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Recently, advancements in high-intensity laser technology have enabled the exploration of non-perturbative
Quantum Electrodynamics (QED) in strong-field regimes. Notable aspects include non-linear Compton scatter-
ing and Breit-Wheeler pair production, observable when colliding high-intensity laser pulses and relativistic
electron beams. The LUXE experiment at DESY and the E-320 experiment at SLAC aim to study these
phenomena by measuring the created high-flux Compton electrons and photons. We propose a novel detector
system featuring a segmented gas-filled Cherenkov detector with a scintillator screen and camera setup,

designed to efficiently detect high-flux Compton electrons. Preliminary results from E-320 measurement
campaigns demonstrate methods for reconstructing electron energy spectra, aiming to reveal crucial features

of non-perturbative QED.

1. Introduction

In recent years, advances in high-power laser systems have opened
new possibilities to investigate the almost uncharted regime of strong-
field quantum electrodynamics (strong-field QED). These strong fields
occur in astrophysical theories of magnetars, within crystal lattices [1]
or in future high-energy particle colliders. In the presence of strong
fields QED becomes non-perturbative, where the virtual electron-pos-
itron pairs become real, which leads to many non-linear, rarely mea-
sured phenomena. In order to enter the strong-field regime an electrical
field, €, larger than the Schwinger critical field,
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is needed [2]. As modern technologies cannot achieve such an in-
tense field strength, relativistic probes can be used in combination
with a high-intensity laser. Because the electrical field strength is not
Lorentz invariant, a boosted probe experiences larger fields within

its laboratory frame. In the running E-320 experiment (E-320) [3]
or planned Laser Und XFEL Experiment (LUXE) [4,5] high-energy
electrons (O (10 GeV)) are being used in combination with a high-
power laser system (© (10 — 100 TW)) to probe strong-field QED
theories. Due to the low interaction probability, high-intensity beams
(O (10° / Bunch Crossing)) are needed, creating the demand for particle
detector systems with large dynamic ranges.

2. The Laser Und XFEL Experiment

The LUXE Experiment is a planned experiment at DESY and the
European XFEL using its 16.5 GeV, 250 pC electron bunches for interac-
tions with a laser pulse peak power of 40 to 350 TW (Fig. 1). Two out
of many processes that can be observed after the collision are the non-
linear Compton scattering and the Breit-Wheeler pair creation. In the
presence of the large electrical field, an electron interacts with multiple
laser photons, resulting in a Compton electron and a high-energy
photon. This photon can then furthermore undergo a Breit-Wheeler
process within the laser field, creating an electron—positron pair.
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Fig. 1. Schematics of an electron bunch from the European XFEL interacting with a
high-intensity laser pulse. A high-energy photon is created via the non-linear Compton
effect and interacts further with the field to create a Breit-Wheeler electron—positron-
pair.
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Fig. 2. Ptarmigan simulations of electron-laser collisions for different laser intensities
ay. The number of scattered Compton electrons is given per bunch crossing with a bin
size of 100 MeV. The blue line (a, = 0.1) corresponds to the case of linear Compton
scattering.

The Ptarmigan [6] simulations presented in Fig. 2 show Comp-
ton electron energies per bunch crossing resulting from electron-laser
collisions. For increasing field strengths, therefore increasing laser in-
tensities a,, a shift of the Compton edge towards higher energies and
multiple harmonics can be observed. LUXE will measure these effects
with high statistics and accuracy such that non-perturbative theories
can be verified experimentally.

3. The electron detection system

In order to measure the particle flux and the energy distributions of
the particles in these interactions, a variety of detection methods are
needed. This work focuses on measuring the electron energy spectra
of the scattered electrons from the non-linear Compton process. The
Electron Detection System (EDS) serves, in combination with a dipole
magnet, as an electron energy spectrometer. Following the interaction
point, a spectrometer dipole magnet separates the electrons from other
particles with respect to their energy, allowing energy measurements
with a spatially segmented detector system. As shown in Fig. 3, EDS
consists of two complementary detector systems that use two different
principles (scintillation and Cherenkov effect) for cross-calibrations and
minimal uncertainties.

The scintillating screen and camera system (here: ‘screen detector’)
consists of a terbium-doped gadolinium-oxysulfide scintillating screen
with an active area of 100 x 100 mm? and a thickness of 0.05 mm as
well as a Basler camera [7] which is commonly used in such detector
configurations. When electrons travel through the screen, visible light
is emitted via the scintillation process. The intensity is proportional
to the number of electrons passing through. Because electrons are

Nuclear Inst. and Methods in Physics Research, A 1080 (2025) 170777

photodetectors

scintillator screen
+ camera system

Fig. 3. Sketch of the Electron Detection System at LUXE behind a spectrometer dipole
magnet. It shows the two complementary systems: the scintillating screen and camera
system as well as the Cherenkov-based straw detector [5].
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Fig. 4. Sketch of a straw in the straw detector. The Cherenkov light (yellow) created
by the electron (blue arrow) is reflected towards the top of the straw and detected by
a SiPM. Tilting the straws by an angle « can be used to tune the sensitivity. [5].

separated spatially by energy, an intensity measurement along the
screen results in a measurement of the electron energy distribution. The
screen detector will have a spatial resolution of < 0.5 mm which results
in a relative energy resolution of about 2%.

