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High-energy photon generation from self-organized plasma cavities in field-enhanced
laser-preplasma interactions
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The interaction of an ultraintense Nd:glass laser pulse with a near-critical plasma self-organizes into a highly
efficient y-ray source. Three-dimensional particle-in-cell simulations demonstrate that relativistic self-focusing,
aided by a self-generated electron cavity, enhances the laser intensity by more than an order of magnitude, driving
the system into the radiation-reaction-dominated regime, i.e., one where the electrons lose a substantial amount
of their energy as hard radiation. Peak photon emission occurs near 0.5 times the relativistic critical density, with
a y-photon yield exceeding 20% of the laser energy. Compared to Ti:Sa lasers of the same power, the longer
duration of Nd:glass laser pulses leads to an order of magnitude increase in y-photon number in the extreme
conversion efficiency regime, making them particularly well suited for photonuclear physics applications. These

findings point to a robust and scalable mechanism for compact, ultrabright y-ray generation in the multipetawatt

regime.

DOI: 10.1103/b2p6-t548

I. INTRODUCTION

Ultraintense laser-plasma interactions at multipetawatt
power levels are rapidly advancing [1] into regimes where
radiation reaction and quantum electrodynamics (QED) ef-
fects play a central role in shaping plasma dynamics [2,3].
At intensities exceeding 10> W cm~2, electrons emit “high-
energy” y photons with energy >1MeV (hereafter referred
to simply as “photons” for brevity) via nonlinear Compton
scattering, and the related radiation losses strongly influence
their dynamics [4-7]. These interactions hold promise for
producing compact, ultrabright y-ray sources [8] relevant to
photonuclear physics [9—11], laboratory astrophysics [12—16],
and fundamental tests of strong-field QED [2,17,18]. Here,
brightness is the main constraint, and we demonstrate how it
can be increased by an order of magnitude, thereby enabling
these applications in the near term.

Previous studies have shown that in near-critical plasmas
within the regime of relativistic transparency, a self-organized
channel can be formed [19,20]. When it comes to photon
generation, efficient regimes were found by employing tightly
focused pulses [21,22], idealized preformed channels [23], or
engineered target concepts such as reflectors and bilayer tar-
gets [24-26]. However, simplified experimental arrangements
dictate the use of robust targets, typically accompanied by
a preplasma profile [27-29]. The combined effects of rela-
tivistic self-focusing, cavity formation, and radiation-reaction
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feedback remain incompletely understood under realistic con-
ditions involving kilojoule-class, moderately focused laser
pulses of long duration, such as Nd:glass laser pulses [30,31].
This work demonstrates that high photon yield and strong
laser-to-photon coupling can be achieved at intensities and
configurations available with kilojoule-class systems, making
experimental realization feasible without requiring tightly fo-
cused or ultrashort pulses.

As the laser pulse propagates through the near-critical
plasma, it undergoes relativistic self-focusing due to intensity-
dependent changes in the refractive index [32-35]. This
process leads to the formation of a self-generated electron cav-
ity: a low-density channel carved out by the ponderomotive
force, the microscopic mechanism whose macroscopic man-
ifestation is the radiation pressure that transfers momentum
to the plasma. A useful physical framework for understand-
ing this initial stage of cavity formation is provided by a
“snowplow” model [36,37], wherein the intense laser field
effectively sweeps up plasma electrons and compresses them
into a narrow density front. This compression generates a
space-charge field that pulls ions outward, setting up a co-
moving double layer and initiating a collective plasma motion.
The snowplow model captures the quasisteady balance be-
tween the laser radiation pressure and plasma inertia, leading
to a forward-moving electron-depleted channel. This process
initiates cavity formation and continues to shape the plasma
structure until instabilities and magnetic-field-driven plasma
restructuring effects dominate.

In this article, we present three-dimensional (3D) particle-
in-cell (PIC) simulations of a 10 PW Nd:glass laser pulse (of
dimensionless field amplitude @y = e E /(m, c w) ~ 80, where
E is the laser electric field, e is the elementary charge, m,
is the electron mass, c is the speed of light in vacuum, and
w is the laser frequency) interacting with a (relativistically)
near-critical plasma of a hyperbolic tangent density profile.

