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Why the problem of radiation reaction becomes important now?
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Energy loss channel in laser-plasma interaction:

PHYSICAL REVIEW E 86, 036401 (2012)

Modeling of radiation losses in ultrahigh power laser-matter interaction

R. Capdessus,” E. d’Humieres, and V. T. Tikhonchuk
University Bordeawx, CNRS, CEA, CELIA, UMR 5107, F-33400 Talence, France

PHYSICAL REVIEW X 2, 041004 (2012)

Strong Radiation-Damping Effects in a Gamma-Ray Source Generated by the Interaction of a
High-Intensity Laser with a Wakefield-Accelerated Electron Beam
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Quantum radiation dominated regime in Compton scattering
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Typical modification of spectrum in the quantum regime
e=1 GeV
w=1.5eV N
umber of photons 10 keV-1MeV:
[=5x10%%2 W/cm? P 0
£=154; x=1.8; Ry=1 (No-Ngr)/Ny~40%

Emission of 16 photons
Contribution of more photons 2%

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



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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Radiation Dominated Regime Caigad Ferties

and their Radiation Field
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THE CLASSICAL THEORY In the relativistic domain a regime is
FIBLDS possible when radiation reaction force

is not perturbation in the Lab frame
L. D. LANDAU AND E. M. LIFSHITZ
Institute for Physical Problens, Academy of Scicnces of the U.S.5.R.




Multiphoton Compton scattering
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Quantum effects in multiphoton Compton scattering
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Radiation Dominated Regime
Ae(T)__, ~ ¢

The characteristic emitted photon energy: We~Mmyx

The probability of a photon emission on a coherence length: ¢

Phase interval for a coherence length: 1/¢
Number of coherence lengths on a laser period : ¢
Number of emitted photons during a laser period : Nph~a€
The electron radiative energy loss A o
during a laser period: £ raa ~asymy

Radiati : : T

adiation Dominated Regime B As( )'r‘ad
(RDR): R = ~afy =1

Classical RDR:

—
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Radiation dominated dynamics in Thomson scattering
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y=80 a,=150 [~5x10% W /cm?

10° electrons in beam
10* photons per pulse below 90°
1% of electrons contribute




Robust signature of quantum radiation reaction

electrons laser X-rays

SR B -

Quantum RDR:
R=aéy=>1

X = 2y§wy/m~1

Electron: energy 500 MeV (y=1000),
density 107cm=3 (107 electrons, 3x6 um)

Laser pulse: intensity 7x10%22 W/cm? (£=230),
pulse duration 0.5-40 cycles
beam waist size 10A/4A

x=0.6 R = 1

For a focused ultrashort laser pulse. the approximate solution of
Maxwell equations should use two parameters on equal footing.

o Diffraction parameter (kyug)™! [1]

o Temporal parameter (wgmp)™ ! [2]

A = (Bo/ko)[@t(r,n) + i (1 n)e™ /2] ™

with ¢ = F(1 + in/s2)explico — fp* — 12/ (252)], f = i/(i + v/ ),
v==z+n/12k), n =wot — koz, p=r/wy, r = V2% + 12,

s = woTo/2v210g 2, z. = kowi /2 is the Rayleigh length, ¢ is the
constant phase, Ey is the laser amplitude, wy, wo. ko, and 79 is the
waist radius, frequency, wave vector, and pulse duration of the laser
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Classical equation of motion with quantum radiation

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

> 1,%,,n K A; Radiationis determined by the electron local characteristics

The emitted radiation is calculated quantum mechanically, and the
differential probability per unit phase interval is [1]

dWgn GXWQ[I; K53 () de4+0o,x? Ky z(wr)]
dndw \/gﬁ(kopz) ’ = o
O
- . : : - - S &
& = w/pp, with the recoil parameter pp = 1 — y@ and © = ' /(vy). If @ o
wr 21, % is very small. Thus, @, = @/pp = 1, the cut-off frequency g;;
5 <
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Classical equation of motion with quantum radiation

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

dp#* e dpp*
L 21
& m PPt
ink=p 4k n=—PF
p n _p n_p k_k'k’
Ap = nk — k'’ dpgh  Apgh
dr At %%
k' k-p dW dgo 58
— k' d3k’zf dw' g3,
dr"f d¢ d3k' do (P e ¢=wt—kz I
dgo 21y gs
- k dw' = ——F"E,p° S g
fpk k-Kdo' T3 p, TviP T8
dp* e 21y 0
—:—Fﬂv —_— ——F"LVF =2 272
dt m ‘@+ 3 . voP” $c = 200

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



Quantum RDR:
R=ayé>1
x = 2yéw/m~1

For each 9 there
is ¢, where the
radiation energy
is maximal.

Radiation angle resolved spectra
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Spectra of electron radiation in laser pulses of various durations: the
left column displays de/dQ [GeV/sr] and the right de/dQdw [1/sr]
for 1, 1.5 and 5 cycle pulses A =1um, wy = 104, =230andy =

1000.

