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Typical scales of CED and QED i

CED QED
Energy scale Electron rest energy E =mc? =0.5 MeV
Momentum scale p=E/c=0.5 MeV/c
Classical electron radius Compton length
Length scale ro = e*/me? = 2.8 x 10" ¥cem Ao =h/p=39x10""cm
(Thomson cross section) (Heisenberg uncertainty principle)
: 1023 _ —21
Time scale ro/c =10 S Ao/c=1.3x10 S
Critical field CED Critical field QED
Field scale Ey=E&/erg = 1.8 x 10®V /cm Es =&/edc = 1.3 x 10'°V /ecm
Intensity scale Iy = cEZ /4w = 8.6 x 10°°W /cm?  Ig = cEz/4m = 4.6 x 10*?W /cm?
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Incoherent and coherent QED processes i R

Incoherent QED processes

Pair production vy — ete” |
Lo Cross section
ve — eee
ee — eee e o~ a"or x f(€)

Photon production ee — eery

ey — ey
Annihilation ete” — Yy
Comptonization ey — €y

Coherent QED processes
Probability rate

Non-linear Breit Wheeler; trident, non linear Compton dP/dt ~ (ac/Ac)f(E/Es, &)

Schwinger mechanism, vacuum polarisation

Photon Sphftlﬂg T. Grismayer | Les Houches 2019
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Orders of magnitude... W LISBOA

Normalised vector potential ao

non relativistic
20<<| [ <<|0'8W/cm?

» weakly nonlinear, relativistic
QED Photons interaction ao~ | | ~ 10'8W/cm?

» relativistic, nonlinear
ao~ 10 [ ~ 1029 W/cm?2

» Pulse duration : 30-150 fs » QED
» Focal width ~ pm ao~ 1000 |~ 10*W/cm?

» Intensity ~102!- 102> W/cm?
» Extreme acceleration regime

Near-future facilities

eA
apg = ——=
" me?
W
ag ~ 0.8 x 10774 /I | — | A[pum]
New facilities open possibilities to cm?

explore exotic physics.
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Radiation Reaction in CED W sy

Larmor’s formula: instantaneous emitted power for non relativistic particle

2 e?
P=Z"14a?
3c3
Thomson scattering: dipole approximation
1 et Eg
- 3 s S = C——
E = Eysinwt (P) 3mc3EO (S) 3
incident wave averaged power averaged Poynting flux
P S
(P s

Radiation reaction: the force acting on a particle by virtue of the radiation it produces ?

2 2
/Fmd~vdt = —56—3 a’dt
P L
— —56_3([&°U]_/C.L'”Udt) rad 3¢’
c
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Radiation Reaction in CED

TECNICO
W LISBOA

Radiation Pattern in
the TE Plane

Dipole radiation pattern

- TE Plane

TM Plane

Radiation Pattern in
the TM Plane
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Radiation reaction models LISBOA

Different approaches of calculating the damping force

[Bell 2008]

[Landau & Lifshitz 1951]

-I-i(EXB—I—LBX(BXp)—I— ! : ‘ —#(E-pf)}

Fr - mp(p -FL)
1+ 2e” (p . FL)

3ym3c®

[Sokolov 20091

[Hededal 2008]

[Ford 1993]
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Reduced L&L is best for PIC i tnre

L&L captures physically relevant solutions of LAD equation

Without radiation reaction
—_—) )

L&L reduced
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OSIRIS 4.0 i tnre

osiris framework

Massivelly Parallel, Fully Relativistic
Particle-in-Cell (PIC) Code
Visualization and Data Analysis

