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Introduction
• Strong field quantum electrodynamics (SFQED) deals with the interaction of 

matter and intense electromagnetic fields


• Relatively new area of research - pioneering SLAC E-144 experiment in 1996


• Has become more accessible with developments in laser and beam 
technologies


• Important for understanding extreme conditions in: plasmas, magnetars, 
future lepton colliders...


• Standard QED is very well tested e.g. electron magnetic moment; transition 
and non-perturbative regimes less so


• Need experiments to help theoretical understanding and test models
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Review of SFQED
Volkov states and the Furry picture

• QED is described by the Lagrangian density 




•  is the covariant derivative; 
analogous to classical EM minimal coupling


• By separating the field term into 
background and external, the Lagrangian 
can be written as 

ℒ = ψ̄(iγμ𝒟μ − m)ψ −
1
4

ℱμνℱμν

𝒟μ = ∂μ + ie𝒜μ

ℒ = ψ̄ [iγμ∂μ − eγμ𝒜(b)
μ − m] ψ − eψ̄γμ𝒜ext

μ ψ −
1
4

ℱμνℱμν

Propagation of fermion 

in background field

Fermion - 
external


field interaction

Light-light 

interaction

SF(p) =
i

γμ [pμ − e𝒜(b)
μ ] − m

Feynman momentum propagator 

in Furry picture - Volkov propagator

Representation of the Volkov propagator 

as a Feynman diagram

qμ = pμ −
e2⟨a2⟩
2(k ⋅ p)

kμ

q2 = m2
* = m2(1 + ξ2)

Dressed momentum (quasimomentum) and mass

of the propagating fermion
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Review of SFQED
Perturbative, non-perturbative and inbetween

• Background field (e.g. a laser) is treated classically 


• Infinite plane waves -> Volkov solutions to Dirac equation


• Exact in coupling , but Volkov solutions depend non-

linearly on 


• New coupling  introduces different regimes: 


•  - perturbative (standard QED)


•  - transition


•  - non-perturbative


• Critical field of SFQED - 

α

ξ =
e ⟨a2⟩

m
ξ
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ξ ≫ 1
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The LUXE Collaboration
• LUXE (Laser Und XFEL Experiment) is a 

collaborative effort of 18 institutions


• Based at DESY and Eu-XFEL in 
Schenefeld and Hamburg, Germany


• Plan to use an high-intensity laser (up to 
350 TW) and 16.5 GeV electron beam 
(Eu-XFEL) to explore less studied areas of 
SFQED


• CDR published in Feb 2021 and working 
towards TDR for late 2022


• Proposed to start data taking in 2026
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Eu-XFEL electron beam
• Generates x-ray photons for 6 experiments


• 1.9 km LINAC accelerates electrons to multi-GeV energies - 2700 electron 
bunches at 10 Hz


• LUXE is designed to be parasitic - aim to use 16.5 GeV electrons with  
electrons/bunch


• Only one of the 2700 bunches will be used

1.5 × 109

LUXE
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• Two dimensionless parameters are 
important for LUXE


     




• Use Lorentz boost to exceed critical 
field


• LUXE to explore new areas of the  
parameter space that previous/
upcoming experiments have not

χ = (1 + cos θ)
EωL

meεcr
ξ =

meεL

ωLεcr
θ = crossing angle, E = particle energy, ωL = laser energy, εL = laser electric field

ξ, χ
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Fig. 9 Left: the dependency of probability for the Breit–Wheeler process on the intensity parameter ξ for a probe photon
colliding at 17.2 degrees with otherwise standard laser pulse parameters. The blue dashed lines indicate multiphoton scaling
and the plot markers are the analytical QED plane-wave results for a photon energy of 16.5GeV. Right: the parameter
region LUXE will probe, compared to the asymptotic scaling of the Breit–Wheeler process at large and small ξ and χ
parameters

Fig. 10 Left: Breit–Wheeler spectra from QED for a 16.5GeV photon, normalised by total probability (we recall v is
the lightfront momentum fraction of the emitted electron). Inset: non-linear Breit–Wheeler spectra without normalisation.
Right: absolute value of the relative error of total yield of photons predicted by the LMA and LCFA from simulation [109]
compared with the analytical QED plane-wave result

fraction of the produced electron where P ′ (K ′) is the emitted electron (incident photon) momentum). The LMA
is found to be significantly more accurate than the LCFA, particularly when ξ is reduced below ξ = 1, as expected.

