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Condition for strong laser fields
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Quantum processes - laser dressed

Photon emission

ky
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Partcicle production

dp qp\\% Ge
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o first order processes (in PIC)

@ second order processes approximated by cascades
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Second order processes
[ Je]
Introduction

Nonlinear double Compton scattering

Double photon emission suppressed

< one-photon
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from D. Seipt and B. Kampfer, PRD 85, 101701 (2012)

Angle separated signal dominated by cascade

two photon

emission cone LLLL

single photonl \ [

emission cone: s
‘electron motion

see F. M. and A. Di Piazza, PRL 110, 070402 (2013)

Felix Mackenroth Modelling trident pair production in laser-matter i i 6/ 14




Introduction Second order processes Trident pair production Summary
0000 0000 0000 0000000
Introduction

Trident pair production

Photon emission with subsequent pair production
E-144 @ SLAC

D.L. Burke, et al., PRL 79, 1626 (1997)
C. Bamber et al., PRD 60, 092004 (1999)
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Calculations

Trident pair production

Photon emission with subsequent pair production

H. Hu et al., PRL 105, 080401 (2010)

q q b
p y de p y f

Di €T pbr Di €T de

Scattering matrix element

Si=—¢ / d*xd*y W, (y)7uV g, (V)P (y, X)W, (x) 7 W s (x)
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Trident pair production

Photon emission with subsequent pair production

H. Hu et al., PRL 105, 080401 (2010)

q q b
p y de p y f

bi x Py 2 x de
Scattering matrix element
Si=— e / d*xd*yWo, (y)7u V- g, (V) D (v, X)W oy ()% W s (%)
= ez/dx"dy”Mﬁ(y")D“"(y”,x")l\/l,’f(x")

x 8@ (pi 1 — pr1 — kint,1)6®) (ap, L + e, 1 — Kint, 1)
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Calculations

Trident pair production

Photon emission with subsequent pair production

H. Hu et al., PRL 105, 080401 (2010)

dp y de dp y bf
Di T Py Di €T de

Scattering matrix element
Si = ¢ [ dxdty U, (1), (D" (7,X) W, ()7 Vi )
=— eZ/dx"dy"Mﬁ(y")D“”(y",x")ij(x")
x 63 (Pi,J_ —pr,L — kint,J_)5(3) (qp,J_ + e, — k;nm_)

Dressed photon propagator
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Calculations

Partial channels

Photon propagator Sp“tS UP (see A. llderton PRL 106, 020404 (2011))
D¥(y",x") = g" (Cad(y" — x") + C.O(y" — x"))

Scattering amplitude alike

ql’v qe

+ qu i Ge
Pi T by

pi T pf

Si = /dx”dy"ﬁ(y” —x”)MBW(y")MC(x”)+/dx"M(d)(x")

cascade direct
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Second order processes
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Calculations

Partial channels

Photon propagator Sp“tS UP (see A. llderton PRL 106, 020404 (2011))
D¥(y",x") = g" (Cad(y" — x") + C.O(y" — x"))

Scattering amplitude alike

ql’v ge
+ qu i Ge
pi x by

pi x pf

Si = /dx”dy”e(y” _XW)MBW(yn)MC(XWH/dxn/\”/ﬂd)(xn)

cascade direct

Direct channel negligible?
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Trident pair production

°
Numerical study

Partial channels - estimates

NTPC partial channels

2
M) =3 ans / dndn, 6(An)Y* ()9 (ny)e (e m)tSawlns))

r,s=1

2
M)gld) = Z b, / d’)’]'zpr(n)e_’-(sc("?)+53w(n))
r=1

Cascade channel Direct channel
@ 2 interaction points @ 1 interaction point
e Compton ® @ non-separable dynamical
Breit-Wheeler events behaviour
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Trident pair production
L]
Numerical study

Partial channels - estimates

Formation lengths dc/gw ~ Ao/& (€ = €E/mewo)

Cascade channel Direct channel
@ 2 interaction points @ 1 interaction point
e Compton ® @ non-separable dynamical
Breit-Wheeler events behaviour
o P ~ (fwpT)? o P ~ (¢woT)

Consider short 7 ~ wal, not too intense ¢ 2> 1 pulses!
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Trident pair production
@00
Probability

Pair production probability
Typical parameters:

e=10GeV e™ - lp =2 x 102 W; (¢ ~20) - x ~ 2.5
wo = 1.55 eV, 7 =5 fs laser (w7 = 10)
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Trident pair production
@00

