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Proposal for a new experiment using a Laser and XFEL to test quantum 
physics in the strong-field regime



Science motivation
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Reminder: Quantum electrodynamics
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• Relativistic field theory of electrodynamics
• Perturbation theory in terms of coupling constant α
• World’s most precisely tested theory
‣ Anomalous magnetic dipole moment (g−2) of electron: 

- Zero at leading order, first corrections calculated by 
Schwinger (1947)

- Based on precise measured and calculated (includes terms 
of 5th order: α5) values, extract 1/α = 137.035 999 084 (21) 

- Precision better than 10−9, consistent with other 
measurements

‣ Anomalous magnetic dipole moment of muon shows 
interesting tension
- New experiment at FNAL (“Muon g-2”) will improve 

precision by factor 4
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1947 : QED
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History

… and Feynman and 
Tomonaga ….



QED: what do we not know ?
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• What happens if electrons or photons propagate in a very 
strong field ? 
‣ QED expects that vacuum becomes unstable e.g. for 

nucleus with Z > 137. Spontaneous creation of e+e− pairs 
(“boiling of vacuum”)

• Historical developments: 
‣ 1930s: Initial discussions of EM in strong field in 

literature (Sauter, Euler, Heisenberg) → introduction of 
“critical field”

‣ 1951: First non-perturbative calculations by Julian 
Schwinger

‣ 1990s: E144 experiment at SLAC



Why explore strong field QED ?
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• Relevant to numerous phenomena in our Universe
‣ Astrophysics: 

- Hawking radiation, surface of neutron stars (magnetars), early Universe
‣ Condensed matter and atomic physics (nuclei with Z > 137)
‣ Accelerator physics: high energy e+e- colliders

• Main goals:
‣ Testing theoretical predictions in novel regime 

- Gain deeper understanding of quantum physics 
‣ Measure transition from perturbative to non-perturbative regime 

- Could teach us about other non-perturbative regimes, e.g. understanding 
confinement [Gribov, hep-ph/9902279]

• Schwinger field has never been reached experimentally in clean environment
‣ Exciting to be the first to explore this … we might be surprised what we find!



The Schwinger process
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J. Schwinger: On Gauge 

Invariance and Vacuum 

Polarization,

Phys. Rev. 82 (1951) 664

• Simple picture of photon in electric field: 
‣ The EM force is F = eε 
‣ Energy needed to separate e+e− pair: E = F·dmin 
‣ Heisenberg: ∆t ≥ ℏ/∆E ⇒ ∆tmin = ℏ/(2mc2)  
⇒ minimum distance: dmin = 2c∆tmin = ℏ/mc = λc 

‣ Virtual pair becomes real if E = F·dmin = ℏeε/mc > 2mc2

⇒ Possible if ε > 2m2c3/ℏe = 2εcrit



Laser and particle beam interactions
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• Use laser to generate electric field 
• Use high energy electron beam, also for 
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• Laser power required to reach Schwinger field 
(χ ~ 1): 
• Raw laser intensity, I = 2×1029 W/cm2 

• Way beyond current technology 
• EU.XFEL, Ee ≈ 10 GeV: I ≈ 1020 W/cm2 

• Use well-test laser technology 
• ELI-NP, Ee ≈ 1 GeV: I ≈ 1022 W/cm2 

• State-of the art laser needed
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Main processes of interest
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e− + nωL → e− + γ γ + nωL → e+e−

• High energy electron or photon interacts with laser 
‣ Also higher order processes e− + nωL → e−e+e− 

‣ Via two steps (e− + nωL → e− + γ and then γ + nωL → e+e−) or one step



Cross section for QED processes
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• In perturbative QED 
‣ For n photons, σ ~ αn 
‣ With α ~ e2 ~ ξ2, it follows: σ ~  ξ2n 

• If ξ ≳ 1 all orders can contribute ~equally ⇒ cannot truncate series 

‣ All-order calculation needs to be performed (hard) 

• Example for asymptotic result for ξ ≫ 1 and χ < 1: σ ~ χe−8/(3χ) 
‣ Since χ ~ √α cannot expand perturbatively 
‣ Result not proportional to powers of α