The transition from the multi-photon to the tunnelling regime also shows up in the shape of the spectra, see
Fig. 11 and Table 4. In the multi-photon regime, the spectra show distinct edges related to the nth harmonic
channels, which is kinematically similar to the first harmonic edge in the Compton process. In the tunnelling
regime, those edges cannot be observed since too many individual channels contribute. In order to make a direct
experimental observation of the Breit–Wheeler edges possible at LUXE it would be necessary to produce pairs at
ξ ! 1 while keeping χγ reasonably large. This could be achieved, i.e., by using high-order harmonic generation [115–
117]. Assuming the collision of a 9 GeV gamma-ray photon one would need the 19th laser harmonic to overcome
the linear pair production threshold. It should be emphasised that the high-harmonic light can be expected to have
ξ ! 1. However, since in this regime one probes the linear regime, the pair production cross section is independent
of ξ.

The Breit–Wheeler process is planned to be measured at LUXE in two different configurations. One set-up
will collide the electron beam with a solid target to generate high-energy bremsstrahlung photons, which will
subsequently collide with the main laser pulse and decay into pairs. A complementary set-up will first collide
the electron beam with a weaker laser to generate a narrow bandwidth source of high-energy photons via inverse
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Experimental Setup
• LUXE will have two operating modes in each 

phase


• Electron-laser mode:


• Electron beam interacts with laser directly 
at IP


• Investigates non-linear Compton 
scattering and trident processes


• Gamma-laser mode:


• Electron beam converted to 
bremsstrahlung by a converter target


• Investigates non-linear Breit-Wheeler 
process BSM investigations are also 
planned
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Yee Chinn Yap

E X P E R I M E N TA L  S E T U P

• Use of dipole magnet  
to separate particles. 

• Large variation in  
particle fluxes.

7

10-3 - 106 e+

109 e-

109 γ

10-3 - 102 e-/e+



Measurement of SFQED processes
What to measure?

• LUXE aims to observe the characteristics of SFQED 
processes as a function of 


• Rate of Breit-Wheeler positron production


• Appearance and position of Compton edge in 
photon and electron spectra


• Polarisation-dependent shape effects


• Two phases to cover large range of 


• Phase I - 40 TW laser


• Phase II - 350 TW laser


• Large range of particle rates expected across LUXE 
system, from  to  per second!

ξ

ξ

10−3 109
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P H Y S I C S  M E A S U R E M E N T S

• LUXE aims to make precision measurement  
of e-laser and γ-laser interactions in a transition  
from perturbative to non-perturbative. 

• Phase-0: 40 TW laser, Phase-1: 350 TW laser. 

• Measure as a function of ξ: 

• Position of Compton edge determined  
from electron and photon energy spectra. 

• Positron rate. 

• Number of photons radiated per electron.
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Fig. 90 Input spectrum (black) and spectrum reconstructed from the deconvolution of the spectrometer output (red) for
a ξnom = 0.31 and b ξnom = 3.1. The statistics used in this simulation is low and causes the fluctuations in a for energies
above 4.5 GeV

7.1.2 Photon measurements

The photon energy spectrum is best measured by the gamma ray spectrometer (GRS) discussed in Sect. 6.7. Based
on the measurement of electron and positron energy spectra from photon conversions, the photon energy spectra
can be reconstructed as follows.
The electron/positron energy spectra, as shown in Fig. 77, can be extracted from the scintillation response like in

