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Quantum Vacuum
● What do we mean by the Quantum Vacuum?

○ Fluctuations around a mean of Zero for particles and fields.

● Linear phenomena of the quantum vacuum
○ Lamb Shift
○ Casimir effect
○ Spontaneous Emission/Parametric Fluorescence

● Some of the most fundamental predictions have not been
tested

○ Photon/Photon Scattering
(Violation of the superposition principle)

○ Pair Production in Vacuum
○ Trajectory of an electron in an electromagnetic field
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vacuum fluctuations

The quantum vacuum – an optical medium

Classical description                 versus                     quantum vacuum

Presence of charged (virtual) particles
=> Coupling between different fields
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Effects are very weak

● Work performed on each Lepton over Compton 
wavelength corresponds to electron restmass

○ At this point our vacuum fluctuations become real
○ Effects become comparable to single electron

● Corresponding Intensity: Icr~1029Wcm-2

○ Below this strongly suppressed
4
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Achieving the Critical Field – The Boosted Frame

● The strength of  electric and magnetic field increases in 
the boosted frame of reference.

○ Energy is conserved 
○ Length contraction leads to higher energy density

■ Field strengths increase
■ Equivalent factor cg for photon/photon collisions

● Critical field can be reached

Laser
e-beam

Lorentz-factor g
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The field strength parameter
parameter a0

● Familiar in laser physics as normalised vector potential
○ Relativistic threshold: 

Restmass energy gained over one wavelength
○ a0 = x => Same paramter, different name

● Strong Field QED: 
○ a0 ~ Number of laser photons absorbed per Compton wavelength
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Wide Parameter Range Accessible
New J. Phys. 23 (2021) 105002 F C Salgado et al

Figure 1. Dependence of χγ on γ-ray energy and a0 for λ = 800 nm. The FOR2783 experiment design point is shown in red:
Eγ = 2.5 GeV and a0 = 66 (I = 9.5 × 1021 W cm−2).

Figure 2. Experimental layout of the FOR2783 experiment at the Centre for Advanced Laser Applications (CALA). Two laser
beams are required for the experiment. The ‘LWFA-laser’ beam is responsible for accelerating monoenergetic electron beams that
interact with a converter foil generating bremsstrahlung gamma photons. The electron beam is deflected outside of the main
experimental axis while the γ-beam interacts with a second tightly focus (F/2) ‘collider’ laser beam. The interaction promotes the
creation of electron–positron pairs through strong-field interactions. The gamma photons together with the created pairs travel
towards the detectors where a beam dump for the high-energy photons is placed and a pair dipole magnet guides the particles
towards the single particle detectors.

2. Experimental design

The challenge of investigating the BW phenomenon in a laboratory has always been recognised as
formidable and engaged physicists for decades. The first proposal to perform an ‘all-optical’ experiment
based on CPA laser technology [7, 25] and LWFA accelerators [5, 26, 27] was centred on the Astra-Gemini
laser [7], which demonstrated the key components of the current experimental design—in particular the
analyser magnet system [28], LWFA beams with 2.5 GeV energy from [29] and successful timing overlap of
an LWFA driving laser and the collider laser beams [30].

The schematic layout of the experiment is as shown in figure 2 and follows the same basic arrangement
first introduced in the GEMINI campaign [7, 28]. Two intense, PW-class laser beams are required to drive
the experiment, a weakly focussed LWFA beam and the tightly focussed high-intensity beam. In the case of
our experiment the ATLAS laser at CALA produces a single beam with the energy limited to 45 J (of the
available 60 J) in 30 fs and consequently a power of 1.5 PW with a central wavelength of λ = 800 nm. This
beam is then split spatially into a central part containing 9.5 J for the ultra-intense beam and ring-shaped
beam containing about 30 J (after splitting losses) to drive the multi-GeV laser-wakefield accelerator.

The weakly focussed ‘LWFA-laser’ beam accelerates electrons to multi-GeV energies using the LWFA
method [27]. The electrons then interact with a high-Z converter foil to produce high-energy
bremsstrahlung γ-ray photons. The electrons are deflected by the first magnet to an electron spectrometer,
while the bremsstrahlung γ-rays interact with the tightly focussed ‘collider’ laser at the interaction
point (IP). A key consideration is minimising the distance D from the LWFA stage to the IP to increase the
γ-photon flux at the IP. The installation into a multi-purpose facility favours the use of permanent magnets
with field strengths of approximately 1 T.