Published by the American Physical Society
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We show that relativistic self-focusing and cavity formation
enhance the laser field by more than an order of magnitude,
entering the radiation-reaction- dominated regime at approxi-
mately ten times lower laser intensity than expected [38]. Peak
y-ray emission occurs near 0.5n. (the relativistic critical
electron density is ne = y €y m, w?/e*, where € is the vac-
uum permittivity and y ~,/1 + a3/2 for a linearly polarized
laser), with excess of 20% of the laser energy converted into
high-energy photons. These findings establish a robust and ex-
perimentally accessible mechanism for generating ultrabright
y-ray sources using multipetawatt laser systems.

II. SIMULATION SETUP

We use the 3D QED-PIC code epoch [39] to simulate
the interaction of a laser of &,; = 1500J energy and 150 fs
duration (at full width at half maximum—FWHM) with a
near-critical plasma. A characteristic wavelength of 1.06 um
for Nd:glass systems is used. The laser is linearly polarized
and focused to a 10 um spot size (at FWHM), giving a vacuum
peak intensity of 8.3 x 10! Wem™2. The target consists of
fully ionized plasma (mass to atomic number ratio of 2) with
a hyperbolic tangent electron density profile of the form

ng=”ﬁ[1+tanh<x_x°)], (1)
2 wo

with optimal (for photon emission) xo = 98.304 um, wy =
30 um, and n., = 3.28 x 10¥ m~3 &~ 0.56 n,; this density
corresponds to the bulk density of silica eerogel [40—42]; the
hyperbolic tangent density profile models the preplasma front.
Thus, the bulk aerogel medium and the preplasma gradient
together represent one consistent experimental configuration.
The laser focal spot coincides with the location where n, =
0.5 ne (at x = xp), with the laser pulse propagating along the
x axis and its electric field oscillating along the y axis. The
simulation box spans from 0 to 196.608 um in the x direction
and from —24.576 to 24.576 um in the other two directions.
The x direction is resolved with 16 nm and the others with
128 nm cells, with each cell containing two macroelectrons
and two macroions. The Gaussian laser pulse is initialized
such that its peak reaches the left simulation boundary after a
delay of three standard deviations o. The simulations use the
QED modules of epoch [5], which include nonlinear Compton
scattering with stochastic radiation reaction and photon emis-
sion, together with Breit-Wheeler pair production (though the
latter is negligible under the present conditions). The Higuera-
Cary particle pusher [43] was employed.

III. RESULTS AND DISCUSSION

Relativistic transparency enables partial penetration of the
laser into the plasma. As the laser pulse sweeps electrons
forward and expels them transversely, a strong longitudi-
nal electrostatic field is established, enabling pre-acceleration
and guiding conditions for electrons [19,44]. Relativistic
self-focusing leads to the formation of a narrow, electron-
depleted channel. The early stages of this channel formation
are consistent with the snowplow model, where the laser front
accumulates and compresses electrons into a thin shell around
an ion channel, establishing strong electrostatic fields that

contribute to charge separation and ion motion. Following
Ref. [36], the cavity boundary is obtained within the snow-
plow model under the assumptions of quasistatic ion motion,
transverse electron expulsion at the laser front, and cylindrical
symmetry. The resulting expression reads

r 1 r2—s2\ 2
© +_§F[<T>7}
s2c
+3k3—1)g(x—vgt)=C, (2)

where r = \/y? + 22 is the cavity radius, v, is the group ve-
locity, ¢ is the propagation time, F (i, k) is the elliptic integral
of the first kind, s = roa/po/(m; c), m; is the ion mass, py
is ion momentum, ro is the laser waist, and C is a constant.
For linear polarization, we have s = rgvya;/ V2, where q; =
apme/m;. Since at the cavity front x = v,¢ and r = 0, then
C=1F@, L)

However, self-focusing plays an important role in cavity
evolution, which we acknowledge by modifying

s(x) = sor(x) f0)*a(x)'?, A3)

where sy = 3 serves as a fitting coefficient. Initially, we as-
sume that self-focusing produces a truncated conical cavity,
of the smaller cone diameter equal to A. Thus,

r(0) =10 — (0 — )—. 4)
Vgt
Second, by assuming the pulse is long enough and that the
power flow through two planes orthogonal to the propagation
direction is conserved, we add a second correction term for
field intensification within the cone, as

()= = 5)
ax) = ——.

