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The onset of quantum effects is controlled by 
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According to Bohr [67] it is impossible to produce a field strong enough to impart
on an electron energy of mc2 over the Compton length. This hypothesis has not been
confirmed or rejected yet because the existing fields in the laboratory are orders of
magnitude smaller than Es. Nevertheless, we can observe the nonlinear quantum
effects in weaker fields E ⌧ Es by using ultra relativistic particles with momentum
p ⇠ mcEs/E in carefully chosen direction such that the field in the particle rest frame
approaches the value of Es. Regardless of the field form in laboratory frame, in the rest
frame of a relativistic particle the background electromagnetic field can be represented
as a field of a plane wave to a certain approximation. This motivated a lot of research
in understanding the interaction of plane waves and particles performed by Ritus and
Nikishov and others ( [68] and references therein ).

The probabilities of various processes in an electromagnetic plane wave are based
on Volkov [69] states where the quantum-transition probability is evaluated taking
into account the interaction between the particle and the background wave exactly.
The interaction of photons emitted with the particles is then accounted for by pertur-
bation theory. The total probability of a process by a single particle is relativistically
invariant and depends on two invariant parameters:

a0 =
eE

mcw0
, c =

q
(pµFµn)2

Es mc
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The parameter a0 is known to us as normalised vector potential, and represents the
work performed by the field over one wavelength divided by electron rest energy mc2;
it can also be presented as the ratio of the field work over the Compton length to the
energy of the field quantum h̄w. The average kinetic momentum ( or quasi-momentum
) of a particle in a plane wave is given by

qµ = pµ +
a2

0 m2c4

2 (k · p)
kµ (2.4)

where pµ is particle 4-momentum outside of the wave, m is the particle mass kµ is the
wave 4-vector and k · p stands for the scalar product kµ pµ. In the presence of a field
like this, the conservation laws apply to the quasi-momentum instead of the initial 4-
momentum of the particles. As a consequence of modified 4-momentum, the effective
mass of the particle in a background plane wave becomes

m2
⇤ = m2(1 + a2

0). (2.5)

At a0 � 1, the probabilities of the processes in a plane wave reduce to the ones in
constant electric and magnetic fields where ~E ? ~B and E = B. These probabilities

CHAPTER 2

QED RADIATION REACTION AND CASCADES

2.1 INTRODUCTION

In the previous chapter we have dealt with classical radiation reaction, the first correc-
tion to the linear Maxwell electrodynamics in the presence of strong electromagnetic
fields. This chapter introduces quantum effects in the analysis of particle dynamics in
strong fields and is mainly concerned with the transition regime between the classical
and quantum radiation reaction.

To identify if the interaction is classical or not, we can use the characteristic value
of electromagnetic field in quantum electrodynamics:

Es =
m2c3

eh̄
=

mc2

elC
(2.1)

which is called the Schwinger field [60]. This field performs a work equal to elec-
tron rest energy mc2 over a Compton length h̄/mc and corresponds to the intensity of
⇠ 1025 W/cm2. It enters as a characteristic parameter in nonlinear quantum electro-
dynamics effects which reach their optimum values in fields on the order of Es.

The interest in physics at high intensities rises in the very beginning of quantum
electrodynamics when Klein [61] showed there is probability of passage of a Dirac
electron through an arbitrarily high potential barrier, which Sauter [62] showed to be
exponentially small if the electric field inside the barrier is small compared to E ⌧ Es
and on the order of unity only at E ⇠ Es. Nonlinear effects in quantum electrody-
namics were further analysed by Euler, Heisenberg, Weisskopf, Schwinger [63–66]
and many others. One of the most striking nonlinear effects predicted was electron-
positron pair production in vacuum whose probability was calculated by Scwinger
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depend on the parameter c, and also on the field invariants f = F2
µn/E2

s and g =
F⇤

µnFµn/E2
s . If the conditions:

f , g ⌧ 1; f , g ⌧ c2 (3.6)

are satisfied, the QED probabilities can be considered a function of c only and the
contribution of the invariants f , g can be neglected. The first condition in (3.6) is
trivially satisfied because all the fields we can achieve are orders of magnitude smaller
than the Es, while the second condition depends on the particle energy and is more
easily satisfied for relativistic particles [124].

The interaction of an electron with the field of an intense electromagnetic wave
leads to effects that have a nonlinear dependence on the photon number density if
a0 & 1, and to nonlinear quantum effects if c & 1. The simplest example of such a
process is the photon emission by an electron which has a classical limit.

Many different QED processes can occur in the presence of strong field. However,
in this work, we are interested in studying the processes with highest probability in
QED cascades [133]. These are photon emission by particles in a strong electromag-
netic field and the Breit-Wheeler pair production by energetic photons in the presence
of the strong field. Other possible processes such as the trident process [134] or spon-
taneous pair production in vacuum (described by Eq. (3.2)) have substantially lower
probability rates and therefore will not be considered here.

The c parameter determines if classical or QED interactions dominate the physics
and was defined by Eq. (3.3) for electrons, but this definition can be extended to pho-
tons by using the wave 4-vector kµ instead of particle 4-momentum pµ:

cg =

q
(h̄kµFµn)2

Es mc
. (3.7)

For electrons, we can also express ce as a function of 3-vectors and the background
electric and magnetic field vectors:
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The differential probability rate of photon emission by nonlinear Compton scatter-
ing is then given [135–137] by
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where c̃ = 2x/(3ce(1 � x)) and x = cg/ce. This gives a total radiated power of
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Highest value of      is obtained for relativistic particles counter-propagating with a laser
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LUXE could achieve up to 70% conversion efficiency to gamma-rays, and potentially reach a chi~2 

How much energy can be converted from e- to photons in a
laser - electron beam scattering?

Relative energy loss as a function of electron initial energy and 
the laser intensity (30 fs lasers, one micron wavelength)*
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* M. Vranic et al., PRL 113, 134801 (2014)
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Energy is around 2-3 GeV, divergence below 3 mrad

Distribution of positrons: angle vs. frequency

a0=5 a0=7

a0=10 a0=15
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A fraction of radiated photons decays into electron-positron pairs

positron
electron

Positrons: energy vs angle

10 GeV e- beam
Laser I = 1020 W/cm2

1 nC electron beam gives 
~ 0.2 pC of positrons

Example for FACET-II parameters
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How many BW pairs to expect in LUXE?

Estimate based on a published scaling for a 30 fs pulse 

# positrons ~ (0.001 - 0.01) # electrons 

T. Blackburn et al., PRA 96, 022128 (2017)

Assuming laser intensity I~1020 W/cm2

Our modeling capabilities

• Full-scale QED-PIC simulations for 
the laser-electron beam scattering 
configuration.  

• Modeling of the photon-laser 
collision for the bremsstrahlung 
configuration. 