At the IP, the interaction between the γ-photons and the collider laser produces BW pairs that propagate
towards the analyser magnet system consisting of a separator and collimator magnet located after a

3

● Currently available e-beam energies: 2-17  GeV
○ 47 GeV at now decomissioned SLAC

● a0 > 100 possible at PW
○ Not (currently) concurrently available

7
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Fundamental phenomena accessible 

Accessible phenomena < Ecr:

- Vacuum polarisation effects
Vacuum Bi-refringence
Quantum Reflection
4-Wave mixing

- Non-linear Compton scattering
- Radiation Reaction effects
- Linear Vacuum Pair Production

Ecr =
m2c2

hc
=1.3×1016V/cm

Icr =
cEcr

2

8π
= 2.3×1029W/cm2

Accessible phenomena ~ Ecr:

- Non-linear Pair Production
- Non-perturbative Compton 

Scattering
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Radiation Reaction

9

• What is the correct equation of motion of a charged
particle? 
– Without radiation reaction, Lorentz force

– Classical radiation reaction: Lorentz Abraham

– At high intensites: 
Quantum Effects - which model is correct?
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Pair Production

10

2. Theory

The diagram that describes the pair-annihilation process is shown in figure 2.11 a).
One can notice the similarity with the Compton scattering diagram already introduced
in section 2.2.2. Both processes are related by the so-called crossing symmetry property
where their diagrams have the same number of vertices and lines, but their incoming
and outgoing momenta sign and particles are di�erent [42]. The annihilation process is
considered spontaneous, i.e., it can occur for any electron-positron pair independently
of their energy [157].

a

Figure 2.11.: Feynman diagrams of a) Dirac’s pair-annihilation process, and b) linear
Breit-Wheeler pair production. Both processes are related to each other
by crossing symmetry where the same number of vertices and lines are
presented, but the momenta of the particles are changed.

From the diagram, one can compute the total cross-section of the pair-annihilation
process [42, 148, 158],

‡D = fi
–2

m2
e

(1 ≠ —̂)
4—̂2

S

U(3 ≠ —̂4) ln
Q

a1 + —̂

1 ≠ —̂

R

b ≠ 2—̂(2 ≠ —̂2)
T

V , (2.21)

where – ¥ 1/137 is the fine-structure constant, —̂ =
Ò

1 ≠ 1/s standing for the center
of mass velocity with the energy of the electron or positron at the center of mass given
by s = (Ee≠/e+/me)2.

The annihilation cross-section is plotted in figure 2.12 a). At low particle energies,
the energy at the center of mass tends to unity s æ 1. Consequently, the velocity of the
center of mass goes to zero —̂ æ 0, and the cross-section to infinity ‡D æ Œ meaning
that the electron-positron pairs have an extremely high-probability of generating
photon pairs. Now, for high particle energies, the contrary behavior is observed: s æ 0
and —̂ æ 1, hence, ‡D æ 0, indicating a low probability of the particles to create two
photons.

38

Annihilation a) and it‘s inverse, b) linear Breit-Wheeler Pair Production
These processes are analogous to ionisation/recombination in atoms:

Three distinct approaches possible (as in atoms):
1) linear ionisation (photon/photon collision)
2) Static field ionisation
3) Multi-photon/Tunneling processes

e+/e- annihlation:
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Pair production processes
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Experiments: Past, Present, Future
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Facet II
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E144 @ SLAC

● First non-linear QED Experiment
○ c<1 
○ Perturbative regime
○ Pair production in electron-laser interactions

13
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Gemini Experiments

● Radiation reaction experiments in c<1 
● First ‚all-optical ‚

14

K Poder et al.  Physical Review X 8 (3), 031004 (2018)
JM Cole, et al, Physical Review X 8 (1), 011020 (2018)
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Figure 3. Radiation Reaction Data: a. Measured integrated �-beam photon energy (normalised
to the total kinetic energy in the un-scattered electron beam) versus amount of radiation friction
experienced by the electron beam. Total friction is estimated by dividing the total kinetic energy
in the scattered electron beam by the total kinetic energy in the related reference shot. b. - d.
Measured electron spectrum after interaction with the scattering laser (thick red line) and related
spectra with the scattering laser o↵ (black thin line) for the three di↵erent scenarios shown in
frame a.: poor overlap (frame b.), moderate overlap (frame c.), and best overlap (frame d.)