Infrastructure
Developed by the osiris.consortium

= UCLA + IST

TECNICO
LISBOA

UCLA

Ricardo Fonseca

ricardo.fonseca@tecnico.ulisboa.pt
Frank Tsung
tsung@physics.ucla.edu

code features

Scalability to ~ 1.6 M cores
SIMD hardware optimized
Parallel I/O

Dynamic Load Balancing
Classical radiation reaction
Particle merging

GPGPU support

Xeon Phi support

QED Module

http://epp.tecnico.ulisboa.pt/

http://plasmasim.physics.ucla.edu/ T Grismayer | Les Houches 2019


mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/

PIC loop with classical radiation reaction

Integration of equations of motion:
moving particles

Fp, —u, —x,

Deposition:
calculating current on grid

Interpolation:
evaluating force on particles

(E7 B)z — FP

At

(X7 u)p — j’L

Integration of field equations:
updating fields

T. Grismayer | Les Houches 2019
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Energy loss in simple setup LISBOA

electrons
2200 T T T L B B B B B [ B B B
B dy  2€%wg. o, o g
| —— = 2a — 1
2000 - o = 3326007 —1) )
= dy  2¢%wy , 5, o _
il G 4 1
o 10 dy 20 0 )
§ - dt  3mc? 7 _
() | —
C
© 1600 —
B Linear polarization a, = 25 ]
1400 —
-~ Circular polarization a, = 25/ /2 i
B Synchrotron B=2x25/+/2 7
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Full-scale 3D classical radiation reaction W LISBOA

~ 40% energy loss for a | GeV beam at 102! W/cm?

Laser wakefield accelerator Second laser
in bubble regime 1 ~ 102! W/cm?

X-ray detector

| Accelerated
\ electrons

M.Vranic et al, PRL |13, 134801 (2014) T. Grismayer | Les Houches 2019
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Classical RR shrinks beam energy spectrum® W

In quantum interaction we expect energy spread and divergence to grow**

After interaction

1 ~ 4x102' W/cm?2

—_
o

its ]

o
o

o
o

0.4

# electrons [arb.un

LISBOA

After interaction
1 ~ 102! W/cm?2

/

Before
interaction

* M.Vranic et al, PRL (2014), S.Yoffe et al,, NJP (2015), E. Esarey NIMPR (2000), M. Tamburini NIMPR (2010)
**T. G. Blackburn et al, PRL (2014) D. G. Green et al, PRL (2014), N.Neitz et al, PRL | ,054802 (2013)
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Energy loss versus intensity LISBOA

10 1 L L I T 1T T 1111 T e, ey s e =
10 PW

— E,=0.5GeV
—E= 1GeV 4
— E =15GeV
—E= 3GeV"®
— E= 13GeV*™
— E,= 53GeV

OO = Lol L1l L L 1 1111l

10" 10” 0™ 10% 10%

Intensity [ W / cm?2 ]
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Anomalous radiative trapping LISBOA
Density of particles
0 5 10
105 - i
anomalous
1 radiative trapping
s 109 | SRS | S
Q ~normal
'g 103 ~ radiative trapping
.tl ------------------------------------------
a 2
g 107 - relativistic
ke, relativist'ic | chaos
O - reversa A
2 10 N
+ ‘\.,' L
1 -
0.1 -

A. Gonoskov et al, PRL 1'13,014801(2014) T. Grismayer | Les Houches 2019
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QED radiation reaction LISBOA

QED parameters

r_ m?c3 B \/(PﬂFW)z
T eh X Es mc
V (uFrv)2
Ar = Es mc

Photon emission has a
probabilistic character.

Classical: Y < 1

Radiation reaction is discrete.

Energy spread and divergence
QED: X = 1 are expected to grow™.

