiation friction effects on charged particle motion
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Radiation friction effect on electron dynamics 

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

Here     and    are the components of the electron momentum 

parallel and perpendicular to the electric field. 

We assume here that the wave is given.

Neglecting the change of the     ïcomponent (near-critical plasma density), 

we obtain

with the energy balance equation 

The QED parameter  is given by
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Electron trajectories 

Dependence of      and       (a,b),      and      (c,d) and         and       (e,f) 

on time for                   and                      .

(a,c)                        ,   (d,e)                          . 
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Integral scattering cross section 

Stationary solutions

The energy flux reemitted by the electron is equal to                , 

which is                                       . 

The integral scattering cross section by definition equals the ratio 

of the reemitted energy flux to the Poynting vector magnitude:

Here      is the Thomson scattering cross section                                            .

More convenient formula is 
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Cross section sand electron energy ge v.s. EM wave amplitude  
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High Power Gamma Flare 

Generation



High Power Gamma-Ray Source

T. Nakamura et al. Phys. Rev. Lett.108, 195001 (2012)

K. V. Lezhnin, et al.,  Phys. Plasmas 25, 123105 (2018)

Applications

Photo-fission cross-section and pair 

production cross-section in uranium 
[J. Galy, et al., New J. Phys. 9 (2007) 23]

ÅPhoto-nuclear reactions

ÅElectron-positron pair creation

ÅMedicine

ÅMaterial sciences

Åééé.

ÅRadiation safety

Concept of high power gamma-flash generation:
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Simulation setup

EPOCH: T. D. Arber et al.,  PPCF 57, 113001 (2015) 



Preplasma

T. Zh. Esirkepov, et al.ò Prepulse and amplified spontaneous emission effects on the Interaction of a petawatt class laser with thin solid targetsò, 

Nuclear Instruments and Methods in Physics Research A 745, 150 (2014)

Density of aluminum target (g/cm3) after 1ns of 

irradiation by prepulse with a 2 ɛm spot FWHM 

size, and intensity 2x1011 W/cm2. Below is density 

along x-axis (solid curve) and initial target profile 

(dashed curve).  

Density of iron target (g/cm3) after 3ns of irradiation 

by prepulse with a 2 ɛm spot FWHM size, and 

intensity 2x1011 W/cm2. Below is density along x-

axis (solid curve) and initial target profile (dashed 

curve).  



Optimal conditions for gamma flare generation (Hydrogen)
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Optimal conditions for gamma flare generation (Gold target)
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a) Electron density and 

laser intensity

b) electron x-px phase 

c) ion x-px phase. 
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Pulse self-focusing, hole boring, electron heating, and ion acceleration

t = 400 fs
Iron target 

(Z=24)

Optimal conditions for gamma flare generation (Iron target)
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a) Electron density and 

laser intensity

b) electron x-px phase 

c) ion x-px phase. 
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Pulse self-focusing, hole boring, electron heating, and ion acceleration

t = 400 fs
Tilted iron 

target (Z=24)

Optimal conditions for gamma flare generation (Tilted Iron target)



Photon generation efficiency 
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Multi -parametric analysis of target & laser pulse



3D simulations of gamma flare generation

10 PW, 50 fs, 40 micron corona





Kinematics of inverse multi-photon Compton scattering in vacuum

i.e.

Recoil at imposes constraint on the photon energy :  

The energy - momentum conservation equates the sum of  e

Nonlinear Thomson scattering  
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Inverse multi-photon Compton scattering in collisionless plasma

The energy - momentum conservation equates the sum of  electron 

and  photon energy - momentum before and after scattering

whereIn collisionless plasma    
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Nonlinear Electromagnetic Waves

in the QED Vacuum


