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Motivation

Nonlinear QED in strong laser �elds

Condition for strong laser �elds

� =
eE

me!0
& 1 ; I & 1018

h !
eV
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cm2

Quantum e�ects

� =
(k0p)
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Volkov solution
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Photon emission

Partcicle production

k1

qe

qp

�rst order processes (in PIC)

second order processes
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Introduction

Nonlinear double Compton scattering

Double photon emission suppressed

from D. Seipt and B. Kämpfer, PRD 85, 101701 (2012)

Angle separated signal dominated by cascade

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

Scattering matrix element

S� =� e2
Z

d4xd4yΨqe (y)
�Ψ�qp (y)D��(y ; x)Ψpf (x)
�Ψpi (x)

=� e2
Z

dx�dy�My
�(y�)D��(y�; x�)Mx

� (x�)

� �(3)�pi ;? � pf ;? � kint;?
�
�(3)

�
qp;? + qe;? � kint;?

�
Dressed photon propagator
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Calculations

Partial channels

Photon propagator splits up (see A. Ilderton PRL 106, 020404 (2011))

D��(y�; x�) = g�� (Cd�(y� � x�) + CcΘ(y� � x�))

Scattering amplitude alike

y

xpi

qp

pf

qe

×
×

+
xpi

qp

pf

qe

S� =

Z
dx�dy��(y� � x�)MBW(y�)MC(x�)

| {z }
cascade

+

Z
dx�M̃(d)(x�)

| {z }
direct

Direct channel negligible?
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Numerical study

Partial channels - estimates

NTPC partial channels

M
(c)
� =

2X
r ;s=1

ar ;s

Z
d�xd�y�(∆�) s(�x) r (�y )e�i(SC (�x )+SBW(�y ))

M
(d)
� =

2X
r=1

br

Z
d� r (�)e�i (SC(�)+SBW(�))

Cascade channel

2 interaction points

Compton 

Breit-Wheeler events

P(c) � (�!0� )2

Direct channel

1 interaction point

non-separable dynamical

behaviour

P(d) � (�!0� )

Consider short � � !�10 , not too intense � & 1 pulses!
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Probability

Pair production probability

Typical parameters:

" = 10 GeV e� - I0 = 2� 1021 W
cm2 (� � 20) - � � 2:5

!0 = 1:55 eV; � = 5 fs laser (!0� � 10)

Cascade
π
2

0

−π
2

η 0

Interference
(
× 102

)

200

0

Direct

∆θp [mξ/εi] ∆θp [mξ/εi] ∆θp [mξ/εi]
−4 −2 0 2 4 −4 −2 0 2 4 −4 −2 0 2 4

F.M. et al., to be published

Channels of comparable amplitude

Interference term suppressed Ptot � P(c) + P(d)

Suppression of ∆�p = 0 in direct channel: Quantum interferences
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Probability

Disentangling NTPC channels

Asymmetry of relative yield

R =
P
(d)
� P

(c)

P (d) + P (c)

π
2

0

−π
2

1

−1

∆θp [mξ/εi]
−4 −2 0 2 4

F.M. et al., to be published

Disentangling of separate pair production channels
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Probability

Angular distribution - Quasiclassical picture

Quantum interaction, classical particle motion
cascade: (2 interaction points)

1st �eld maximum: photon emission (k int = pi=2)

2nd �eld maximum: pair creation (p
p
= k i=2)

direct: (1 interaction point)

overall �eld maximum: pair creation

p
p
= pi=7 (numerical)

π
20−π

2 η0

2000

cascade∆θp

direct∆θp

∆θp

∆θp

η0 = −π
2

η0 = 0 η0 =
π
2

η0 = −π
4

η0 = 0 η0 =
π
4

η η η

F.M. et al., to be published
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Summary

Take home
quanti�cation of trident pair production

quasi-classical angular distribution

coherent channel has to

be taken into account

xpi

qp

pf

qe

quantum interferences in coherent channel

Thank you
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Backup

Motivation

Laser-matter interactions

e−

Electron inside a laser �eld

photons emitted by electron inside laser �eld

e+-e�-pair created by high-energy photon inside laser �eld

provide closed analysis of matter production
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Backup