V27(x)
Third, we acknowledge reduction of the pulse energy during
cavity formation, through fitting to the numerical data for
energy,

1 - gmin/glas
1+ expl(x — x.)/d]’

with fitting coefficients iy &~ 141171, x, & 116 um, and d =
17.7 um. This coherent pushing action results in the initial
shaping of the cavity before transverse and longitudinal insta-
bilities fully develop. The formation of this cavity is visible
in Fig. 1, where the fitted cavity walls are represented by the
red line.

The cavity confines the laser energy, as evident in Fig. 2,
where the peak field intensity inside the plasma (black curve)
rises to ~ 2 x 102 W cm ™2, corresponding to ay A 400, com-
pared with the initial vacuum value of ~ 8 x 10*! Wcm™2
(ap ~ 80, gray shaded band). This represents an intensity
enhancement of approximately 25 times due to relativistic
self-focusing and cavity confinement. However, as electrons
reach ultrarelativistic energies, radiation reaction alters their
trajectories, reduces dephasing length, and suppresses further
energy gain [45], ultimately limiting electron maximum en-
ergy Emax to a few GeV despite the extreme field strength.
This interplay between snowplow-driven cavity formation and

f(x) = gmin/glas + (6)
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FIG. 1. Electron number density in the xy plane at 500fs
simulation time. The laser expels electrons transversely via the pon-
deromotive force, forming a self-organized, electron-depleted cavity
that guides the laser over extended distances. The red line shows a
fit to the cavity boundary using Eqgs. (2)—(6), capturing the balance
between laser radiation pressure and plasma response. This structure
facilitates field intensification, thus enhancing photon emission.

electron acceleration under strong radiation damping governs
the electron dynamics and, by extension, the photon emission
spectrum. In the high-electron-energy limit of near-vacuum
laser electron acceleration, the maximum electron energy gain
is governed by the scaling Eax & 314/P (TW) MeV, where P
is the laser power [46]. For a laser power of P = 10 PW, this
yields an upper-bound energy gain of approximately Epnax ~
3.1 GeV. This estimate represents the ideal scenario in which
electrons are injected with sufficiently high energy to avoid
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FIG. 2. Left axis: Temporal evolution (shifted by 3¢) of the
peak laser intensity in plasma (black solid line) compared with the
corresponding vacuum value (gray shaded band). The in-plasma peak
reaches ~2 x 10 Wcm™2 (ay A~ 400), while the vacuum peak is
~8 x 10! W cm~2 (ay ~ 80), demonstrating a 25-fold enhancement
due to relativistic self-focusing and cavity confinement. Right axis:
The instantaneous laser to particle species conversion efficiency vs
time. The red, green, and violet lines correspond to electrons, ions,
and photons, respectively; the integrated value is given on the label.
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FIG. 3. Electron number density at a simulation time of 30 fs,
showing the onset of small-scale filamentation driven by fast elec-
trons. The xz plane on the right highlights that the filaments are more
pronounced in the plane of the magnetic-field oscillation.

strong phase slippage, allowing sustained axial acceleration.
Our QED-PIC simulations under these conditions yield elec-
trons of ~1.5 GeV, indicating a reasonably efficient coupling
in the ultraintense regime.

Charge separation fields and return currents play non-
negligible roles in shaping the beam-plasma dynamics [47].
As electrons are driven forward and expelled radially by the
laser field, strong electrostatic sheath fields develop along the
channel boundaries. These fields increase sharply and can
reflect lower-energy electrons, triggering photon emission in
the mid-energy range (tens of MeV). Enhancing that photon
population is particularly significant for inducing photonu-
clear reactions, as their cross section peaks within that energy
range.

At early times (lower density), our simulations reveal
formation of distinct filamentary structures of smaller scale
(comparable to the skin depth) ahead of the cavity boundary
due to the fast electron population [48-50], characteristic of
the Weibel-like current filamentation instability. These fila-
ments emerge transversely to the laser propagation axis. The
filamentation becomes more prominent at the plane of the
magnetic-field oscillation, as seen in Fig. 3 at a simulation
time of 30fs. This behavior is consistent with recent exper-
imental observations using long-wavelength lasers [51] and
highlights the inherently collisionless nature of energy trans-
port and instability growth in such regimes.