* T.G. Blackburn et al, PRL (2014) D. G. Green et al, PRL (2014),
N. Neitz et al, PRL [ | |,054802 (ZO | 3) T. Grismayer | Les Houches 2019



Implementation of QED effects

TECNICO
LISBOA

i

Radiation Reaction

Different types of Radiation reaction models

Implementation in PIC codes

e Continuous damping rate: particle pusher with Fr.g ¥ < 10

* QED probabilistic approach: particle pusher + Monte Carlo
module

- every At : probability of photon emission

- Select a photon in QED synchrotron spectrum

- Update particle momentum due to quantum recoil

* The QED approach can be generalized to any external EM

fields under the conditions: ¢ (E B) > t.,n = ag > 1
- quasi-static fields

- weak fields X2 > Max(f,g) (f,9) <1
f=F.E2: g=FiFu/E>y Euiy=m>c¢/eh  Xern= [ Fpe
pvl Hert pvt pv/ Herit crit e,y B me

* Landau & Lifshitz (Theory of Fields)
** Al Nikishov &V.I. Ritus (1967), N.P. Kelpikov (1954), V.N. Baier & V.M. Katkov (1967)
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Quantum effects are strongest for the case of

on

TECNICO
W LISBOA

counter-propagati

But, the interaction at 90 degrees has only a factor of two lower electron chi

150

agp = 0.84/1[1018 W /cm?2]A[um]

Counter-propagation

—
g

X ~ 2 Yoag X 2 x 107°

Co-propagation

ago

— ~ — x2x107°
| X 270

Interaction at 90 deg.

+ X & Yoag X 2 x 107°
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Energy spread increases due to stochasticity W LISBOA

d) 300 |
— 26.6 fs laser
=00 — 53.2 fs laser
- 79.8 fs laser
N, 200 = ——— 106.4 fs laser —
cé) — 133.0 fs laser
— —— 159.6 fs laser
% 150 — —— 186.2 fs laser |
b °
Diffusion o Df‘lftt _
dominates ominates
50 100 150 200 250

tlw,"]

M.Vranic et al, NJP 18,073035 (20 | 6) T. Grismayer | Les Houches 2019
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QED-PIC loop in OSIRIS vy

— =F; —I—: Y 1 Probabilistic
dt ' dtdy
m owm wm A
: : : " Emission of photons '
Integration of equations of motion:
moving particles —— Probability of pair creation
F,—u, —x, 8 S = new particles

Deposition:
calculating current on grid

Interpolation:
evaluating force on particles

(E7 B)z — FP

(X7 u)p - j’L

Integration of field equations:

r— ~ - updating fields
= (E,B), — J;
Particle —
Merging
OE 0B
vt Ay = = E
N — T cV x B — 47j 5 cV X

E.N Nerush et al. PRL (201 1), C. P Ridgers et al., PRL. (2012)
N.V. Elkina et al. PRSTAB (201 I), A. Gonoskov et al,, PRE (2015)
T. Grismayer et al,, POP (2016), . Niel et al., PRE (2018) T. Grismayer | Les Houches 2019



: : TECNICO
Standing wave configurations for QED cascades W LISBOA

Laser | Laser 2
n

= a9= 1000,\ = | um,
= T=30fs, Wp=3.2um

Linear Double clockwise Clockwise-anti clockwise

T. Grismayer | Les Houches 2019



3D OSIRIS QED - colliding laser cascades at x > 1 [

Linear

Laser param eters

= a0 = 1000,A = | um,

= T=30fs, Wo=3.2um

Particles remain in
the x-y plane

Double clockwise

@ electron

O positron
© photon

Particles explore
the whole space

Clockwise=-anti clockwise

O photon

@ electron
O positron

TECNICO
LISBOA

Particles rotate in
the y-z plane
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Cascade’s growth rate in 2 lasers setup

ELI range intensity

3 .
= 0-1 : : ; _ - - Fedotov model| -
: T, A 3D cw-cw :
~ . % 3D linear
' A 2D cw-cw
#-2D linear

—=—Rotating field

---low a, model

- - high a, model

-@-2D cw-cp
: ---Bell & Kirk | |

- --Bashmakov

10°

T. Grismayer et al. PRE 95,023210 (2017) 10 a
M. A Fedotov et al. PRL 105, 080402 (2010) 0
AR Bell and |. G Kirk PRL, 101,200403 (2008)
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Cascade’s growth rate in 2 lasers setup

