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Signatures of  radiation reaction in 
laser – electron - beam and 
laser - plasma interactions
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Why the problem of radiation reaction becomes important now?
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N. D. Powers, et al.  Nat. Photon. 8, 28 (2014)
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Energy loss channel in laser-plasma interaction: 



Quantum radiation dominated regime in Compton scattering

ε=1 GeV
ω=1.5 eV
I=5x1022 W/cm2

ξ=154; χ=1.8; RQ=1

Emission of 16 photons

Contribution of more photons 2%

Number of photons 10 keV-1MeV:
(N0-NRR)/N0~40%

Di Piazza, KZH, Keitel PRL 105, 220403 (2010) 

Typical modification of spectrum in the quantum regime
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Outline

• Radiation reaction. Radiation Dominated Regime

• Multiphoton Compton scattering

• Properties of the radiation spectra in dependence of 
the driving laser pulse duration

• Radiation reaction impact on plasma instabilities

• Conlcusion
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• How to distinguish trident pair production from the 
cascade
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In the relativistic domain a regime is 
possible when radiation reaction force 
is not perturbation in the Lab frame

Radiation Dominated Regime
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Multiphoton Compton scattering
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Quantum effects in multiphoton Compton scattering 

Quantum regime: emitted photon recoil is significant

Classical regime
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Radiation Dominated Regime     

The characteristic emitted photon energy:

The probability of a photon emission on a coherence length:

Number of coherence lengths on a laser period :

Phase interval for a coherence length:

Number of emitted photons during a laser period :

The electron radiative energy loss 
during a laser period:

Radiation Dominated Regime 
(RDR):

Classical RDR:
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Electron trajectory

Angle resolved radiation spectra

2 / /cc   

Di Piazza, KZH, Keitel, PRL 102, 254802 (2009)

Radiation dominated dynamics in Thomson scattering

109 electrons in beam
104 photons per pulse below 90o

1% of electrons contribute

2 2
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γ=80  a0=150   I~5x1022 W/cm2
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Robust signature of quantum radiation reaction 
parameters



F
ro

n
ti
e

rs
 o

f 
In

te
n

s
e

 L
a

s
e

r 

P
h

y
s
ic

s
, 
K

IT
P
, 
A

u
g
 4

-2
2

, 
2

0
1

4

13

Classical equation of motion with quantum radiation

Electron dynamics in the laser field is classical, but radiation is quantum mechanical.

Radiation is determined by the electron local characteristics

A. I. Nikishov, V. I. Ritus, JETP 1964 
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Classical equation of motion with quantum radiation

I. V. Sokolov et al. PRE 85, 036412 (2010) 

Electron dynamics in the laser field is classical,  the radiation is quantum mechanical.



Radiation angle resolved spectra
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Jian-Xing Li, KZH, Keitel, PRL, 113, 044501 (2014)

For each ϑ there 
is φ, where the 
radiation energy 
is maximal.



Robust signatures of quantum radiation reaction for nonlinear Compton 
scattering in focused ultrashort laser pulses
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Jian-Xing Li, KZH, Keitel, PRL, 113, 044501 (2014)



Robust signatures of quantum radiation reaction for nonlinear Compton 
scattering in focused ultrashort laser pulses

The RR signatures in 
the classical RR 
regime: 
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The single electron's dynamics in a counterpropagating laser 
pulse. The dash, solid, and dash-dotted lines correspond to 
the results calculated with 1, 1.5 and 5 laser cycles pulse 
duration, respectively. 

Explanation of spectral features in RDR
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Impact of radiation reaction on Raman scattering of an 
ultraintense laser pulse in plasma

Nonlinear mixing of Raman sidebands due to radiation reaction
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Radiation reaction force induced nonlinear mixing of Raman sidebands of an 
ultraintense laser pulse in plasma

Raman scattering:

Radiation losses: additional source of free energy for perturbations to grow in plasma

Radiation reaction is treated classically perturbatively via Landau-Lifshitz equation

Phase shift of the electron current due to radiation reaction is 
responsible for enhancement of FRS 

Laser field is circularly polarized: unperturbed equation - Akhiezer-Polovin solution

Kumar, KZH, Keitel, PRL 111, 105001 (2013) 



F
ro

n
ti
e

rs
 o

f 
In

te
n

s
e

 L
a

s
e

r 

P
h

y
s
ic

s
, 
K

IT
P
, 
A

u
g
 4

-2
2

, 
2

0
1

4

21

Radiation reaction force induced nonlinear mixing of Raman sidebands

Stokes and anti-Stokes 
waves:

damping of the pump laser field

:

:

Beating Stokes (anti-Stokes) 
wave with the pump laser:
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Radiation reaction force induced nonlinear mixing of Raman sidebands

Stokes and anti-Stokes 
waves:

:

The coupling of Stokes and anti-Stokes is modified due to radiation reaction:
phase-shift of the current. 
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Radiation reaction force induced nonlinear mixing of Raman sidebands 

Both Stokes and anti-Stokes are resonant and coupled:

Radiation reaction enhances the 
growth rate when:

With RR:

no RR:

Enhancement is due to mixing Stokes and 
anti-Stokes modes mediated by RR  due to the 
phase shift between the currents

Kumar, KZH, Keitel, PRL 111, 105001 (2013) 
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Radiation reaction force induced nonlinear mixing of Raman sidebands

FRS: condition when both modes are excited
Frequency mismatch should be smaller than the growth rate: 

<

The growth rate enhancement disappeared 
when only one mode is available. 

BRS: anti-stokes wave is not resonant mode of plasma 

The growth rate enhancement is not essential.
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Conclusion

• We have identified signatures of quantum RDR in dependence of both the angular 
spread and the spectral bandwidth of the Compton radiation spectra on the laser 
pulse duration, which are distinct from those in the classical RR regime. They are 
robust and observable in a broad range of electron and laser beam parameters.

• Due to an interplay between laser beam focusing and quantum RR effects the angular 
spread of the main photon emission region has a maximum at an intermediate pulse 
duration and decreases along the further increase of the pulse duration.

• The spectral bandwidths of the radiation in the quantum and classical regimes both 
monotonously decrease when the laser pulse duration is increased, but the former is 
by orders of magnitude larger due to much stronger RR effects. 

• The radiation reaction force strongly enhances the growth of the FRS only when both 
the Stokes and the anti-Stokes modes are the resonant modes of the plasma. This is a 
signature of RR in the spectra of low-energy optical photons. 

• The enhancement is due to the radiation-reaction-force-induced nonlinear mixing of 
the anti-Stokes and the Stokes modes. 



Comment: 
on the competition between the Breit-Wheeler 
and trident processes for the electron-positron 
pair production in laser fields
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Breit-Wheeler vs Trident process
Momentum distribution

Laser ϒ-photon

c.m. frame

Laser Electron

c.m. frame

e-

e+ e+

e-
e-

Threshold: 
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Breit-Wheeler vs Trident process
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Laser Electron

ξ= 100
σL=10 μm
τL =30 fs
NL =10

ε= 1 GeV
ϒ=2000
Q=100 pC
Ne =109

Multiphoton Compton scattering

Multiphoton processes
ϒ
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ϒ-photon

e+

e-

Ritus, 1966

Breit-Wheeler process