Observation of deviation from power-law is the signature of strong QED



Pair production process

!11A. Hartin, A. Ringwald, N. Tapia, 
Phys. Rev. D 99 (2019) 036008

• Process not possible in vacuum in classical electrodynamics 
• Pair production in a constant static field (Schwinger process)

• Pair production in plane wave laser: asymptotic result

3

F� / ⇠2 / ↵, as expected from the necessity to absorb
at least one laser photon to allow for photon decay kine-
matically. In fact, expanding F� for small ⇠ yields
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This behaviour reproduces the full result for laser-
assisted OPPP up to values of ⇠ ⇠ 0.1, cf. Fig. 2. As the
laser intensity ⇠ increases, the threshold number of ab-
sorbed photons n0 to produce an electron-positron pair
increases, and more and more terms in the summation
over the number of absorbed laser photons in Eq. (6)
drop out of the probability, resulting in the appearance

of less and less pronounced maxima in F� , see Fig. 2. At
large ⇠, finally, the probability of laser-assisted OPPP ap-
proaches a finite value, the latter growing with increasing
�� . Indeed, for ⇠ & 1/
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This behaviour applies to a very good accuracy already
for ⇠ & 1 and �� . 1, cf. Fig. 2. Importantly, we infer
from Eq. (9) that the asymptotic value of F� is non-
perturbative in the electromagnetic coupling e and that
the rate of laser-assisted OPPP asymptotes to
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ressembling the rate (1) of SPP in a constant electric
field4. This has to be expected, since large intensity pa-
rameter, ⇠ � 1, corresponds to a quasi-static electric
field of the laser, ! ⌧ e |E| /me, cf. Eq. (5). How-
ever, in contrast to SPP, in laser-assisted OPPP the
produced electron-positron pair, in its rest frame, ex-
periences an electric field enhanced by the relativistic
boost factor !i/me. This enhanced electric field is of
order the Schwinger critical value Ec, if the photon re-
coil parameter is �� ⇠ 1, cf. Eq. (5). Hence, the
Schwinger critical field – the boiling point of the QED
vacuum – can be determined in principle experimentally
from the measurement of the rate of laser-assisted OPPP
at ⇠ & 1/

p
�� � 1. Next, we consider the e↵ect of

enhancing the OPPP rate with the use of high energy
bremsstrahlung photons.

overlap of in and out states applicable for �� � 1, the locally
constant field approximation for ⇠ � 1, and perturbation the-
ory for ⇠ ⌧ 1. Instead, for the scheme proposed in this paper,
with high energy photons produced from foil bremsstrahlung,
the initial states vary widely across energy and spatial ranges.
Preliminary analysis shows that the IPW approximation, using
local values of strong field parameters, are a suitably accurate
description for the real experiments being envisaged.

4 The leading term in the exponent in Eq. 10 is independent of
the laser polarisation, while the pre-factor depends on it [34]
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FIG. 3. Sketch of an experiment to produce high energy pho-
tons by bremsstrahlung conversion in a high-Z thin target
and to cross them with a laser beam to let them decay into
electron-positron pairs. Switching o↵ the laser allows for a de-
termination of the bremsstrahlung spectrum. Removing the
target allows in addition for the study of HICS, followed by
OPPP, and of the one-step trident process.

III. BREMSSTRAHLUNG PHOTON PAIR
PRODUCTION

Note, that for a laser of frequency ! = 1 eV, focussed
to an intensity I, corresponding to5
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the condition ⇠ & 1/
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�� leads to a lower bound

on the energy of the high energy photon, !i &
19.6GeV

�
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�
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(1+cos ✓) . Unfortunately, there are no
mono-energetic photon beams with energies in the

5 This relation assumes that the intensity is given by the modulus
of the Pointing vector, i.e. I = |E|2 for a plane wave.

