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Fig. 1. The nonlinear quantum parameter x. and radiation-
reaction effect parameter R as a function of the laser in-
tensity (at wavelength of 800 nm) and electron energy in

the case of laser and electron collision.
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Fig. 2. Angle energy spectrum for electron and laser colliding at azimuth angle ¢ = 180°: (a) Without radiation reaction; (b) with

radiation reaction. The laser intensity is 5 x 1022 W - cm—2 and the electron energy is 40 MeV.
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amplitude ag: (a) From test particle simulations using the
LL equation, the white line corresponds to the threshold
defined in Eq. (5); (b) after considering the quantum cor-
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Fig. 4. (a) The number of photons emitted by electrons of ~9=1000 head-on colliding with a laser pulse with different pulse width
(7 is the pulse duration in laser period). Lines are the result from Monte-Carlo simulations while points are from analytical result*’];
(b) relative error of the photon number between the two approaches!*’); (c) comparison of energy spectra under different laser para-

meters where f = ¢. The solid gray line gives the QED result, and the dashed line is the Monte-Carlo result, respectively. The per-
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Fig. 5. Trajectories of electrons with 500 MeV colliding with
ay = 100 laser field. Black solid lines are the ones given by
the QED-MC method (repeated 20 times at exactly the
same condition). The red and blue solid lines are the tra-

jectory from Lorentz equation and LL equation, respectively.
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Fig. 7. Trajectories (top) and energy evolution (bottom) of electrons in collision with half-cycle (left) and one-cycle (right) laser
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Fig. 8. (a)—(f) Electron trajectories at two given values of kinetic energy, modelled by the Lorentz equation, the LL equation and

the QED photon radiation. The red arrows represent anomalously transmitted and reflected electronsP!. (g)—(i) Proportion of elec-

trons reflected by the laser pulse at different laser intensities and electron energies. The red and blue squares correspond to the

parameters in the second and first columns, respectively!l.
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Fig. 9. Polarization evolution of an electron beam in a stor-
age ringl!l.
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Fig. 10. Electron polarization evolution as a function of the
laser amplitude in circularly polarized standing wave
field[®2.
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Fig. 11. The oscillation of polarized electrons in laser field.
Ap, represents the momentum shift of unpolarized elec-
trons in a half cycle, plus or minus sign denote electron ini-
tially polarized parallel or anti-parallel to the laser magnetic
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Fig. 12. Simulation results with and without radiation reaction®®: (a) 2-p, distribution of electrons; (b) 2-p, distribution of protons;

(c) energy spectrum of electrons; (d) energy spectrum of protons!®l.
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teracts with a plasma of me = 20n¢ ! (a)—(c) with radiation reaction; (d)—(g) without of radiation reaction.

i (15) 2T L, SESHE AR BT T wy' (wo 9k Sy AR A ARG, T R AR S R T
JCREBEEAR). Bt | e V- iy M B Al LA 93756 . {51 QAT ok S P 55 2 P P U PR AR ) L
FAURGZEIE 270 3T R RARROE, fT UL RAER HOIE W T ARSR I A [ R, 7= LR AR AR RN, 7E ao ~
MBI 2N ag ~ 700 745 B T, oL AR 300 72 A7 WL 2 T WL A9 172K . Bl )5 Guo 45 17

085203-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 085203

BISE R, RO S s T UM e BONATRL
SR AR B, I A I R B R T B o

SRR T ARSI O, BRI i, e 3-8 INEERSIESE

Sy B AE ne ~ 10nc K 5.5, B 15 %, HEA xe > 0.1 KBRS, G5 AE 1 SE T
SRR T TR G RS S TR RERRRRAT, B AR BT B 2RI, 16

Density of particles

0 5 10 (c)
108 | — | a = 800 a = 1500 a = 2500
[V 1 1 . 1
(a) Anomalous 1 i & i
radiative trappin ' & : i 1 o f
1o+ e | ONEE | j il el
b : £ = !
3 Normal N 3 o 4/ T : lr '\\L :
o radiative trapping e ~59 et N Flf f S
g 100 ol e X / sl [ i =) L R
2 v Ik 2 A, [N
g 10 Relativistic = H .‘*dr :
_‘é Relativistic chaos i (&) :
< reversal ' ] | H
T 10t ¥ T i : :
= i i ;
x 1 ! i
— ! ! i
o P omotive tr: . : ; ) II
e e = i i
e PRI T