The onset of electron motion in near-critical plasmas co-
incides with the development of strong azimuthal magnetic
fields generated by transverse current imbalances [52,53].
With an electron density of ~5 x 102 m™3 and a filament
diameter of ~1 um (see Fig. 4), the enclosed current is ~2 x
10* A, which by Ampere’s law requires a pinching magnetic
field of ~7.5kT at the filament edge. This simple estimate
is in good agreement with the magnetic fields obtained in
our simulations, which reach values of the order of tens of
kilotesla in the filament vicinity. These self-generated fields
exert a pinching force on the electron distribution, enhancing
confinement within the cavity and eventually forming a low-
density filament along the laser propagation axis, behind the
main pulse [19,54,55]. In some simulations, we observe that
in regions where hosing breaks the cavity symmetry, the mag-
netic topology becomes increasingly asymmetric, leading to
randomized electron filamentation. Electron filamentation is

043275-3
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FIG. 4. Electron number density at the end of the simulation.
Prominent feature is the long-lived central filament.

linked to ion filamentation in the center of the cavity, observed
in proton probing experiments [56].

At around 0.5n., a near-symmetric well-defined cavity
forms on the xy plane, as shown in Fig. 1. On the xz plane,
symmetry occurs along the laser propagation axis, but accom-
panied with formation of secondary distinct cavities, oriented
roughly at 20°. In agreement with our simulation data, ex-
perimental observations show that often the cavity initially
distorts due to partial filamentation, but quickly self-corrects
[56], as evident by the extended cavity formed at the end of the
simulation, seen in Fig. 4. The stable cavity formation results
in the strong field amplification observed in our simulations
and, consequently, peak y-ray emission.

Angularly resolved photon spectra reveal two predominant
emission lobes, centered at £20° with respect to the laser
propagation axis and each lobe corresponding to an approx-
imate cone of 10° half-angle divergence. The evolution of
laser intensity and photon conversion efficiency over time are
shown by the black and red lines in Fig. 2, respectively. The
photon energy spectrum extends up to 500 MeV, as shown in
Fig. 5. The photon spectrum above 1 MeV is well fitted by

bk
Ay exp <_5£1) |:1 + (é%) :| ) 7

with A =1.6 x 107" MeV~!, & =110MeV, & =
100 MeV, k = 22.5, and b = 0.243. The photon spectra of a
previous study [dashed purple line in Fig. 4(b) of Ref. [23]]
using a Ti:Sa laser of 10 PW power and 17 fs pulse duration
are compared by the blue line in Fig. 5. In both studies, the
electron density is chosen to be a fraction of n., to optimize
y yield. While tighter focusing in the Ti:Sa case leads to
higher initial intensities, the longer pulse duration and higher
energy of the Nd:glass laser support extended interaction and
stronger self-focusing over the pulse length. This leads to
an order of magnitude more photons being produced in the
Nd:glass case, with comparable spectral cutoff energy, as
shown by the ratio of the two spectra (dashed purple line).
These results underline the suitability of kilojoule-class,

—Nd:glass
—Ti:Sa 400

o ratio o

oy (mb)

(8]

£ (MeV)

FIG. 5. Energy spectra of emitted photons from a 3D PIC simu-
lation of an ultraintense laser interacting with a near-critical plasma.
The red line corresponds to the present simulation using an Nd:glass
laser system. The blue line compares results from a previous study
using a Ti:Sa laser system [23]. Both lasers compared have a power
of 10PW. A broad distribution extending into the multi-MeV range
is observed for both cases, but with the Nd:glass case yielding an
order of magnitude more photons, as noted by the dashed purple line
in the figure. The green line, highlighted by the green shaded region,
indicates oy for the '**W(y, n) '83W reaction.

longer-duration pulses for driving cavity-enhanced photon
generation at high efficiency.

A laser in an undercritical plasma can excite a plasma
wave that travels along the laser pulse, resulting in field self-
modulation [57,58]. Moreover, when a laser is self-guided in
a channel it can undergo a hosing instability. This instability
results from a displacement of the centroid, causing the pon-
deromotive force to kink the plasma cavity. Since the laser
is guided into lower-density regions, the misaligned plasma
cavity enhances the laser centroid displacement, resulting in
hosing instability. Thus, the propagation path of the laser is
distorted and the cavity is modulated [59], thereby affecting
electron acceleration and, consequently, the spatial character-
istics of photon emission.