The Cherenkov-based straw detector (here: ‘straw detector’) con-
tains hollow stainless-steel tubes and solid quartz glass rods (‘straws’),
which are mechanically connected to a Silicon-Photomultiplier (SiPM)
[8] on the one side and a LED pulser system for calibrations on the
other side, as indicated in Fig. 4.

When electrons pass through the straw volume, they produce Cheren
kov light in the medium that is reflected at the inside walls of the straws
towards a SiPM sitting on top. The number of Cherenkov photons N
with frequency f generated by a charged particle with velocity v and
charge z in a medium of length x is described in Eq. (2). The Cherenkov
angle O is proportional to the refractive index of the material » and
the velocity of the charged particle v [9].

The Cherenkov medium affects the number of optical photons pro-
duced by electrons passing through the straw, since the refractive index
of air is n,;, ~ 1.00027 compared to that of glass nyj,, ~ 1.4.

N _ [Pame2 oo an @c=Li p=t @)
dx 1 c pn c

Since the number of electrons passing each straw is expected to vary
(see spectral distribution in Fig. 2) a change of medium depending on
the expected particle rate can extend the dynamic range of the detector.
In this study, two different media have been tested: air and quartz
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Fig. 5. Schematics of the EDS prototype setup at the FACET-II beamline. The 10 GeV
electrons and scattered electrons from electron-laser interactions (1) are separated
spatially with respect to their energy via a spectrometer dipole magnet (2), bent
downwards and then detected by the EDS prototype in the scintillating screen (3),
stainless-steel straws (4) and glass rods (5). As sketched in (6), a Compton spectrum
is expected to be seen along the vertical axis.
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Fig. 6. Mean SiPM signal amplitudes of two air-filled steel straws (ch00 & ch01) and
two glass rods (ch24 & ch25) as a function of the vertical detector position in the
mono-energetic beam.

glass. Furthermore, tilting the straws at an angle « (Fig. 4) affects the
absorption of the Cherenkov light on its trajectory towards the SiPM.

4. The data taking campaign at FACET-II

For the purpose of testing the existing detector design, an EDS
prototype has been developed such that it suits the experimental pro-
gram of the E-320 experiment at the FACET-II facility at the SLAC
National Accelerator Laboratory in Menlo Park/CA, USA. The electron
bunches (10 GeV, 1.6 nC) collide with a 10 TW-laser, creating an

o < 5. Behind the interaction point, three imaging quadrupole magnets
and a spectrometer dipole magnet transport the electrons about 25 m
downstream the accelerator to an in-air detector area right before the
main beam dump. 16 air-filled stainless-steel straws and 16 solid glass
rods are placed horizontally as shown in Fig. 5.

In the experimental campaign, the signal of the straw detector was
calibrated. For this, the detector was moved through a Gaussian-shaped
pencil beam along the vertical axis. Fig. 6 shows the change of signal
amplitude in some of the straws with respect to the position of the
detector in the main beam. The SiPMs attached to the air-filled straws
were operated at a gain of about 3x 10° and the SiPMs of the glass rods
at a gain of approximately 1.5 x 10°.

Three statements can be made from the measurement shown in Fig. 6:

* By setting different SiPM gains, the 1.6 nC charge can be suc-
cessfully measured in both the air-filled straws and the glass
rods.
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Fig. 7. The normalized signal amplitude from LED pulser measurements over time
which indicates a degradation of the detector due to radiation.
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Fig. 8. Compton electron energy spectrum of electron-laser collisions in the E-
320 experiment recorded with the screen detector. The signal (orange) and the
background (blue) are averages over @ (10) shots with a I band. The background
signal is generated every 10 bunches, where no electron-laser collisions take place [3].
In gray the difference between the signal and the background is shown.

» The Gaussian beam width can be measured to (1.3 + 0.2) mm,
which is in agreement with the machine setup.

» When not aiming at one straw, a clear signal can be measured,
which results in the vertical offset of the Gaussian-like graphs.
This background originates from signals created by charged par-
ticles hitting the sensitive area of the SiPMs directly.

Throughout the initial measurement campaign at FACET-II, severe
radiation damage was observed in the SiPMs. With the constant LED
light-yield as reference, a reduction in the SiPM signal amplitude is visi-
ble, which is a typical sign for radiation damage in SiPMs [10]. Within
approximately 9 days of accelerator operation the signal degraded by
about 50 % (Fig. 7).

When observing electron-laser collisions in the E-320 experiment
the scintillating screen shows a clear Compton electron energy spec-
trum (Fig. 8). In comparison to the background, where no laser colli-
sions occurred (hence, only the main beam passes through the screen),
a Compton edge becomes visible around roughly 8 GeV.

5. Conclusion & outlook

The Electron Detection System is a detector that functions as an
electron energy spectrometer with high particle flux compatibility. It
consists of two complementary systems, a scintillating screen with
a camera system and a segmented Cherenkov-based straw detector.
First measurements at the FACET-II facility and in cooperation with
the strong-field QED experiment E-320 gave new insights into the
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performance of the detector to measure a Compton spectrum in a
running strong-field QED experiment and the radiation effects in a real
experimental environment.

In the future, further data analysis, i.e. combining straw and screen
data, will provide a deeper insight into the described phenomena and
detailed strong-field QED and Monte Carlo simulations allow for a
comparison of the measured electron spectra. Optimizations like a more
radiation-hard design or stricter background suppression will bring the
Electron Detection System one step closer to a final detector system for
the LUXE experiment at the European XFEL.
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