23



www.hi-jena.de

E320 @ FACET II

15

● Only SFQED facility currently operational
○ c ~1 -reaches non-perturbative regime
○ electron laser modes
○ Radiation reaction and pair-production
○ Current status: ‚first light‘ on diagnositics

Sebastian Meuren (representing the E-320 collaboration)                                                             

Future upgrade: photon spectrometer (measure LCFA breakdown)

Di Piazza et al., PRA 98, 012134 (2018)
Baier, Katkov, & Strakhovenko Nucl. Phys. B328 387 (1989)

• Important aim: verify numerical methods 

employed to simulate Strong-field QED (χ~1)
 

→ QED-PIC codes for HEDP/QED plasmas; 

     CAIN/GUINEA-PIG for linear collider

• Existing numerical methods employ the

Local Constant Field Approximation (LCFA)

• The formation length diverges for soft photons 

l
f
 ~ (ƛ

C
/χ)(1+χ/u)1/3,   u = ω’/(ε-ω’) 

LCFA (IR divergence)

Model which accounts for
finite formation length

Same normalization
at high energies

M. Tamburini

Original idea: two-stage pair spectrometer (10-100 MeV & 1-10 GeV) 

SM, David Reis,
Christian Rödel,
Gianluca Sarri

 

(May 8, 2019) 

~10 MeV: Baby Compton 
1-10 GeV
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E320 @ FACET

● First runs underway, first data on detectors! 
16

3

E-320: observing nonperturbative photon emission

E-144: perturbative multi-photon regime 
(a0≲1, χ≲1:1990s)

E-144 PRL 76, 3116 (1996)
perturbative scaling: ~a02n

a0=3
a0=5

a0=7.3

Linear
Compton

edge

“recoil from high harmonic 
emissions”:

requires absorption of 
multiple laser photons

E-320: nonperturbative quantum regime 
(a0≫1,χ≳1: 2021)
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Interaction with n~100 laser photons
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CALA (LMU/Jena/Düsseldorf)

● g-LASER and laser-laser experiments
● First vacuum pair experiment

17

New J. Phys. 23 (2021) 105002 F C Salgado et al

Figure 3. Pair conversion probability per laser cycle (!ω0 = 1.55 eV) for (a) different γ-photon energies as function of laser
intensity for head-on collision between the γ-photons and the collider beam, i.e., a crossing angle of θ = 180◦, (b) and collision
angle θ for I = 5 × 1021 W cm− 2.

radiation shield wall. This allows the intense γ-ray beam to be separated from the pairs, which are detected
on a single event sensitive detector array consisting of Cherenkov calorimeters and a pixelated LYSO array.
Calibration of the detector system will be performed by placing a thin foil source of Bethe–Heitler pairs in
the IP.

2.1. Pair creation probability and optimal intensity
The primary experimental parameters of laser intensity and γ-ray energy are set by using the available laser
energy to achieve high pair creation probability in the IP. We base our experimental design on the
previously published theoretical work considering the non-linear BW interaction [19, 31], and note the
significant body of further work e.g. [8, 32–41].

Assuming that a γ-ray photon of energy Eγ collides with a linearly polarized laser beam of intensity Ilaser,
photon energy !ω0 = 1.55 eV, the probability rate of pair creation dP/dt of the nonlinear BW process is
given, in rationalized natural units and employing the locally constant field approximation, by [19]

dP
dt

= − αm2
eχγ

16ωγ

∫ ∞

z0

dz
8u + 1√

z
√

u3(u − 1)
Ai′(z), (4)

with z0 = (4/χγ)2/3 and u = (z/z0)3/2. Figure 3(a) shows the pair conversion probability per cycle of the
laser pulse, i.e., the rate in (4) integrated over one laser cycle, as a function of the laser intensity. The
exponential suppression of the pair production probability predicted by theory for a non-perturbative
process below threshold is clearly visible at low intensities. At high intensities (for values of χ > 1) the
effective non-linearity q of the pair production probability P(a0) ∝ Iq reduces significantly and the pair
production probability per cycle exceeds 10% per incident γ-photon requiring depletion of the γ-photons
to be taken into account.

