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The advent of high-power ultra-intense laser pulses
opens up new frontiers across fields including rela-
tivistic nonlinear optics, high-field quantum electro-
dynamics (QED), high energy particle physics and
laboratory astrophysics. In recent years, several high-
power laser facilities, e.g., Vulcan, the ELI-pillars,
SULF, SILEX-II, GIST, CORELS, just to cite a few,
have successfully delivered petawatt (PW)-scale laser
pulses, paving the way for extensive research in novel
regimes. With such intense laser pulses, the interac-
tion between laser and matter enters into a QED-
dominated realm, where extremely rich nonlinear phe-
nomena such as rapid acceleration of electrons and ions,
copious electron–positron pair production, and ultra-
brilliant gamma-ray emission are involved. These non-
linear QED processes become important when the elec-
tric field in the particle rest frame approaches the crit-
ical field for QED, i.e., the Schwinger field E s = 1.3 ×
1018 Vm−1.

In this context, High Field QED Physics refers to
a wide range of topics, both within and beyond ultra-
intense laser interaction with matter. Thus, it includes
advances in high field QED experiments, ultra-intense
laser-driven particle acceleration and secondary parti-
cle generation, as well as new algorithms and simulation
techniques for nonlinear processes. These general top-
ics were interpreted in the broadest sense, and this issue
was open to everyone working in related fields, includ-
ing those focused on ultra-intense lasers or high energy
particle physics and laboratory astrophysics.

The primary motivation for this Topical Issue is
that the nonlinear phenomena and multi-photon pro-
cesses in high field QED have been seldom demon-
strated in experiments, and many predictions remain
to be confirmed and thoroughly tested. This requires
smart schemes for QED probing experiments and high
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precision measurements along with improved funda-
mental theory and new simulation techniques for such
highly complex systems. It has been also shown that
the gamma-ray polarization and the particle spin also
affect QED processes to some extent, and this has
been extensively investigated in recent years. The rich
nonlinear processes occurring during ultra-intense laser
interactions with matter provide also unique opportu-
nities for laboratory astrophysics, including gamma-ray
bursts, pulsars magnetospheres, active galactic nuclei,
and black-hole jets.

Initially proposed by Prof. T.P. Yu and Prof. F. Pego-
raro in 2019, with the aim of showcasing the most recent
developments and achievements obtained in the high
field QED realm in recent years, this issue was also
highly motivated by the ninth National High Energy
Density Physics Conference in China to be held in
2020. Unfortunately, due to the outbreak of COVID-
19 around the world towards the end of 2019, this
special issue was affected and was postponed several
times, before being finally launched at the end of 2021,
with the conference held successfully face-to-face at the
end of 2022 in Changsha, China. We received about 20
submissions covering a wide range of high field QED
phenomena, which provide an updated perspective of
some important developments achieved recently, as well
as new directions for high field-based studies in these
areas.

The eleven papers included in this Topical Issue
address theoretical, numerical, and experimental prob-
lems of major interest for present day research in High
Field QED physics, such as radiation reaction effects,
electron–positron pair production, high energy gamma
photon emission, high field QED experiments, and some
important aspects of high field QED theory.

The first two papers focus on QED physics in tradi-
tional accelerators. The first one is authored by Si and
Huang [1], who proposed a potentially precise method
for calculating the interaction cross section of electrons
and microwave photons in a resonant cavity. It is shown
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that with suitable corrections in the cross section for-
mula of classical Compton scattering, the cross section
of the linear or nonlinear microwave Compton scatter-
ing in the local space can be described accurately. This
may provide a new way to generate electromagnetic
wave sources with strong practical applications, e.g.,
terahertz waves, ultra-violet waves, and mid-infrared
beams. The second paper was written by Musiienko,
et al. [2], who proposed a potential barrier model by
considering an additional current that can lead to high-
gradient breakdowns in accelerating structures. A dou-
ble potential barrier was proposed and used for calcula-
tions of the value of the field emission current density. It
is shown that the field emission current increases more
than 5 times for a constant value of the electric field
strength when considering a non-ideal copper surface
with the presence of nanoclusters on the surface of or
nanoscale voids in the near-surface layer.