Fig. 79. From either of these spectra, the energy spectrum of the photon beam incident on the spectrometer set-up
can be reconstructed using a deconvolution algorithm (see Ref. [228] for details). Taking the electron spectrum as
the input, it is assumed that the highest energy electrons, say in the interval [Emax−∆E,Emax], in the distribution
are produced by photons of equal energy passing through the converter. Using the corrected Bethe-Heitler formula
in [243], the expected number of produced electrons for a beam of mono-energetic photons given the conversion
parameters is calculated. The number of photons within the energy range [Emax − ∆E,Emax] in the incident
spectrum is then the ratio of the measured electron number and the theoretical single photon result. However, a
beam of mono-energetic photons will contribute to the electron spectrum at all energies and so this response must
be subtracted from the measured electron spectrum. This process is repeated, decreasing the maximum energy
in steps of ∆E until the lower energy limit of interest is reached. Dividing each calculated photon number by
∆E gives the energy spectrum of the incident photon beam. Figure 90 shows two examples of the result of the
deconvolution, for a typical linear (ξ < 1) and non-linear (ξ > 1) ICS interaction, respectively, and its comparison
to the original photon spectrum. As one can see in Fig. 90a, the primary Compton edge can be clearly identified,
together with an indication of perturbative contributions of higher non-linearities (secondary Compton edge at
approximately 6.8 GeV). For high ξ the monotonic shape of the photon spectrum is closely reproduced by the
deconvolution routine.
And, then the same algorithm as used for the reconstruction of the edges in the electron spectrum described

above can be used to determine the kink positions in the photon energy spectrum.
Furthermore, the flux of photons can be measured for photons with energies above 1 GeV with the GRS, and

for all photons with the backscattering calorimeter. The goal is to also achieve here a precision of 5%, dominated
by systematic uncertainties. The ratio of the number of Compton photons to electrons is a particularly interesting
quantity as it directly measures the number of Compton interactions per laser shot.

7.2 Measurement of the positron rate in electron- and photon-laser interactions

The measurement of the positron rate is the primary way to characterise the trident process. It is measured using
the pixel tracker and the electromagnetic calorimeter. As was shown in Sect. 6.5 the background is expected to be
less than 0.1 charged particles per laser shot. The signal rate varies strongly with ξ, starting at 0 and increasing
to ∼ 104. The goal of LUXE is to be able to measure any rates larger than 0.001 per BX with an accuracy better
than 10%.
The measurement of the number of positrons, Npos, at a given ξ value is given by

Npos(ξ) = NData(ξ) − NBG (24)

123



Measurement of SFQED processes
How to measure?
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Beyond the Standard Model - LUXE NPOD

• High photon fluxes (  ) 
expected


• Opportunity to perform BSM searches 
using the photon dump (NPOD)


• In particular, ALPs and mCPs can be 
investigated in a wide parameter-
space range

∼ 109/s

1110:00- 10:30, 22/09/22 New Vistas in Photon Physics in Heavy-Ion Collisions 16

BSM Searches
● Due to high-energy high-Oux photon source, in 

either running mode, searches BSM can be 
made in a beam-dump experiment

● ALPs and mCPs are searched for, and it’s 
expected LUXE can carve out a slice of 
parameter-space 



Summary and Outlook
• LUXE will study a previously unexplored regime of strong field QED using high 

intensity optical lasers and the 16.5 GeV Eu-XFEL electron beam


• Design of experiment will allow for measurement of key SFQED processes such 
as non-linear Compton scattering and non-linear Breit-Wheeler processes in 
both the transition and non-perturbative regimes


• BSM investigations are also planned, utilising the high photon fluxes anticipated


• Passed stage 0 approval by DESY directorate


• Currently preparing TDR for publication and awaiting further approval stages


• Data taking proposed to start in 2026
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Thank you for your attention!
• For more information:


• CDR - https://doi.org/10.1140/epjs/s11734-021-00249-z


• TDR to be published soon
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Review of SFQED
Sauter-Schwinger effect
• Vacuum persistence probability  


• In 'classical' QED, this is unity; in SFQED, it is less than one generally


• Implies there is a possibility that the presence of a strong background 
field can generate lepton pairs


•  for a static electric field


• Defines the Schwinger limit:  V/m


• Below  - pair production is exponentially suppressed


• Above  - pair production grows quadratically


• Not yet possible to reach experimentally -> Lorentz boosting techniques!

|⟨0, t = ∞|0, t = − ∞⟩|2

Npairs = 2VT
e2E2

(2π)3
exp (−π

m2

eE )
ES =

m2

e
= 1.32 × 1018

ES

ES

Euler-Heisenberg one-loop contribution to 

vacuum diagrams
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Review of SFQED
Non-linear Compton scattering
• Matrix element for a dressed electron to emit a 

single photon 




• Expansion using Bessel functions gives a set of 
momentum conservation equations 




• Effectively, electron can absorb  virtual photons 
from the background field, then emit a photon -> 
total probability of emission involves a sum over 


• For , multiple Compton edges appear 


• For , emission becomes synchrotron-like

S = − ie∫ d4x ψ̄p′￼
(x)γμϵμψp(x)

eik⋅x

2ω

{sk + q = q′￼+ k′￼ : s ≥ 1}

s

s

ξ ≪ 1

ξ ≫ 1

ξ =
e
m

⟨a2⟩ χe =
e

m3
|ℱμνpν|2
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Review of SFQED
Non-linear Breit-Wheeler production

• Breit-Wheeler production is related to 
Compton scattering by crossing symmetry 
-> matrix element can be found by 
appropriate re-substitution


• Similar set of conservation equations apply 



• Unlike NLC scattering, NBW has an 
exponential suppression in the low  regime


• In quantum regime, scaling is the same - 
this leads to SFQED cascades

{sk′￼+ k = q− + q+ : s ≥ 1}

χγ
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Laser 
• Ti:Sa 800 nm wavelength laser to be used


• CPA technique to provide ultra-short pulse


• LUXE will have two phases:


• Phase 0 - JETI40 (Jena's 40 TW laser)


• Phase 1 - commercial 350 TW laser


• Key parameters summarised in table


• Laser diagnostics - energy, pulse length 
and spot size


• Aiming for uncertainty on intensity 
with shot-to-shot fluctuations

≤ 5 %
1 %

40 TW,Sµm 40TW,3µm 350 TW,3µm 

Laser energy after compression (J) 1.2 1.2 10 
Laser pulse duration (fs) 30 
Laser focal spot waist w0 (µm) 8 3 3 
Fraction of ideal Gaussian intensity in focus ( % ) 0.5 
Peak intensity in focus ( x 1010 Wcm- 1 ) 0.19 1.33 12 
Dimensionless peak intensity, 3.0 7.9 23.6 
Laser repetition rate (Hz) 1 
Electron-laser crossing angle (rad) 0.35 

Quantum parameter 
Xe for Ee == 14.0GeV 0.48 1.28 3.77 
Xe for Ee == 16.5GeV 0.56 1.50 4.45 
Xe for Ee == 17.5GeV 0.6 1.6 4.72 

e−/γB

LASER
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Laser Diagnostics
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LUXE Simulations
• Programs used for simulation:


• Ptarmigan - SFQED Monte-Carlo code -> Used to simulate the electron/
photon - laser interaction at IP https://github.com/tgblackburn/ptarmigan


• Geant4 and FLUKA - general particle tracking Monte-Carlo codes -> Used 
for background estimation, radiation prediction and detector performances 


• SFQED simulations utilise two computational approximations


• LMA - locally monochromatic approximation


• LCFA - locally constant field approximation

https://github.com/tgblackburn/ptarmigan