The optimal intensity to maximise the pair yield for fixed laser power is determined by the effective
non-linearity parameter q for this experimental configuration. Under the assumption of fixed laser power
and a large γ-spot area Aγ > Alaser the number of γ-photons interacting with the intense field increases
linearly with focal spot area as Nγ ∝ Alaser, while the intensity decreases linearly with I ∝ A− 1

laser.
In the exponentially suppressed regime, characterised by a high effective non-linearity q, it is clearly

desirable to maximise the laser intensity. However, in the limit of high intensities where q < 1 the pair yield
Npairs ∼ NγP increases sub-linearly and larger laser spots at the optimum intensity rather than the highest
intensity result in maximum pair yield. The ideal intensity can be seen to be in the range of
0.5 . . . 3 × 1022 W cm− 2 in figure 4 for the accessible electron-beam energy range of 1 . . . 5 GeV. We choose
to base our design on an electron beam energy of 2.5 GeV and a peak intensity close to 1022 W cm− 2, where
q ≈ 1. The collision angle between the γ-ray beam and the laser pulse was chosen to be 162◦ which does not
significantly reduce the pair yield as compared to the theoretical optimum of 180◦ (see figure 3(b), a
detailed explanation for the chosen angle is given in the following section 3.1). The potential gains in pair
yield from higher electron beam energies would be offset by the increase in the magnet length and therefore
D assuming a constant γ-ray divergence set by the electron beam.

4

Target Area: Detection Region

DFG research group 2783
http://www.quantumvacuum.org/
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Energy – divergence relation 

 

 

 

  

Effective Pair Rate@0.1  Hz

● Acceptance of detector: O~15%
○ Effective rate: 20-140 \h (50-350µm conv. target)

18

Detector system acceptance



www.hi-jena.de

LUXE

● Located at EU XFEL
○ 300TW, 17 GeV
○ a0>20, c>4 19

LUXE also offers new opportunities to directly search for new particles from physics beyond the Standard Model (BSM) [20].
The Compton process yields a very high flux of high-energy photons which can mix with BSM particles in the mass range
between about 10 MeV and 1 GeV. LUXE can also serve as a sensitive beam-dump experiment to search for such BSM particles
when placing a detector a few meters behind the photon beam dump. Furthermore, new particles could be produced directly in
the beam-laser interactions.

LUXE will use the electron beam of the European XFEL (XFEL.EU). It is designed to run with energies up to Ee = 17.5 GeV,
and contains trains of 2,700 electron bunches, each of up to 6 · 109 electrons but usually operating with 1.5 · 109 electrons,
that pass at a rate of 10 Hz. One electron bunch per train will be extracted, and guided to the interaction region. Out of these
10 Hz electron bunch extractions, 1 Hz will collide with the laser beam and 9 Hz will be used for in-situ beam background
measurements.

An aerial view of the XFEL.EU is presented in Fig. 1.2. The linear accelerator ends after 1.7 km at which point the "fan" of
the XFEL.EU starts which foresees of a total of five beamlines that serve the photon science programme. At present, three of
the five beamlines are operating. At this location called "Osdorfer Born", there is a part of a tunnel currently unused which
presents an ideal opportunity to install the LUXE experiment. Starting in about 2030 this tunnel will be part of the construction
of a second XFEL.EU fan. Above the tunnel there is also a building which provides access to the tunnel, and has significant
infrastructure. In this building a laser can be installed, as well as service rooms and other necessary infrastructure for the
experiment.

Figure 1.2. Aerial view of the XFEL.EU location. The linear accelerator starts at the DESY site and ends at the Osdorfer
Born location where the XFEL.EU fan starts with five beamlines going to the XFEL.EU main site in Schenefeld. The location
of the LUXE experiment at Osdorfer Born is indicated.

The high electron beam energy, and the chance to access well-defined electron bunches continually at 10 Hz, makes the
XFEL.EU uniquely suitable worldwide for this proposal. While other accelerator-laser combinations can be considered for
similar experiments, they have lower beam energies (e.g. SACLA, SLAC or laser accelerators) and/or less access to continuous
electron bunches, or a significantly lower beam quality and current (e.g. tertiary electron beam at CERN).

The laser envisaged for the initial phase (phase-0) of the experiment has a power of 40 TW, and will be focused to about
3 µm, achieving intensities of up to 1.3 ·1020 W/cm2. The laser photon wavelength is 800 nm, corresponding to an energy of
1.55 eV. It will operate with a steady-state amplifier repetition rate of 1 Hz to ensure high stability. An elaborate state-of-the-art
diagnostics system for the laser intensity will be designed with the goal of achieving a precision on the absolute laser intensity
below 5% and an uncertainty on the relative intensity of individual shots below 1%. In a second phase (phase-1) of the
experiment a more powerful laser with 350 TW is envisaged to reach intensities up to 1.2 · 1021 W /cm2. With phase-0 the
critical field will be reached (ce ⇠< 1.2), but only with the full capacity of phase-1 will it be possible to explore the transition to
the super-critical regime thoroughly up to ce ⇠< 3.