The contribution by Holtzapple, et al. [3] discusses a
very important issue in high field QED physics, i.e.,
radiation reaction effects. Radiation reaction played
a crucial role when Niels Bohr arrived at his postu-
lates that became part of the foundation of quantum
mechanics. In this article, the authors showed how, for
ultra-relativistic electrons penetrating single crystals,
the scenario, bizarre at first glance, can occur where the
reaction force is many times greater than the interac-
tion force between the electron and the crystal without
which no radiation would appear.

The paper by Wen, et al. [4] considers the spinorial
dynamics of relativistic electrons during ponderomotive
scattering in intense laser pulses. They showed that
with the evolution of electron spin, a helicity trans-
fer from the transverse polarization to the longitudi-
nal direction with a degree up to 10% can be realized
around the reflection condition.

Filipovic and Pukhov investigate QED effects when
high-intensity laser pulses graze the surface of a solid-
state target by two-dimensional particle-in-cell simula-
tions [5]. It is shown that the electrons extracted from
the solid target collide with the counter-propagating
laser, which can trigger several QED effects and lead to
a QED cascade under a sufficiently high laser intensity.
The results are interesting and important since the pro-
posed target may yield many orders of magnitude more
secondary particles and a QED cascade may become
possible at lower laser intensities than in the seeded
vacuum alone.

The paper contributed by Amat et al. [6], discusses
the Schwinger pair production rate for some space-
dependent fields via the worldline instanton formal-
ism. It is found that under a given field the instanton
paths with different values of the Keldysh parameter are
exactly in the same plane and the normalized instanton
actions are all bounded within the region from π to 2π.

Yang et al. [7] proposed a potentially enhanced ter-
ahertz radiation scheme by using the interaction of a
linearly polarized laser pulse with a double-layer target
consisting of a near-critical density plasma and an over-
dense density plasma. This clever scheme may provide
theoretical and parametric guidance for the generation

of high field terahertz waves based on irradiation of
structured targets by a relativistic femtosecond laser.

The article authored by Hosak and Di Piazza [8] pro-
vides an approximated analytical solution of the Lan-
dau–Lifshitz equation in the presence of a virtually arbi-
trary electromagnetic field by making the assumption
that the electron initial energy is the largest dynami-
cal energy in the problem. They show that in a regime
where radiation–reaction effects are a small correction
of the Lorentz dynamics, the four-momentum of the
electron can be determined perturbatively in the ultra-
relativistic limit.

Plans for high field QED experiments using the PW
laser dual beamlines at the Berkeley Lab Laser Accel-
erator (BELLA) are introduced by Turner et al. [9].
In this paper, the authors present a short overview
of the upgraded BELLA PW facility with a high field
QED experimental layout in which intense laser pulses
collide with GeV-class laser-wakefield-accelerated elec-
tron beams. The presented simulation results showed
that the potential experiments can allow for the study
of laser-particle interactions from the classical to the
SF-QED regime with a value of the nonlinear quan-
tum parameter of up to 2. They also showed that
these experiments will enable the study and produc-
tion of GeV-class, mrad-divergence positron beams via
the Breit–Wheeler process.

The paper authored by Gong et al. [10] reviews
the computational approaches to examine the vacuum
polarization density. Based on computational quan-
tum field theory and solutions to the Dirac equation,
the authors show how the vacuum polarization den-
sity induced by a strong external field can be calcu-
lated based on five independent methods. Especially,
they discussed future challenges for each approach
that might motivate new theoretical and computational
studies.

Finally, the article by Zi et al. [11] demonstrates
a new all-optical scheme for the generation of high-
brightness GeV photons and high energy density
electron–positron pairs. It is realized numerically by
using two counter-propagating ultra-intense laser pulses
interacting with a solid aluminium (Al) target. A series
of particle-in-cell simulations indicated that these find-
ings may provide a feasible scheme to produce high
energy and high density pair plasmas for extensive sci-
entific research and applications in the upcoming tens
and 100 PW laser facilities.

High field physics areas now cover a wide range of
fundamental physics investigations, and this Topical
Issue provides an updated perspective of these devel-
opments, as well as new directions for high field-based
studies in these areas. With the advent of the high
power laser facilities as mentioned above, extensive
research in the high field QED realm and associated
new frontiers will attract an increasing attention in the
near future.

Data Availability Statement This manuscript has no
associated data or the data will not be deposited. [Authors’
comment: No data were produced in this work. All data
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generated or analyzed during this study are included in this
published article.]
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