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Extreme astrophysical environments like magnetars, neutron-star mergers, and core-collapse
supernovae explosions exhibit super-critical magnetic fields. Experimental access to QED
cascades and electron-positron pair plasmas in the QED regime will therefore boost our
understanding of these objects, which are essential for the emerging field of multi-messenger
astronomy. Here, we propose a collaboration between Fusion Energy Sciences (FES) and
High Energy Physics (HEP) to initiate a seminal experimental research program on QED
plasmas, enabled by a new paradigm of short, tightly focused electron beams.

I. INTRODUCTION AND MOTIVATION

The recent discovery [1–6] that magnetars [7, 8] — highly magnetized neutron stars — are progen-
itors of mysterious Fast Radio Bursts (FRBs) underscores the importance of understanding plasma
physics and the associated coherent emission under extreme field conditions [9–13]. Neutron stars
are by far the strongest magnets in the universe. They can have field strengths that significantly
exceed the QED critical magnetic field B & Bcr = m2c2/(~e) ≈ 4.4×1013 G. Super-critical magnetic
fields can also be produced during binary neutron-star mergers [14, 15] and core-collapse supernovae
explosions [16, 17]. Understanding the basic physics of such extreme QED plasmas environments is
therefore important for multi-messenger astronomy [18–22].
Even though super-critical magnetic fields are stable, energetic particles or photons will induce

QED cascades when they enter such strong fields [8, 23]. During a QED cascade, i.e., a sequence
of photon emission and pair production, the number of particles increases exponentially until an
electron-positron pair plasma is formed. The resulting copious pair production populates the magne-
tosphere of compact objects [24, 25], changes the dynamics of magnetic reconnection and the resulting
particle acceleration and radiation emission [26–29], and can also act collectively to emit coherent
radiation. It is clear that the complex interplay between strong-field quantum and collective plasma
processes plays an essential role in these extreme astrophysical environments [9–13]. This represents
a new and largely unexplored “QED plasma regime” (see also separate LoI on associated theory
questions [30]).
It has been pointed out by Bell & Kirk [31] that laser-matter interactions beyond intensity

I & 1024 W/cm2 are able to access the QED plasma regime, as the laser is able to accelerate elec-
trons to relativistic energies which then probe the QED critical field in their rest frame [32–36] (this
threshold assumes an optical laser). The prospect of studying a strong-field QED cascade and gen-
erating dense electron-positron plasmas in laboratory experiments is motivating strong investments
in 100 PW-class laser systems like the one proposed in Rochester [37] and the one approved for
construction in Shanghai [38] (see [39–41] for a more detailed overview). While this is an exciting
possibility, it is important to note that it is highly non-trivial to cleanly focus 100 PW laser power,
necessarily distributed among multiple beams, to a focal area of 10µm2 in order to reach intensities
I & 1024 W/cm2. Solving this challenge will require substantial R&D beyond the current state-of-
the-art [42, 43]. An alternative approach, advocated here, is to use lepton beams to enhance the
interesting physical processes.
We propose here to probe supercritical electromagnetic fields and magnetar-type QED cascades

first in electron-laser and later also in beam-beam collisions. This approach is complementary to
laser-laser and laser-matter interactions. A facility which co-locates two disruptive technologies –
multi-petawatt high-intensity laser and densely-compressed, ultra-relativistic electron beams – would
enable world-wide unique scientific opportunities for HEDP and laboratory astrophysics [44].
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II. SEMINAL RESEARCH OPPORTUNITIES ENABLED BY BEAM-DRIVEN EXPERIMENTS

Beam-driven plasma experiments can provide an important new route to study the mechanisms by
which strong-field QED cascades fill the magnetosphere of compact objects with an electron-positron
pair plasma [23–25], and how strong-field QED processes will affect the collective behavior of the
relativistic pair plasma [9]. As terrestrial electromagnetic fields will remain much below the QED
critical field, at least in the mid-term future, the Lorentz boost of ultra-relativistic electrons (or
positrons) is required to probe similar conditions as those encountered in supercritical astrophysical
magnetic fields. This experimental scheme has been first applied in the famous SLAC Experiment
144 [45–47]. Upcoming LINAC-based experiments at DESY (LUXE [48]) and SLAC (E-320 at
FACET II [49]) will provide further insights but will not reach the regime to produce a cascade
with a high multiplicity. Studying strong-field QED is also a key part of the scientific program of
all major all-optical high-intensity laser facilities [39], where electron beams can be produced via
laser wakefield acceleration [50, 51]. However, LINAC beams currently offer significant advantages
in terms of stability and reproducibility, which are critical for such experiments.
In order to induce a beam-driven QED cascade with a high multiplicity, the boosted rest-frame

electric field E∗ has to be significantly higher than the critical one, i.e., χ = E∗/Ecr � 1 has to be
reached [Ecr = m2c3/(~e) ≈ 1.3 × 1018 V/m]. By colliding a 30 GeV electron beam with 3 − 10 PW
laser pulses the QED critical field can be exceeded by χ ≈ 35 − 65 [44]. Assuming that in addition
the initial electron beam density is high, a quasi-neutral electron-positron pair plasma with critical
density can be produced [52]. This implies that the QED plasma regime is entered, where a non-
trivial interplay between strong-field quantum and collective plasma effects takes place and can be
studied. Co-location of a high-intensity laser with an ultra-dense and highly relativistic electron
beam thus enables seminal research opportunities, which has also been pointed out in various recent
community reports [53, 54].
QED cascades can also be induced and studied in lepton beam-beam collisions taking advantage of

the strong fields — comparable to multi-PW lasers — associated with highly compressed beams [55]
(see separate LoI on beam physics [56]). Already at the 10 GeV-scale QED cascades with multiplicities
µ ∼ 10 can be induced in electron-positron collisions at moderate disruption parameters D ∼ 1 −
5, where the beams are strongly compressed and the magnetic field is amplified [57]. Extremely
large values of χ, and thus QED cascades with very high multiplicities µ & 102, are obtainable in
electron-electron collisions at the 125 GeV-scale [55, 58]. This would provide a unique opportunity
to develop the first precision understanding of strong-field QED processes and their interplay with
collective processes in extremely relativistic and dense pair plasmas, thereby laying the experimental
and theoretical foundations for applications to extreme astrophysical phenomena. In fact, such a
configuration also offers unique advantages for future energy-frontier discovery-regime colliders, as
described in a separate LoI [59].

III. SUMMARY AND CONCLUSION

Multi-beam facilities such as the co-location of a multi-PW optical laser with a highly compressed
30 GeV electron beam [44, 53, 54] and a 2×125 GeV electron-electron collider with dense bunches [55]
could provide experimental access to QED plasmas. Such facilities would enable seminal research
opportunities in the realm of laboratory astrophysics, as they could probe plasma conditions otherwise
only encountered in extreme astrophysical environments. Accessing the fully non-perturbative strong-
field QED regime provides access to a plethora of qualitatively new phenomena like QED cascades
with large multiplicity, relativistic pair plasmas, and the interplay between strong-field quantum
and collective plasma effects. Studying these phenomena in laboratory experiments will boost our
understanding of some of the most intriguing astrophysical phenomena.
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