Bl 14 (a) AFEIGUR T T ERER% P A% B0, LT A9 4R Sl BRI QED-MC KR 7 (b) 4 S5 A5 20 S 2 SR 5T 025 () A
[ 375 3 3 280 ) L, A e (72

Fig. 14. (a) Density distribution of electrons in the standing wave field at different field intensities. Photon emission is modelled via
QED-MC method[™; (b) the result from classical radiation-reaction modell™; (c) typical electron trajectories at different field in-

tensities!™,
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Fig. 15. (a) Electron trajectories at different plasma densities””; (b) work done by the radiation reaction force; (c) length scale and
field strength of plasma field at different plasma densities™". Eq. (4) is the electric potential of the plasma field ¢ = Egod/vq -
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Abstract

Laser-plasma interaction at intensities beyond 102 W/cm

2 enters a new regime where gamma-photon

emission and the induced radiation-reaction effect dominate. In extreme laser fields, high energy electrons emit

gamma-photons efficiently, which take considerable portion of energy away and impose strong reaction forces on

radiating electrons. When the radiation power is comparable to the electron energy gained in a certain period of

time, the radiation-reaction (RR) effect becomes significant, which fundamentally changes the picture of laser-

plasma interaction. In this review article, we introduce the physics of radiation-reaction force, including both

classical description and quantum description. The effects of stochastic emission and particle spins in the

quantum-electrodynamics (QED) RR process are discussed. We summarize the RR-induced phenomena in laser-
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plasma interaction and some proposed measurements of RR. As a supplement, we also introduce the latest
progress of producing spin polarized particles based on laser-plasma accelerations, which provides polarized
beam sources for verifying the QED-RR effects.

In the classical picture, the RR force can be described by the Landau-Lifshitz (LL) equation, which
eliminates the non-physical run-away solution from the Lorentz-Abraham-Dirac (LAD) equation. The damping
force could induce the electron trajectories to instantaneously reverse, electrons to cool and even high energy
electrons to be reflected by laser pulses. The latter leads to a “potential barrier” at a certain threshold that
prevents the electrons of arbitrarily high energy from penetrating the laser field. In general, classical LL
equation overestimates the RR effect, thus calling for more accurate quantum description.

When the emitted photon energy is close to the electron energy, radiation becomes discrete. Quantum
effects arise such that the process, also known as nonlinear multi-photon Compton Scattering, must be
considered in the strong-field QED picture. This is resolved in the Furry picture by using the laser-dressed
Volkov state in the local constant cross-field approximation (LCFA). The QED model is applied to particle
dynamics via Monte-Carlo (MC) sampling. We introduce the prominent feature of quantum RR-stochastic
photon emission. It allows the processes forbidden in classical picture to emerge, such as quantum ‘quenching’,
quantum ‘reflection’, etc. These observables validate the strong-field QED theory. Recently, there has been a
rising interest in identifying the spin effect in the QED-RR force. We summarize the latest progress of this
topic, showing that when spins are coupled with photon emission the electrons of different spin states undergo
distinctive RR force.

The RR force has a significant effect on laser-plasma interaction. The review paper introduces recent QED-
MC based PIC simulation results. Some key features include electron cooling in laser-driven radiation pressure
acceleration and the radiation-reaction trapping (RRT) mechanism. In the RRT regime the laser pulse conveys
over 10% of its energy to gamma-photons, facilitating the creation of a highly efficient gamma-ray source and
electron-positron pair. In addition, the paper mentions the major efforts to measure the RR effect in recent
years. It relies on high energy electrons either colliding with ultra-intense laser pulses or traversing crystals.
Primitive observations indicate that existing theories do not match experimental results. Further investigation
is required in both SF-QED theory and experiment.

Finally, the review paper discusses the idea of laser-driven polarized particle acceleration as a supplement.
The all-optical approach integrates pre-polarized gas target into laser wakefield acceleration, offering a compact
all-optical polarized particle source, which is highly favorable for strong-field QED studies, high-energy colliders

and material science.

Keywords: ultra-intense laser, radiation-reaction, strong-field quantum electrodynamics, polarized particle

acceleration

PACS: 52.38.—r, 52.38.ph, 52.65.Rr, 52.59.—f DOI: 10.7498 /aps.70.20210091

085203-22


http://doi.org/10.7498/aps.70.20210091
http://doi.org/10.7498/aps.70.20210091
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