Motivation

Laser-matter interactions

Matter production (SLAC experiment E-144)

photons emitted by electron inside laser �eld

e+-e�-pair created by high-energy photon inside laser �eld

provide closed analysis of matter production
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Backup

Nonlinear QED in strong laser �elds

Condition for strong laser �elds

� =
eE

me!0
& 1 ; I & 1018

h !
eV

i2 W

cm2

Quantum e�ects

� =
(k0p)

m!0

E

Ecr
& 1

Light cone coordinate a� = (k0a) , a� = (a�; a?)

Volkov solution

Ψp(x) = e�iSV (x;p)Ep (x�)
upp
2"

photon propagator

D��(y ; x) = lim
�!0

Z
d4q

(2�)4
4�g��

q2 + i�
e�iq(y�x)
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Backup

Disentangling NTPC channels

Quite robust with changing CEP

Integrated yield
 

 

 

1

0.5

0
−π

2 0 π
2η0

Cascade
Direct

Interference

∫
d
E

d
Ω
p
d
ϑ
p

F.M. et al., to be published

Disentangling of separate pair production channels
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Backup

Nonlinear QED in strong laser �elds

Model laser pulse as plane wave (neglect focusing)

A(x ; t) = A(k0x =: x�)

�0 = 800 nm

w0 = 2�0 (red)

w0 = �0 (red)

w0 = �0=2 (blue)

Volkov solution

Ψp(x) = e�iSV (x;p)Ep (x�)
upp
2"

Classical action

p
�
class(x) =

@

@x�
SV (x ; p)
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Backup

Nonlinear QED in strong laser �elds

Model laser pulse as plane wave (neglect focusing)

Scattering geometry

z

x
E

n = (sin(θ) cos(ϕ), sin(θ) sin(ϕ), cos(θ))

piy
e−θ

Light cone coordinate a� = (k0a) , a� = (a�; a?)

Volkov solution
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Scattering matrix elements

Initial & �nal states

jii =
Y
k i

a
y

k i

Y
pi

cypi

Y
q i

dyq i

��0�

jf i =
Y
k f

a
y

k f

Y
pf

cypf

Y
qf

dyqf

��0�

Scattering matrix

pi

k i

q i

|i〉 pf

k f

qf

|f 〉

Perturbative order: n vertices

- consider tree-level processes

Sn
� =

Z
d4x1 � � � d4xnΨpf 
�nΨ�qf � � � (G(xi ; xi�1);D�i�i�1(xi ; xi�1)) Ψqi 
�1Ψpi
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Disentangling NTPC channels

Direct channel suppression in forward direction Stationary

phase in cascade channel: small stationary phase imaginary parts

 (�0) � � �C=BW

2�C=BW

Direct channel:

 (�0) � � �C + �BW

2 (�C + �BW)
+ iC

C � p�i p
�
f p

�
p p

�
e

�
p�f p

?
i � p�i p

?
f � p�e p

?
p � p�p p

?
e

�2
(m�)2

�
p�i p

�
e p

�
p � p�f p

�
e p

�
p + p�i p

�
e p

�
f + p�i p

�
f p

�
p

�2
p?p =0

� p�i p
�
f p

�
p p

�
e

�
(p�f � p�p )p?i � (p�i � p�p )p?f

�2
(m�)2

�
p�i p

�
e p

�
p � p�f p

�
e p

�
p + p�i p

�
e p

�
f + p�i p

�
f p

�
p

�2
) p?f � 0 favoured
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Experimental evidence

E-144 experiment @ SLAC:
" = 46:6 GeV e

� & I = 1018 W
cm2 ; ! = 2:35 eV; � = 40 fs laser

Laser approx. monochromatic, divergences regularised �by hand�

Hu et al., Phys. Rev. Lett. 105, 080401 (2010)
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