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4 Take home message



Laser-positron sources 1 / 9

applications

astrophysics

particle physics

laser-produced pairs

Credit: E144, SLAC

Credit: FM
renewed theoretical interest

Dinu, Torgrimsson, Phys. Rev. D 97, 036021 (2018)

King, Fedotov, Phys. Rev. D 98, 016005 (2018)

Del Gaudio et al., arXiv:1807.06968 (2018)



Laser-positron sources 1 / 9

applications

astrophysics

particle physics

laser-produced pairs

Credit: E144, SLAC

Credit: FM
renewed theoretical interest

Dinu, Torgrimsson, Phys. Rev. D 97, 036021 (2018)

King, Fedotov, Phys. Rev. D 98, 016005 (2018)

Del Gaudio et al., arXiv:1807.06968 (2018)



Numerical simulations 2 / 9

numerical schemes

Credit: A. Gonoskov

particles

point sources

trajectories/
currents

radiation

�elds

forces on
particles

quantum electrodynamics

+ + + + + + · · ·

QED series

no trajectories

quantised radiation

few particles

sequential approxmation for ξ � 1

pi pf pe+

pe−× ×

2 2

×

6=
y

x

k̃

pi

qp

pf

qe

-
x

y

pi

qp

qe

pf
2

test non-sequential contributions



Numerical simulations 2 / 9

numerical schemes

Credit: A. Gonoskov

particles

point sources

trajectories/
currents

radiation

�elds

forces on
particles

quantum electrodynamics

+ + + + + + · · ·

QED series

no trajectories

quantised radiation

few particles

sequential approxmation for ξ � 1

pi pf pe+

pe−× ×

2 2

×

6=
y

x

k̃

pi

qp

pf

qe

-
x

y

pi

qp

qe

pf
2

test non-sequential contributions



Numerical simulations 2 / 9

numerical schemes

Credit: A. Gonoskov

particles

point sources

trajectories/
currents

radiation

�elds

forces on
particles

quantum electrodynamics

+ + + + + + · · ·

QED series

no trajectories

quantised radiation

few particles

sequential approxmation for ξ � 1

pi pf pe+

pe−× ×

2 2

× 6=
y

x

k̃

pi

qp

pf

qe

-
x

y

pi

qp

qe

pf
2

test non-sequential contributions



Numerical simulations 2 / 9

numerical schemes

Credit: A. Gonoskov

particles

point sources

trajectories/
currents

radiation

�elds

forces on
particles

quantum electrodynamics

+ + + + + + · · ·

QED series

no trajectories

quantised radiation

few particles

sequential approxmation for ξ � 1

pi pf pe+

pe−× ×

2 2

× 6=
y

x

k̃

pi

qp

pf

qe

-
x

y

pi

qp

qe

pf
2

test non-sequential contributions



Properties of the transition amplitude 3 / 9

y

x

k̃

pi

qp

pf

qe

-
x

y

pi

qp

qe

pf

Scattering matrix amplitude

S� =− e2
∫

d4xd4yΨqe (y)γµΨ−qp (y)Dµν(y , x)Ψpf
(x)γνΨpi (x)

Photon propagator splits up

Dµν(yη, xη)→

ηµν =
(nµkν + nνkµ)

k−
− Λµ

1
Λν
1 − Λµ

2
Λν
2 , (kµΛµ

i ) ≡ (nµΛµ
i ) ≡ 0



Properties of the transition amplitude 3 / 9

y

x

k
k

pi

pe+

pf

pe−

×
×

+
xpi

qp

pf

qe

Scattering matrix amplitude

S� =− e2
∫

d4xd4yΨqe (y)γµΨ−qp (y)Dµν(y , x)Ψpf
(x)γνΨpi (x)

=

∫
dxηdyηΘ(yη − xη)MBW (yη)MC (xη)

︸ ︷︷ ︸
cascade

+

∫
dxηµd(xη)

︸ ︷︷ ︸
direct

Photon propagator splits up

Dµν(yη, xη)→ ηµνΘ(yη − xη)