We examined the parametric behavior of the density profile
on hosing instability by varying the amplitude 7.y and scale
length wy of the electron density profile. We find that the y-
ray yield reaches its highest values for 0.3 n,, < n,0 < 0.6 1,
and 30 um < wy < 50 um (averaging at 17.6%). Within this
parameter range, although strong photon yield occurs, no
strict trend emerges, likely due to the stochastic nature of the
hosing instability. We observe that slower gradients (larger w)
along with lower n,y values tend to enhance the growth of
hosing and filamentation instabilities, as the laser pulse prop-
agates further before dissipating its energy. On the other hand,
steep gradients along with overly high n. suppress effective
electron acceleration, thereby limiting photon emission. These
results indicate that precise control over the preplasma profile
provides a valuable lever for optimizing both photon yield and
beam quality, with direct implications for experimental design
on upcoming multipetawatt laser platforms.

Observation of side-scattered photons can provide a diag-
nostic of the plasma structure. In the case with no hosing
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instability, £220° cones are observed. The growth of transverse
instabilities such as hosing and filamentation leaves clear im-
prints on the angular and spectral photon emission patterns.
These emissions are modulated by the evolving cavity that
directs the laser field, suggesting a pathway for using radia-
tion signatures as probes of nonlinear laser-plasma dynamics.
The spatiotemporal evolution of photon hotspots correlates
strongly with the onset of channel deformation, indicating that
diagnostic imaging of y-ray profiles may serve as a sensitive
tool for studying instability growth in near-critical-density
plasmas.

To quantify the brightness and applicability of the emit-
ted radiation, we compute the peak brilliance of the source
at an emission angle of 20°. The source duration is 230 fs
at FWHM, and the source size is approximately 1.4um
(assumed as the region of the intensity FWHM at peak emis-
sion time). Thus, at 10 MeV photon energy the brightness
is approximately 8 x 10?2 photons/(s mm? mrad? 0.1% BW),
higher than proposed y-ray emission schemes based on Ti:Sa
lasers [23]. Our simulations indicate that a single laser shot
can yield more than 4 x 10'3 photons above 10 MeV, posi-
tioning this mechanism advantageously for inducing photonu-
clear reactions, whose cross sections peak around that energy.
Importantly, the radiation is emitted from a micron-scale vol-
ume, allowing tight spatial localization and enabling compact
experimental geometries for photonuclear studies [60-62].

To assess the feasibility for nuclear applications, we es-
timate the yield of photonuclear reactions induced by the
emitted y-ray pulses. We adopt known cross sections (aver-
aged to (ow) = 200 mbarn for photons of 8§-18 MeV, high-
lighted by the green area in Fig. 5) for the "¥*w(y, n) 83w
reaction [63] and assume a tungsten slab of thickness [ =
Icm. We calculate the tungsten number density, nw =
Na pw/A =X 6.3 x 10?2 cm ™3, where Ny is Avogadro’s num-
ber, pw A~ 19.25gcm™> is tungsten mass density, and
A~ 183.8 gmol~! is tungsten atomic mass. By implement-
ing N, = N, nw {ow) [, we find that a single shot containing
N, =3.8 x 10'3 photons of 8-18 MeV can generate more
than 4.8 x 10'! photoneutrons in a compact secondary target.
This opens opportunities for laser-driven nuclear diagnos-
tics, isotope production, or ultrafast neutron radiography [64].
Additionally, the ultrashort duration and high energy of the
source are attractive for time-resolved nuclear spectroscopy
and probing QED pair creation thresholds in future setups
with added background fields [2,65].

IV. CONCLUSIONS

In summary, we have demonstrated that kilojoule-class,
moderately focused Nd:glass laser pulses interacting with
near-critical plasmas can generate self-organized electron cav-
ities that significantly enhance y-ray production. The 3D
simulations reveal that relativistic self-focusing and cavity
formation increase the local laser amplitude by more than
an order of magnitude, pushing the system into the strong
radiation reaction regime and producing GeV-scale electrons
and photons exceeding 500 MeV. The resulting y-ray emis-
sion is directional, peaking around +20°, with laser-to-photon
energy conversion efficiencies reaching up to 20%. These
results underscore the importance of self-consistent chan-
nel dynamics and instabilities in shaping radiation output
in realistic laser-plasma configurations. Unlike approaches
relying on preformed channels, the self-organized nature of
the cavity enables robust field amplification and high photon
yield even under moderate focusing conditions. The inter-
play between relativistic transparency, radiation reaction, and
dynamic cavity formation provides a scalable and experimen-
tally accessible pathway to ultrabright, high-efficiency y-ray
sources in the multipetawatt regime.
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