Probability

Pair production probability

Typical parameters:
e=10GeV e - lp=2x 102 W; (¢ ~20) - x 2.5
wo = 1.55 eV, 7 =5 fs laser (w7 = 10)

Cascade Interference Direct

[SE]
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Ab) [mé/e] NGy [mé/] AG)y [mé/e]
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F.M. et al, to be published
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Pair production probability

Typical parameters:
e=10GeV e - lp=2x 102 W; (¢ ~20) - x 2.5
wo = 1.55 eV, 7 =5 fs laser (w7 = 10)

Cascade Interference Direct

[SE]
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—4 2 0 2 ! -4 =2 0 2 ! —1
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F.M. et al, to be published

@ Channels of comparable amplitude
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@00
Probability

Pair production probability

Typical parameters:
e=10GeV e - lp=2x 102 W; (¢ ~20) - x 2.5
wo = 1.55 eV, 7 =5 fs laser (w7 = 10)

Cascade Inruhl(n(( >< 102 Direct

JV i

[SEl

70

ol

-4 =2 -4 -2 -4 =2 4
A6, ma/ A6, m{/ A6, mc/

F.M. et al, to be published

@ Channels of comparable amplitude

o Interference term suppressed Pt ~ P() 4+ p(d)
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Trident pair production
@00

Probability

Pair production probability

Typical parameters:
e=10GeV e - lp=2x 102 W; (¢ ~20) - x 2.5

wo = 1.55 eV, 7 =5 fs laser (woT = 10)
Cascade Inruhl(n(( >< 102 Direct

[SEl

rAFP

Ab) m{/

lvH

4 -9
A@l, m{/ AHI' m{/
E.M. et al, to be published

@ Channels of comparable amplitude

o Interference term suppressed Pt ~ P() 4+ p(d)
@ Suppression of Af, = 0 in direct channel: Quantum interferences
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Disentangling NTPC channels

Asymmetry of relative yield
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~ p@ t p@
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Disentangling NTPC channels

Trident pair production
0000

Asymmetry of relative yield
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F.M. et al, to be published

Disentangling of separate pair production channels
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Trident pair production
ooe
Probability

Angular distribution - Quasiclassical picture

Quantum interaction, classical particle motion
@ cascade: (2 interaction points)
o 1% field maximum: photon emission (kint = Pi/2)
o 2" field maximum: pair creation (p, = ki/2)
o direct: (1 interaction point)
o overall field maximum: pair creation
o p, = Pi/7 (numerical)
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Angular distribution - Quasiclassical picture

Quantum interaction, classical particle motion
@ cascade: (2 interaction points)
o 1% field maximum: photon emission (kint = Pi/2)
o 2" field maximum: pair creation (p, = ki/2)
o direct: (1 interaction point)
o overall field maximum: pair creation
o p, = Pi/7 (numerical)

\ \\
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AB, V] \ +
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)
Ad, i i '
i Vi o
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i A

F.M. et al., to be published

AB, cascade

A0, direct
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Summary

o quantification of trident pair production
o quasi-classical angular distribution

o coherent channel has to
be taken into account

o quantum interferences in coherent channel
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Introduction Second order processes Trident pair production Summary
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Summary

o quantification of trident pair production
o quasi-classical angular distribution

o coherent channel can

be taken into account
dp de

pi x Py
o quantum interferences in coherent channel

Thank you
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Laser-matter interactions

Photon emission inside a laser field

@ photons emitted by electron inside laser field
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Laser-matter interactions

~ @

Pair production inside a laser field

@ photons emitted by electron inside laser field

@ eT-e -pair created by high-energy photon inside laser field
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Summary
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Motivation

Laser-matter interactions

Gamma photon Lafe'
”~
-~
Electron X Electron-
A "l pair
”~
~

Matter production (SLAC experiment E-144)

@ photons emitted by electron inside laser field
@ eT-e -pair created by high-energy photon inside laser field

o provide closed analysis of matter production
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Backup

Nonlinear QED in strong laser fields

Condition for strong laser fields

2
e—°E 59 />1018[ﬁ} W
mewg ™~ ~ eVl cm?
Quantum effects
ki E
mwg Ecr
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Nonlinear QED in strong laser fields

Condition for strong laser fields

E
£=- 21, 12107
MmeWq

gr w

eVl cm?