• Good agreement between full calculation 
and asymptotic result for ξ ≪ 1 and ξ > 1
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FIG. 2. The dimensionless function F�(⇠,��), Eq. (6), de-
scribing the probability of laser-assisted OPPP, as a function
of the laser intensity parameter ⇠, for di↵erent values of the
photon recoil parameter �� (solid lines). The dotted (dashed)
line shows the analytic result valid at small (large) values of
the intensity parameter, Eq. (8) (Eq. (9)).

one photon pair production (OPPP) – the decay of a
high energy photon in the overlap with an intense opti-
cal laser beam into an electron-positron pair, cf. Fig.
1. This process is kinematically possible because the
electron-positron pair can pick up momentum from the
laser photons. Already in the 1960‘s, when first lasers
where developed, this process has been identified as an
opportunity to study the transition from stimulated to
spontaneous pair production in an external electromag-
netic field [24, 25].2 We will show in this paper that it

o↵ers a timely way to probe the so far elusive boiling
of the vacuum of QED and to determine the Schwinger
critical field experimentally.
The paper is organised as follows. We first examine the

transition rate of the OPPP process as it varies with the
laser field intensity and the photon recoil parameter (cf.
Sec. II). The rate will be shown to be well described by
asymptotic expressions, which depend on the Schwinger
critical field in a simple way, for both low high laser in-
tensities. Next we will consider in Sec. III the e↵ect of
generating high energy photons via bremsstrahlung from
a foil on the asymptotic features of the rate. Finally we
consider in Sec. IV real experimental parameters and the
e↵ect of the finite duration of the laser pulse and the vari-
ability of the laser intensity throughout the interaction
region on the determined value of the Schwinger critical
field. We conclude in Sec. V.

II. ONE PHOTON PAIR PRODUCTION

To leading order in Furry picture [23] perturbation the-
ory (for a recent review, see Ref. [32]), the rate of laser-
assisted OPPP can be written in the form
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in terms of the electric field |E| of the laser beam, its frequency !, and its angle ✓ with respect to the direction of
the incident photon. The dimensionless function F�(⇠,��), for the idealized case that the electromagnetic field of the
laser beam can be described as a circularly polarized infinite plane wave (IPW),3 is given by a sum over the e↵ective
number of laser photons n absorbed by the electron-positron pair [25],
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In Fig. 2, we display F�(⇠,��) as a function of ⇠, for
three values of �� . Clearly, at low laser intensities, ⇠ ⌧ 1,

2 The OPPP process continues to attract much modern interest
with new theoretical approaches [26], analyses which take into
account real interacting laser pulses [27–30] and experimental
schemes to realise the process [31].

laser-assisted OPPP appears to proceed perturbatively,

3 The general problem of assisted pair production from counter
propagating laser/photon pulses was considered, primarily from
a theoretical standpoint, in Ref. [33]. Three theoretical approx-
imations were considered, the delta pulse method involving the



E144 experiment at SLAC
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• Used 46.6 GeV electron beam (Final Focus Test Beam) with 5 × 109 electrons 
per bunch up to 30 Hz. 

• Terawatt laser pulses with intensities of ~0.5 × 1018 W/cm2 and frequency of 
0.5 Hz for wavelengths 1053 nm and 527 nm.  

• Electron bunch and laser collided with 17∘ crossing angle. 

E144 Coll., C. Bamber et al., Phys. Rev. D 60 (1999) 092004;
T. Koffas, “Positron production in multiphoton light-by-light scattering”, 
PhD thesis, University of Rochester (1998), SLAC-R-626.



E144 experiment results

!13Data on non-linear Compton scattering compared to simulation
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E144 experiment results
E144 achieved ξ < 0.4 and χ < 0.25
• Measured non-linear Compton scattering 

with n = 4 photons absorbed and pair 
production with n = 5 photons absorbed

• Observed strong rise ~ ξ2n but not 
asymptotic limit

• Measurements well described by theory
• Large uncertainty on the laser intensity
• Did not achieve the critical field



E144 in the news
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Parameter space
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Absorbing light with light
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A. Hartin, A. Ringwald, N. Tapia, 
Phys. Rev. D 99 (2019) 036008
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Prediction for rate of positrons per shot

Perturbative regime: strong rise, follows power-law 

Non-perturbative regime: departure from power-law 



Overall setup, accelerator 
and laser
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Electron−laser collisions
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Photon−laser collisions
Pair production (Breit−Wheeler) process: γ + nω → e−e+
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• Location at EU.XFEL: 
‣ Annex of shaft building XS1: at end of electron accelerator 
‣ Was built for 2nd EU.XFEL fan foreseen for later (late 2020s) 

• Design aims to have no impact on photon science programme 
‣ Use only 1 of the 2700 bunches in bunch train (kicked out by fast kicker 

magnet)