Jian-Xing Li, KZH, Keitel, PRL, 113, 044501 (2014)
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Robust signatures of quantum radiation reaction for nonlinear Compton

de/dQ [GeV/sr]

scattering in focused ultrashort laser pulses

Quantum regime
R=aéy =1
X = 2yéw/m~1

’: ik y
. Al = 180° — 6, _
200 2D !
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300 < 168}
164+
. (b)
e/d0dow [1/sr] RN S SRR S U S SPS:
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Jian-Xing Li, KZH, Keitel, PRL, 113, 044501 (2014)
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Robust signatures of quantum radiation reaction for nonlinear Compton
scattering in focused ultrashort laser pulses
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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: wg = wg + wy, ko = ks £ k,

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

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

Radiation reaction is treated classically perturbatively via Landau-Lifshitz equation

4 . y)
i—l:+v+?p=—e(E—|—viB)— Ef j’yz'v[(E—l—lv}{B)d—(E+E) ]
c

c Im;c c

Laser field is circularly polarized: unperturbed equation - Akhiezer-Polovin solution
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Kumar, KZH, Keitel, PRL 111, 105001 (2013)




Radiation reaction force induced nonlinear mixing of Raman sidebands

Stokes and anti-Stokes A =[Age'"o + §ALe® el + HAL e KiXLeTE] /2 4 e

waves: e =(k.+ky)z—(w+wy)tand Yy = (k. — kg)z — (0" — wy)t

Beating Stokes (anti-Stokes) §7= {EzkngmE'}fﬁczﬂf}{;iaﬁﬂ+ +Ag8A_ ), D.=o*—wj
wave with the pump laser: B
P: < P1L

d
(P -SA) = —ENayAPA —2p) k= 2etn/Imie
C C
) _ o wylAP <1
p, = [pﬂe‘.*!!'ﬂ + p+€‘.kl'xlef¢'+ + p*_e_‘.kl'xle_‘.*!!’:]zz -+ C.C.

VIA — 1 GZA_ m:; (l+3n)c
2 -3 1o el}l-

Frontiers of Intense Laser
Physics, KITP, Aug 4-22, 2014

e'o: wf = kjc? + oZ(1 — ipl|Agl*y/2)
damping of the pump laser field

Wy = Wy, — 0w, dwyKw), dw)=wieyaj/2wg,.

(21

e =r,wy/3c.r.,= e /m,c*



Radiation reaction force induced nonlinear mixing of Raman sidebands

Stokes and anti-Stokes A =[Age'"o + §ALe® el + HAL e KiXLeTE] /2 4 e
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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:

DL=(miwm}‘—M‘ (k.= + ko) ?c>=0.
msaﬂ m‘a

Teps = 0 cos(6/2)
FRS \/_jfﬂmﬁ, / w = wh + il'gs
J{l + 2&2alyy)? + &2 aﬂyﬂ(mﬂr) :
r
0 = tan- ( sagyo(@o/ @, }) Radiation reaction enhances the
(1 + 2&%a5yp) growth rate when:
@ (Trss— 6w) fwor 0, =w,/w, <1 ap > 1

-2
With RR 5

S Enhancement is due to mixing Stokes and

-5 anti-Stokes modes mediated by RR due to the

e phase shift between the currents
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Radiation reaction force induced nonlinear mixing of Raman sidebands

Q,

FRS: condition when both modes are excited D.=(w*wy) — m:f — (k. * kg)?c*=0
Frequency mismatch should be smaller than the growth rate:

0.6

0.4

02F

Aw, = o, + @), — [0F + (k) + ky)? + D.]/? < lps = g

IAwm/(l‘!-‘RS = 6w0)[

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

50 100 150 200 250 300
g

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

2/3

r _\("?_’(ﬂb"nr)l’I3 @ pdy (l+ﬂﬂ%?’n)
RS2 1+a/272\ " 353/

Ewp

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.

—

o 3
2 S
©
=
L N
2 o
o v
+—
o
==
5 <
QCL
o &=
= XY
= o
g3
‘0
>
=
(al

N
ol

—




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 Y-photon
Threshold: c.m. frame
nw' =Q" =m,
Q

2 = — = ¥
ynw 2y m

qQ:=9q_-=0
a. =y(q', — Be')
e=y(e —pp',) =ym.

q+ = q-=-nQ/2 = -ng, /2

ee=y(e'e +Bq’,) =~ 3ym,

d; = q_=-nym, = —ng,/3 [ J

Electron

c.m. frame

nw' =q',
nw' + ¢, =3m,




Breit-Wheeler vs Trident process
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Multiphoton Compton scattering

Y
 —— &> 1 Multiphoton processes
h h
Xe < 1:

Laser Electron

&= 100 e=1 GeV

0,=10 pm Y=2000 Ny ~ 0.6 C[fNLN

1, =30 fs Q=100 pC

N, =10 N, =10°

Breit-Wheeler process
8

e+ 9 am?® rxy\3/%2 -
- X
\ Xy <1: New=3379 (Zn) e Tyt
P e S

Ritus, 1966
/ Y-photon 0w,
e- X’y — 2__a'0! X’y ~ Xe ’ Ier Nl
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X
Ncipw = (a'fNL)zNe zy Sy
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