Quantum effects

mwo Ecr ~

X:

Light cone coordinate a7 = (kpa) , a* = (a",a")

d in laser.

Felix Mackenroth Modelling trident pair pr

Summary
0@00000

16 / 14



Summary
0@00000
Backup

Nonlinear QED in strong laser fields

Condition for strong laser fields

E
£=- 21, 12107
MmeWq

gr w

eVl cm?

Quantum effects

mwo Ecr ~

)( =

Light cone coordinate a7 = (kpa) , a* = (a",a")
Volkov solution

Wp(x) = e SV RIE, (x7) 22

€

photon propagator

d*q Amghv .
pv — i —ig(y—x)
DH(y,x) !ﬂ%/ (2m)* ¢ + et
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Disentangling NTPC channels

Quite robust with changing CEP
Integrated yield

Cascade —
Direct
Interference -

= I —
=

710

F.M. et al, to be published
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Integrated yield

Cascade —
Direct
Interference -

- P ——

9,

dE
a9,

0.5

/

R

0
710

F.M. et al, to be published
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Nonlinear QED in strong laser fields

Model laser pulse as plane wave (neglect focusing)
A(x,t) = A(kox =: xT)

d

Felix Mackenroth Modelling trident pair p in laser-matter interacti 18 / 14



Summary
000@000
Backup

Nonlinear QED in strong laser fields

Model laser pulse as plane wave (neglect focusing)
A(x,t) = A(kox =: x")

k; pi
— ~—
S P
Ao = 800 nm
pP[arb.units] Wy = 2>‘0 (red)
wop = )\0 (red)
wWp = )\0/2 (blue)
plfarb.units]
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Backup

Nonlinear QED in strong laser fields

Model laser pulse as plane wave (neglect focusing)

Scattering geometry

X

n = (sin(0) cos(p), sin(0) sin(p), cos(f))

Y

Light cone coordinate a7 = (kpa) , a¥ = (3", a

)
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Nonlinear QED in strong laser fields

Model laser pulse as plane wave (neglect focusing)

Scattering geometry

X

n = (sin(0) cos(p), sin(0) sin(p), cos(f))

zZ
% _
Y b
Light cone coordinate a”7 = (kya) , a* = (a7, at)

Volkov solution
W, (x) = e SVOPIE, (7
p(x) E, (x") —= f
Classical action 5
pgass(x) = asv(xip)
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Scattering matrix elements

Initial & final states

=TTk IT<, TTdk10)
k; P; q;

1y =TTak [T T4k 10)
ar

k¢ Ps

Scattering matrix

i) O 1)

k; NANY AN k¢

i VN,

Perturbative order: n vertices
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Scattering matrix elements

Initial & final states

=TTk IT<, TTdk10)
k; P; q;

1y =TTak [T T4k 10)
ar

k¢ Ps

Scattering matrix
| I> P;\ /Pf | f->
k; NN AN k¢

wie” VN

Perturbative order: n vertices - consider tree-level processes

5;1] = / d4X1 T d4xnwpf714nw*q1' T (g(X,', Xifl))D#miil(Xia Xifl)) \UQi7M1 WP.'
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Backup

Disentangling NTPC channels
Direct channel suppression in forward direction Stationary
phase in cascade channel: small stationary phase imaginary parts

ac/BW
2Bc/Bw

Y(mo) = —

Direct channel:

ac + agw

P(m0) ~ " 2(Bc + Paw)
Pi Pr Py Pe (Pr P —P; PF — Pe Py — p;pé)Q
T (me)? (7 PZ P — P7 PZPp + P7PEPT + PTP7 PR
=0 p ppyps ((pr — py)pt = (b =y )PF)°
= (mé€)* (p; pe Po — Pr Pe Pp + P; Pe Pr + PFPFPE)Q
= py = 0 favoured

+iC
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Experimental evidence

E-144 experiment ©@ SLAC
£=146.6 GeV e~ & [ =108, w =235 eV, 7 =40 fs laser

Laser approx. monochromatic, divergences regularised “by hand”

T 5 2
& 10—20'
direct process (N=2) :
':‘ 10_22; two step
_ rocess

10 245 two—step process (N=3) IEsz) H

c 10—26 Ar AA
15.5 16.0 16.5 17.0 17.5 18.0 18.5

w [eV]
Hu et al., Phys. Rev. Lett. 105, 080401 (2010)
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