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Abstract

The LUXE experiment, currently in design and planning, aims to perform analyses of strong-
field quantum electrodynamics interactions by colliding the high-quality high-energy EU.XFEL
electron beam with a powerful laser. With the ability to collide laser pulses with bunches
of 1.5 × 109 electrons / 1 × 108 photons at 1Hz, this high-statistics environment presents an
opportunity to probe rare interactions in a new parameter space of a novel regime. To do
this requires a unique suite of detectors to measure three types of particles, at highly varying
fluxes dependent on laser interaction parameters. The detectors measure electrons, positrons,
or photons, and balance sensitivity with high dynamic range and hardness to radiation damage.
Presented in brief in this note are the function, design, and reconstruction methods of each of
these detectors.

Presented at the 30th International Symposium on Lepton Photon Interactions at High
Energies, hosted by the University of Manchester, 10-14 January 2022.
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1 Laser Und XFEL Experiment

Quantum electrodynamics relies on perturbative expansions around the vacuum solution.
The theory is among the most accurate in the history of physics [1], yet as a perturbative
expansion, in high energy scales or within extremely high external electromagnetic fields,
the theory can fail. The case of such a sufficiently intense electromagnetic field is described
by the Schwinger limit, or critical field:

ESchw. ≡ m2
ec

3/qe~ = 1.3 × 1018 V m−1 (1)

Where each common symbol has its usual physical constant meaning, including qe and me

as the charge and mass of the electron respectively. This is several orders of magnitude
higher than achievable currently in modern laboratories. Yet by using the boosted frame
of highly energetic electrons, due to relativistic contraction, the relative field intensity
experienced is magnified.
LUXE (Laser Und XFEL Experiment) intends to make use of the most intense electric
fields currently feasible in the lab today: highly focussed laser beam pulses, which benefit
from the chirped amplification technique [2]. By colliding these pulses with a high-energy
particle beam, high values of the assisted electric field and therefore χ, a quantum non-
linearity parameter, can be observed. A value of χ = 1 implies an assisted electric field
at the Schwinger limit; LUXE intends to reach χ = 3 − 5. Further discussions of the
strong-field QED physics may be found in [3]. This general idea was performed first at
SLAC in the 1990s, making use of the ∼ 46 GeV SLAC electron beam [4]. LUXE takes
advantage of the developments in laser technology since then, and will use the EU.XFEL
beam, of electrons up to 17.5 GeV in energy and with bunch population of ∼ 109 -
but a much more powerful laser. In LUXE’s phase-0, a peak 40 TW laser pulse will be
used, before an upgrade during the experiment’s lifetime to a ∼ 350 TW laser. Given
a 1Hz repetition rate, with a running schedule of several years anticipated, LUXE has
the opportunity to gather enough statistics to make high-quality measurements of the
strong-field interactions for a range in χ.
This is performed in two modes of operation: in the electron-laser collision mode, the
electron bunches directly from the XFEL.EU are intercepted by the laser pulses. In the
γ-laser mode, the electron bunches are used to create a high-energy beam of photons. This
is done primarily via a thin heavy-metal target (35 µm of Tungsten), but also there exists
the option of splitting the laser to create an Inverse-Compton-Scattered (ICS), effectively
monochromatic, photon beam.
In both modes two first-order strong-field interactions are expected, creating resultant
particles of three types: electrons, positrons and photons. Figure 1 shows the two main
interactions.
This provides unique challenges in detecting the resulting particles, the only way of recon-
structing the strong-field interactions. Figure 2 shows the array of detectors used in each
mode (e-laser or γ-laser). In particular it shows that magnetic fields are used to separate
the outgoing particles by charge, and so each particle type has its own detector system,
composed of at least two complementary sub-detectors.
The previously described interactions exhibit vastly different cross-sections, and so vastly
different rates of photons to positrons to electrons. Within the e-laser mode, depending on
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Figure 1: Feynman diagrams of the two principal strong-field interactions expected in
LUXE. (a) Shows non-linear Compton scattering and (b) shows the multiphoton Breit-
Wheeler process. The γL index denotes any number of laser photons. Both these processes
can happen one after another in the interaction point, forming an effective ‘trident’ pro-
cess.

the laser spot parameters, electrons which have scattered (through non-linear Compton
scattering) below the beam-energy (and remain of order 1-15 GeV) are produced at rates
of 107 - 109 per beam-laser crossing. Photons from the non-linear Compton scattering,
also of order 1-15 GeV, are too produced at around 107 - 109 per beam-laser crossing.
Downstream from the initial magnetic field (at magnitude of ∼ 1 T) both these electrons
and photons continue with intense flux, and so pose difficulty in reliable detection as they
can damage detectors with their high local dose of radiation. Positrons are produced in the
e-laser mode at around 5 GeV, at lower rates of 10−2 - 105 per beam-laser crossing. This
must be measured in the context of the wider experiment, where bunches up to 1.5× 109

electrons are dumped within the same experimental chamber. This requires significant
power to exclude background from signal, when for a low value of ξ, pair production is
expected only once in 100 collisions. For each positron, an electron is also produced, but
this is not typically detectable above the non-linear Compton scattered electron flux. The
interaction can be fully reconstructed using only the positron rates/energy distributions
due to the symmetry between the electrons & positrons. The expected rates of these
particles have been estimated using the strong-field QED simulation Ptarmigan [5].
In the γ-laser mode, the photon beam is of order 108 in bunch population and again
around 1-15 GeV when created by bremsstrahlung. If the Inverse Compton Scattering
technique is used, the bunch population is orders of magnitude lesser and has energy ∼ 9
GeV. The electrons and positrons are created with equal number and energy distributions,
with around 5 GeV in energy in each and varying rates of around 10−2 - 102 per bunch
crossing. The bremsstrahlung emission has been modelled and simulated by Geant4 [6].