Annex of shaft 
building

Locations in the EU.XFEL tunnel



Location
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Location
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Location
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Schematic view: beam extraction and transfer

!25M. Huening, M. Scheer, F. Burkart, W. Decking

XTD1

XTD2

XS1 Annex



XS1 annex area
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Shaft located at end of linear accelerator of European XFEL

Annex dimensions: 
• 60 m long 
• 5.4 m wide 
• 5 m high



Beamline layout
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DRAFT
Figure 13. CAD model of the end of the European XFEL accelerator tunnel and the shaft building with the two existing
beamlines XT1 and XT2 to the undulators (SASE1 and SASE2) and the XTD20 tunnel, where the LUXE experiment can be
installed. The beam extraction and the beam line towards the experiment is sketched with the dashed line.

magnets is used for the design of the beam extraction and beam transfer. In the beam extraction part two kicker magnets and 4464

septa are used. In the transfer line, 11 dipole magnets, 10 quadrupoles and 10 corrector dipoles are needed. In addition, an array465

of diagnostic elements are foreseen.466

Figure 14. Design of the beamline extraction. The different magnets (kicker, dipole, quadrupole) are shown in different
colors. The new kicker magnet which kicks out one bunch towards TD20 is indicated. The horizontal and vertical scales are in
units of m. The LUXE experiment starts at the end of the area shown (z = 270 m). The XS1 building starts at z ⇡ 235 in this
drawing, 30 m upstream from the Septa indicated.

For the kicker magnets, a new design will be used [49] while all other components use a design already used in the467

XFEL.EU. Also for power supplies and general infrastructure, e.g. vacuum system, beam instrumentation, water cooling,468

cabling, safety systems the already installed and tested standard XFEL.EU components will be used.469

3.3 Installation Procedure470

The installation of the extraction and transfer line requires major construction work both in the XTL tunnel and in the XS1 shaft.471

Additional infrastructure has to be installed in the XS1 building. While some of this prepatory work can be done in parallel to472

XFEL operation, the bulk of the work has to be done during shut-down periods. In order not to affect XFEL.EU operation, the473

installation of the extraction and transfer line is planned to be compatible with regularly scheduled shutdown periods. It should474

be noted, that during these periods the technical personnel of DESY is fully committed to regular XFEL.EU maintenance and475

upgrade work. Thus this additional installation work requires the hiring of additional qualified personnel.476

The different phases of the installation are listed in the following:477

19/39

Extraction Transfer

F. Burkart, W. Decking

Design of magnets for beam extraction and then beam transfer to LUXE 
• Most magnets use design already operating today in XFEL.EU  
• New fast kicker magnets  
Installation requires: 5 weeks for extraction; 7 weeks for transfer line



Beam dump
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Heavy Concrete Shield
(size and position not yet fixed)

round st.St. γ beam pipe, DN40

Dipole Magnet (type MB)
l=1m, 2.2T � 38mrad|2.18° @ 17.5GeV/c rectangular common st.St. beam pipe

for e-, e+, γ

Heavy Concrete Shield
(size and position not yet fixed)

Heavy Concrete Shield
(size and position not yet fixed)

500

500

dump
cooling

500

~ 4m

F. Burkart, M. Schmitz 

Beam needs to be safely dumped, design (with radioprotection group) well 
advanced.



Beam dump
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Beam needs to be safely dumped, design (with radioprotection group) well 
advanced.
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Laser beam
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Parameter Initial Stage 1 Stage 2
Laser energy after compression [J] 0.9 9
Percentage of laser in focus [%] 40 40
Laser energy on focus [J] 0.36 3.6
Laser pulse duration [fs] 30 30
Laser repetition rate [Hz] 1 1
Laser-beam crossing angle [degrees] 17 17
Laser focal spot FWHM [μm] 8 8 3
Peak intensity [1019 W/cm2] 1.6 16 110
Peak intensity parameter ξ 2 6.2 16
Peak quantum parameter χ: 
Ee = 17.5 GeV 
Ee = 14.0 GeV

0.41 
0.32

1.3 
1.0

3.3 
2.6

Lower intensities achieved by de-focussing laser or stretching pulse



Laser design
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DRAFTFigure 17. : A typical optical layout of a high contrast HPLS.