ηµν =
(nµkν + nνkµ)

k−
− Λµ

1
Λν
1 − Λµ

2
Λν
2 , (kµΛµ

i ) ≡ (nµΛµ
i ) ≡ 0



Properties of the transition amplitude 3 / 9

y

x

k
k

pi

pe+

pf

pe−

×
×

2

ξ → ∞→
pi pf pe+

pe−× ×

2 2

×

Scattering matrix amplitude

S� =− e2
∫

d4xd4yΨqe (y)γµΨ−qp (y)Dµν(y , x)Ψpf
(x)γνΨpi (x)

=

∫
dxηdyηΘ(yη − xη)MBW (yη)MC (xη)

︸ ︷︷ ︸
cascade

+

∫
dxηµd(xη)

︸ ︷︷ ︸
direct

Photon propagator splits up - study polarization dynamics
D. Seipt et al., Phys. Rev. A 98, 023417 (2018)

Dµν(yη, xη)→ ηµνΘ(yη − xη)

ηµν =
(nµkν + nνkµ)

k−
− Λµ

1
Λν
1 − Λµ

2
Λν
2 , (kµΛµ

i ) ≡ (nµΛµ
i ) ≡ 0



Consistency check: Comparing to SLAC E144 4 / 9

ξ ≈ 0.5, λ = 527 nm, εi = 46.6 GeV, θcoll = 17◦, τe� = 40 fs
Hu, Müller, Keitel, Phys. Rev. Lett. 105, 080401 (2010)

averaging over Gaussian focus

SLAC E144 - experimental data

21962 used shots
5× 109 electrons per bunch

Integrating spectrum:

prodution probability Pe+ ≈ 8× 10−3 per shot
total positron number Ne+ ≈ 176
SLAC E144 Ne+ = 175± 13
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21962 used shots

5× 109 electrons per bunch

Integrating spectrum:

prodution probability Pe+ ≈ 8× 10−3 per shot
total positron number Ne+ ≈ 176
SLAC E144 Ne+ = 175± 13



Low-energy regime 5 / 9

Consider always ultra-short pulses τ ≈ 5.4 fs

εi = 1 GeV, IL = 2× 1021 W/cm2 (ξ ≈ 22, χ ≈ 0.25)

positron: (θs , φs) = (π −mξ/εi , π/2), electron: (θs , φs) = (π −mξ/εi , 0)

arXiv:1805.01731

(a) direct

(b) cascade

(c) full

(d) relative error of cascade approximation
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εi = 5 GeV, IL = 1022 W/cm2 (ξ ≈ 50, χ ≈ 3)

positron: (θs , φs) = (π −mξ/εi , π/2), electron: (θs , φs) = (π −mξ/εi , 0)

arXiv:1805.01731

(a) direct

(b) cascade

(c) full

(d) relative error of cascade approximation

sequential process dominates



Limits of sequential approximation 7 / 9

εi = 100 GeV, IL = 2× 1021 W/cm2 (ξ ≈ 22, χ ≈ 26)

positron: (θs , φs) = (π −mξ/εi , π), electron: (θs , φs) = (π −mξ/εi , 0)

arXiv:1805.01731

(a) direct

(b) cascade

(c) full

(d) relative error of cascade approximation

non-sequential contributions at low energies
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εi = 100 GeV, IL = 5× 1020 W/cm2 (ξ ≈ 11, χ ≈ 13)

positron: (θs , φs) = (π −mξ/εi , π/2), electron: (θs , φs) = (π −mξ/εi , 0)

arXiv:1805.01731

(a) direct

(b) cascade

(c) full

(d) relative error of cascade approximation

non-sequential modelling needed
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take home
nonlinear trident process at high energies
features non-sequential contributions

�ndings

prominent low particle energies

possibly enhanced pair production

arXiv:1805.01731

thank you



Summary 9 / 9

take home
nonlinear trident process at high energies
features non-sequential contributions

�ndings

prominent low particle energies

possibly enhanced pair production

arXiv:1805.01731

thank you



Summary 9 / 9

take home
nonlinear trident process at high energies
features non-sequential contributions

�ndings

prominent low particle energies

possibly enhanced pair production

arXiv:1805.01731

thank you



Backup



Numerical implementation 11 / 9

Localized QED emission at ξ � 1

Relativistic electrons emit in propagation direction

Correct for QED emission spectra

Trajectory picture valid at ξ � 1
⇒ single photon emission in classical simulations
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