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We use numerical simulations to demonstrate that a source of collimated multi-MeV photons with
high conversion efficiency can be achieved using an all-optical single beam setup at an intensity of
5 × 1022 W/cm2 that is already within reach of existing laser facilities. In the studied setup, an
unprecedented quasi-static magnetic field (0.4 MT) is driven in a significantly overdense plasma,
coupling three key aspects of laser-plasma interactions at high intensities: relativistic transparency,
direct laser acceleration, and synchrotron photon emission. The quasi-static magnetic field enhances
the photon emission process, which has a profound impact on electron dynamics via radiation
reaction and yields tens of TW of directed MeV photons for a PW-class laser.

The rapid improvement in ultra-intense laser pulses
has unlocked new areas of physics, both in fundamental
research and technological applications. The prospect of
generating copious quantities of multi-MeV photons in
laser-target interactions has recently attracted particular
interest due to its many potential applications, including
pair production [1], laboratory astrophysics [2], photo-
nuclear spectroscopy [3, 4], radiation therapy [5], and
radiosurgery [6].

Presently, Compton backscattering is one of the pri-
mary means for gamma-ray generation, combining con-
ventional electron acceleration with laser technology [7].
Several laser facilities are due to be commissioned in the
next few years that are expected to operate at intensi-
ties beyond 1023 W/cm2 and that will potentially enable
all-optical gamma-ray sources [8, 9]. Such high intensi-
ties would also give rise to a novel regime of laser-matter
interactions in which radiation reaction significantly im-
pacts the particle dynamics. In this regime, the combi-
nation of the ultra-intense fields and the ultra-relativistic
electrons generated by the laser would lead to copious
emission of multi-MeV photons. The prospects of reach-
ing this regime have stimulated numerous analytical and
numerical studies on gamma-ray production at these high
laser intensities [10–16]. Nevertheless, one would have
to wait until the intensities exceeding 1023 W/cm2 are
achieved in order to implement any of the proposed all-
optical photon generation schemes.

There are, however, several facilities with the capabil-
ity of reaching intensities up to 5×1022 W/cm2 within the
immediate future [17]. Most of the previous numerical
studies have concluded that synchrotron emission shows
little promise for converting an appreciable fraction of
laser energy into high-energy photons at laser intensities
below 1023 W/cm2 for PW class laser systems [12, 16].
It was concluded that an order of magnitude increase of
either laser intensity or laser power would be required to
achieve tens of percent for the total conversion rate and
for radiation reaction effects to become prounounced.

In this paper, we use 2D and 3D particle-in-cell (PIC)
simulations to perform a numerical study of photon emis-
sion from laser-irradiated solid-density bulk targets us-
ing a PW-class pulse of intensity 5 × 1022 W/cm2. We
demonstrate that a MT-level quasi-static magnetic field
generated by collective effects in a relativistically trans-
parent laser-heated plasma facilitates sustained electron
acceleration and consequently enhances the photon emis-
sion rate, yielding tens of TW of directed MeV photons
for a PW class laser system. Remarkably, the resulting
laser energy conversion rate for multi-MeV photons is
comparable to that previously predicted for an order of
magnitude higher in intensity or power. Additionally, we
propose a novel target geometry to control the direction-
ality of this high-yield photon beam.

The synchrotron emission is expected to be the pri-
mary source of multi-MeV photons at this laser intensity.
The emission process of hard photons must be calculated
self-consistently by explicitly accounting for the radia-
tion reaction in the description of the electron dynam-
ics. A probabilistic approach based on classical and QED
synchrotron cross-sections, coupled with the subsequent
reduction of the electron momentum [11], has been suc-
cessfully implemented in the fully relativistic PIC code
EPOCH [18, 19] that we use in this study.

As the first step in our study, we examined how solid,
thick targets perform when irradiated at normal inci-
dence by a pulse with characteristics similar to those of
the Texas Petawatt [17]. We have performed 2D PIC sim-
ulations for several different target densities while using
the same 5× 1022 W/cm2 PW-class laser pulse. Specifi-
cally, we used a 1 µm wavelength, linearly polarized (elec-
tric field in the simulation plane) Gaussian pulse that is
100 fs in duration and that focuses to a spot 1.1 µm in
radius. The peak normalized wave amplitude that cor-
responds to 5 × 1022 W/cm2 for this pulse is a0 ≈ 190.
We initialized the targets as fully ionized uniform carbon
plasmas with electron densities ranging from ne ≈ 4.5nc
and ne ≈ 110nc, which in practice corresponds to foam
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at high intensities: relativistic transparency, direct laser
acceleration, and synchrotron emission. In contrast to
the regimes of Refs. [12] and [13], the plasma density
must be well below the relativistic critical density. Laser
pulse duration and plasma density must be such that
the strong magnetic field region is sufficiently long to
allow forward-moving electrons multiple bounces across
the channel. A preformed target geometry with a chan-
nel that becomes relativistically transparent during the
interaction can control the photon beam directivity and
yield tens of TW of directed MeV photons for a PW class
laser. The properties of this emitted photon beam might
enable the development of novel applications in areas of
imaging, medical treatment, isotope production, and nu-
clear physics.
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