currents and mechanical vibrations and drift. Current commercial systems are engineered to consist of distinct mechanical593

components set out on a conventional optical table and must therefore be re-aligned routinely and are open to variety of594

effects varying performance. This contrasts with sealed, turnkey systems which exist in different parameter ranges in industry.595

However, we believe that this will not limit the ultimate precision and reproducibility we can achieve. In the following we will596

discuss the considerations setting out the laser requirements and interaction geometry.597

5.3 Laser diagnostics598

Typical shot-to-shot fluctuations are significant and require an approach to intensity tagging for each interaction shot. In the599

following we detail the typical level of shot-to-shot fluctuations and approaches with which we aim to tag each shot with a600

precision of below 0.1%. High energy Ti:Sapphire lasers using flash-lamp technology for the pump-lasers have typical energy601

fluctuations of around 2-3% rms. These overall energy fluctuations, while significant, are not the dominant contribution to602

shot-to-shot intensity fluctuations. The major contributions to such fluctuations are small changes in phase both in real space603

and in frequency space. Small changes in spatial phase result in the spot radius fluctuating at the few % level resulting in 10%604

level intensity fluctuations. Similarly, fluctuations in the spectral phase can lead to 5-10% rms fluctuations in the pulse duration.605

In total, the shot-to-shot variation in intensity I0 on a stable laser can reach 15% or more. To mitigate against this, we will606

set-up a state of the art diagnostic system capable of measuring the fluctuations. The shots will then be tagged with their precise607

relative intensity allowing precision relative measurements using the following diagnostics:608

• Energy Tagging609

The full beam energy will be measured by imaging an attenuated beam onto a CCD. For a well exposed image containing610

> 1010 total counts the energy fluctuations can be controlled to < 10�5 accuracy.611

• Fluence Tagging612

A similar approach will be taken to determine the fluence Fw = dE
dA using a high magnification image of the focal spot613

onto a CCD camera. Care will be taken to eliminate any non-linear effects in transmissive optics. The variation of614

the efficiency of the CCD with wavelength would reduce the effectiveness of the method described above if there are615

significant shifts or fluctuations of the spectrum. We will employ a spectrometer and colour filtered images to maintain616

the high precision that is theoretically possible in these measurements.617

• Pulse Length Tagging618

Finally, the stability of the pulse duration will be determined by employing two complementary techniques. We will619

measure the pulse duration on every shot using a state of the art system capable of reconstructing the full pulse shape620

such as the Wizzler combined with an autocorrelator. We will employ a simpler, complementary technique to ensure621

that this measurement is not dominated by fluctuations within the measurement device by producing an image of the622
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Laser diagnostics
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• Aim to control intensity at level of 5-10% 
‣ Cannot measure it directly  

• Several diagnostics measurements 
planned to measure parameters 
‣ Energy  
‣ Fluence (Energy/area) 
‣ Pulse length 

• Laser shots can vary by ~15% for stable 
laser at this power 
‣ System can be used to tag intensity of 

individual shots



Tentative time scale
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• Summer 2020 
‣ CDR for LUXE experiment  (TDR a year later?) 

• Nov/Dec 2020 
‣ Start preparatory work for installation; main installation following year 

• 2022-2023: prototype experiment (stage-0) 
‣ 1st year: electron−laser running 
‣ 2nd year: photon−laser running 

• 2024:  
‣ Install more powerful laser (~1 PW) and improved laser diagnostics 
‣ Publish results of stage-0 experiment 

• 2025-2027: Data taking with high-power laser (stage-1) 
‣ Interesting to run at different energies, currents,… configurations 
‣ Plan to benefit from requirements of other experiments



Summary
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• LUXE is an experiment to test what happens when high energy electrons or 
photons observe an intense laser field. 

• LUXE will probe quantum physics in new regime of high intensity QED using a 
tiny fraction of European XFEL electron beam. 
‣ Measure several phenomena predicted more than 60 years ago. 
‣ Test quantum field theory in a new regime. 

• International collaboration of 37 scientists (12 institutions from 4 countries) 
performed feasibility study. 
‣ Release a “Letter of Intent” on the arXiv.
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• DESY technical groups: 
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