Schematic layouts of the experiment are shown in Fig. 1.3 for the two configurations envisaged for the e-laser and the

7/130
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LUXE  (Laser Und XFEL Experiment) 

● High precision experiment in the non-perturbative regime
○ c >>1
○ g-laser and electron laser modes
○ 10Hz, 24 Hour data taking
○ XFEL linac performance
○ Currently awaiting funding decision
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2.3 Breit-Wheeler Pair Creation484

Breit-Wheeler Process

Breit-Wheeler pair-creation in a background laser pulse corresponds to the decay485

of a photon to an electron-positron pair. We first introduce some of the associated486

phenomenology of the process, and then give details about the two planned photon487

sources – a bremsstrahlung source and an inverse Compton scattering source.488

By considering the centre-of-mass energy in the collision of the probe photon with489

n laser photons, one can derive the threshold harmonic n⇤ required, such that the pair490

can be created. Recalling that the effective mass, m⇤ = m
p

1+x 2, it is clear that a491

higher threshold harmonic is required in more intense laser pulses. In the LMA, the492

threshold harmonic becomes493

n⇤(f) =
2(1+x 2(f))

hg
, (6)

i.e. the threshold is phase-dependent (we recall quantities with subscript g refer to the photon).494

The effective mass dependency is a signature of non-perturbativity at small coupling. This only becomes apparent when495

x 2 ⇠ 1. When x 2 ⌧ 1, the Breit-Wheeler process proceeds perturbatively, via the “multiphoton” process, where the probability496

scales as P µ x 2n⇤ . This is demonstrated by the LMA in Fig. 2.3.
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Figure 2.3. Left: The dependency of probability for the Breit-Wheeler process on the intensity parameter x 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 x and c parameters.
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As x increases past x ⇡ 1 in Fig. 2.3, the “turning of the curve” away from the perturbative multiphoton scaling dependency,498

is a signature of the non-perturbative dependency on field strength. The LCFA result is plotted as a comparison but only499

starts to become a good approximation when x is large. When x � 1 and cg ⌧ 1 the Breit-Wheeler process demonstrates500

tunnelling-like behaviour. In a constant crossed field, the scaling of the rate for cg ⌧ 1 obeys ⇠ cg exp(�8/3cg), and since501

cg µ
p

a , is non-perturbative in the charge-field coupling in an analogous way to the Schwinger effect [18]. However, in the502

Schwinger effect pair-creation is spontaneous whereas in the Breit-Wheeler case the process is stimulated by a high-energy503

photon. The LUXE experiment will probe an area of parameter space that is somewhere between these different asymptotic504

scalings, as illustrated in Fig. 2.3.505

For the parameters probed by the LUXE experiment, the Breit-Wheeler spectrum is symmetric around v = 0.5 meaning506

that the photon’s lightfront momentum is shared equally by the electron and positron. However, as the intensity parameter507

is increased, so too does the width of the spectrum, leading to a broader lightfront momentum distribution of electrons and508

positrons as shown in Fig. 2.4 (where v = { ·P0/{ ·K0 is the lightfront momentum fraction of the produced electron where P0
509

(K0) is the emitted electron (incident photon) momentum). The LMA is found to be significantly more accurate than the LCFA,510

particularly when x is reduced below x = 1, as expected.511
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Relevance/Future Experiments
● Future Linear Collider

○ c>10
○ Radiation Reaction critical to accurate modelling
○ Beamstrahlung losses

● QED cascades
○ Pair plasmas resulting from high c
○ Astrophysical objects

● c>>>1  => ac2/3>1
○ Ritus/Narozhny conjecture

(see Fedotov, Ilderton, King, Karbstein, Seipt, Taya, Torgirmson, Phys. Rep 
2023m Fedotov J. Phys.: Conf. Ser. 826, 012027 (2017))

○ Full breakdown of perturbative approach
○ Loop corrections no longer small

21
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Plasma wakes can reach new regimes

22

QED Cascades
and pair plasmas

ac2/3>0.1
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Summary
● SFQED is experimentally accessible with

current generation of lasers and particle beams
○ Experimentally not tested
○ Collider and Astrophysically important

● Competing Experiments in c~1 regime
○ RF-Accelerator + laser
○ ‚All-optical‘

● LUXE – a SFQED precision experiment
○ requires large number of beam crossings

● c>>>1 
○ Unexplored regime – theoretically challenging

23
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Thanks to XKCD&Pooyan