2 Detectors

Non-linear Compton-scattered electrons are produced in high numbers and are counted
and reconstructed with respect to energy, rather than analysed individually, using mag-
netic fields as spectrometers. A screen of scintillating material is used in this region in
conjunction with a segmented Cherenkov detector. The high electron flux induces high
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scintillation light levels, allowing remote optical CMOS cameras to detect signal at high
position resolution, around ∼ 100 µm. This then gives a high energy resolution, far below
the goal of ∼ 2% for LUXE electron detection. The scintillator is sensitive to low-energy
background radiation, however. In the Cherenkov detector the high flux means a Cher-
enkov medium with low refractive index (e.g. air) can be used, which provides very few
signal photons per-electron, but excludes low energy (background) charged particles E <
20 MeV. The relatively low signal per-electron is not a problem as again the incident flux
is so large. Reflective straw tubes carry the light produced from the electrons to an array
of photodetectors. In comparison to the CMOS camera sensor, these photodetectors also
allow a greater dynamic range.
The scintillator & Cherenkov setup is also replicated to detect electrons which radiate
photons to be used in the γ-laser mode. As this electron spectrum cannot be fully covered,
especially the crucial low-energy region which corresponds to high-energy photons, this
site is used mainly for shot-to-shot monitoring. The photon detection system downstream
is the primary measurement of the photon beam which has been generated.

(a) (b)

Figure 2: A schematic of the LUXE experiment in its two modes. (a) is the e-laser mode
and (b) the γ-laser mode.

The low rates expected for the Breit-Wheeler process means there must be a high power
of background exclusion for positron detection. For this the use of technologies which can
utilise track reconstruction - including direct analysis of track calorimetry - are required.
The combination of silicon pixel-trackers and silicon/GaAs sampling calorimeter(s) has
been chosen for this. In front sits the silicon tracker, composed of four layers of two staves
each of 25 µm of silicon. The design is similar to (and based on) the ALPIDE tracker in
development for ALICE [7]. A Kalman filter fitting algorithm is used to identify tracks,
and those which fit geometric expectations for the charged particles can be identified as
signal, and so background excluded [8]. To assist with general background, mitigation
shielding is placed above and below the beampipe which separates the high-flux electron
side from the positron side. Quantum computing solutions are also being investigated to
try improve on background rejection and so achieve further significance even with very
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Figure 3: Schematics of various LUXE detectors. (a) Shows the electron detection
system of both the scintillation screen & camera system and Cherenkov detector (b)
(above) An illustration of the silicon-wafer tracker detector and the electromagnetic calor-
imeter (below). (c) shows the lead-glass gamma flux calorimeter blocks in purple, around
the beampipe and in front of the photon beam-dump. (d) Shows an illustration of the
sapphire-based gamma profiler.

low positron rates. The sampling calorimeter uses 20 tungsten plates to induce showering
within the detector, then sampled by silicon or GaAs sensor layers to reconstruct energy
and position of tracks. This destructively but directly measures the energy of the track.
Performance for this detector, from simulations of the LumiCal prototype [9], offer energy
resolution of σ/E = 20%/

√
E(GeV ) and position resolution at 500 µm.

Three independent detectors are used to measure various characteristics of the gamma
beam in the photon detection system. The gamma spectrometer uses a thin tungsten
target to convert a proportion (∼1%) of the gamma beam to electron-positron pairs, and
using a Bethe-Heitler deconvolution algorithm and the summed energy of the e−/e+ pair,
the gamma beam is reconstructed with energy distribution [10]. The energy profile of
the electrons and positrons are reconstructed with another scintillation screen & camera
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system, similar to the electron detection system, although the camera models used are
more sensitive, with lower typical electronic noise, as the signal flux is far lower. A
sapphire-microstrip gamma beam profiler measures the flux and physical shape of the
produced gamma beam. Two layers of these thin strips, one arrayed in the x dimension
and one in the y, respond to the charge flux in each of these directions to a resolution of 5
µm. Sapphire is chosen for its resistance to radiation damage. This shape is crucial as it
informs us immediately about the quality of the particle-laser interaction from bunch-to-
bunch. Finally, in front of the gamma beam dump, a backscattering calorimeter measures
the total photon energy flux using photon back-scatters from the photon-beam dump.
Eight lead-glass blocks are arranged around the beampipe; electromagnetic showering
within the glass leads to Cherenkov light which is detected by photomultiplier tubes.
Schematics and illustrations of selected detectors can be seen in figure 3. Further reading,
including the prospect of Beyond the Standard Model beam-dump searches for Axion-like
particles, is present within the published LUXE Conceptual Design Report [11].
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