ELI range intensity
1 ,
10° |
o
3 .
= 10" ; oo S - - Fedotov model | -
A A 3D cw-cw f
: Zone for cascades | X3
! ] ) ] 2D cw-cw
; linear polarization | #2Diinear
2L e —=—Rotating field | -
10 Plaser > 100 PW for Wo ~ 3\ |---low a, model |
(focal spot for these runs) --'high a, model
; @-2D cw-cp
3l : ---Bell & Kirk |
10 4 ---Bashmakov | |
; . L . ; P | 3 i 14 . N — 5
10 a 10 10
0
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Cascade’s growth rate in 2 lasers setup

ELI range intensity
1 _
10° |
o
3
= 0-1: i ;gte)dotov model | -

: , , " CW—-CW :
. &  Laser absorption ;..
: linear polarization |4 20cw-—ow
; #-2D linear

102 ‘. Plaser > 200 PW, Wo ~ 3\ |—=Rotating field -
; ' ---low a  model |

(focal spot for these runs) | high a, model
@-2D cw-cp

3l ---Bell & Kirk il

10 - ---Bashmakov | |
L | 3 i i4 : 1 P S S 5
10 . 10 10
0
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Laser absorption in QED cascades LISBOA
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T. Grismayer et al. PoP 23,056706, (2016)

E.N Nerush et al., PRL 106, 035001 (2011)
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A simple model for laser absorption 0 e

When does the laser absorption become important ?

a)t>r,/2 A b)t <7,/2 A
rO
n=an,+" - n=an, |
<« 5 - >
1 0 Py > : 0 ; >
-t -1,/ 2 /2t xl/c t x/c

0 x/c 0 x/c

a) the absorption time is bigger than half of
the pulse duration = fraction of the pulse
can escape

b) the absorption time is smaller than half of
the pulse duration = the reflected wave can
reform a standing wave

T. Grismayer et al. PoP 23,056706, (2016)

E.N Nerush et al,, PRL 106, 035001 (2011) T Gri | Les Houches 2019
. Grismayer | Les Houches
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A simple model for laser absorption LISBOA
When does the laser absorption become important ?
a)t>r,/2 A b) t <7,/2 A C) 1.0_. . T T T T T L B B B B
n=an,+" n=aonc// 0.8
ol B NS : : 0.6 -
tag2 O o2t x)/c 0} x)/c - I
4 T 04 - . — Model 1D i
_______ - - Model 2D-3D -
< k 02 .,:': e 2D simulations _|
<« - :; g i ' m 3D simulations ]
: .- . ] ® Nerush* i
— — - > 0 oo 7800 2000 2800 3008
0 x/c 0 x/c a,
a) the absorption time is bigger than half of
the pulse duration = fraction of the pulse
* Model 1D
canescape In(agn./no)
b) the absorption time is smaller than half of ta, = T
the pulse duration = the reflected wave can
reform a standing wave » Model 2D-3D
£ / , In(agn.citoc/noA;)
— 2 _q_ = a —
" S T I

T. Grismayer et al. PoP 23,056706, (2016)

*EN Nerush et al., PRL 106, 035001 (2011) ,
T. Grismayer | Les Houches 2019
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4-laser cascades - effect of polarisation LISBOA

Growth rates, absorption and output radiation
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Magnetic reconnection : energy conversion

TECNICO

LISBOA

a)  Classical

D)

' Radiative @ c)

QED
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Classical magnetic Islands reach pressure balance LISBOA

Classical

Classical relativistic
reconnection

B-VEB
47

Magnetic tension

ST

B2
Plasma pressure V (P S —)

Pinch equilibrium (Bennett)
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Radiation induced compression of magnetic field LISBOA

Classical
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Radiation induced compression of density LISBOA

electron density n./n, ct/L,=1.2
10 100

Classical

o
w 5
O 5
q)U
2 2
w c
8 o
T U
g
o

T. Grismayer | Les Houches 2019



Gamma rays/ Pairs produced inside islands
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Pair creation rate density
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