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Injection and acceleration of electrons by radially polarized laser pulses in a plasma channel
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D. Gorlova and C. P. Ridgers
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We consider injection and subsequent acceleration of electrons in narrow plasma channels irradiated by
linearly and radially polarized ultraintense laser pulses. Using three-dimensional particle-in-cell simulations,
we show that radially polarized beams significantly promote electron release from the channel walls and lead
to enhanced injection. We compare an f/10 linearly polarized laser beam with two radially polarized cases:
one focused more tightly (f/5) to match peak intensity, and one at equal f/10 to capture polarization effects.
The radially polarized f/10 case injects approximately one-third more charge than the linearly polarized case,
while the f/5 radially polarized case outperforms the linearly polarized one by about a factor of two in terms
of maximum electron energy. This work provides a controlled three-dimensional comparison that clarifies how
laser polarization and focusing geometry influence electron injection efficiency, acceleration pathways, and beam
collimation in plasma channels.

DOI: 10.1103/rgnc-w91p

I. INTRODUCTION

Direct laser acceleration (DLA) is a mechanism by which
relativistic electrons gain energy directly from the oscillating
laser field—a concept proposed over two decades ago [1–3].
Compared to the laser wakefield acceleration (LWFA) scheme
[4–9], DLA does not rely on plasma wave excitation and
can deliver higher total charge over shorter distances [10,11].
However, it typically results in broader energy spectra, which
has limited its appeal for applications requiring monoener-
getic beams. Recent advances in high-power laser systems
and beam shaping have intensified interest in DLA [12–17],
particularly for scenarios where beam charge outweighs the
need for energy resolution.

Traditionally, most DLA studies have employed linearly
polarized (LP) lasers in plasma channels, either preformed
[18–23] or self-generated [24,25]. In these configurations,
motion perpendicular to the polarization plane is typically
considered negligible. However, the role of laser polarization
in shaping the dynamics of electron injection and acceleration
remains relatively unexplored. This is somewhat surprising,
as polarization directly determines the spatial structure of the
laser’s electric and magnetic fields, and thus the forces acting
on electrons near sharp plasma boundaries.
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Recent theoretical work emphasized that radial polariza-
tion has a strong longitudinal component of the electric field,
Ex, along the laser propagation direction, assumed here to
be the x axis [26]. In cylindrical waveguides, the symmetry
of radially polarized (RP) pulses naturally complements the
geometry, potentially enhancing the field overlap with wall-
bound electrons and improving injection efficiency. Despite
this theoretical promise, there has been a lack of studies
of DLA driven by RP pulses, particularly in fully three-
dimensional (3D) geometries.

The aim of the present work is to provide a quantitative and
fully three-dimensional assessment of how laser polarization
and focusing geometry affect electron injection, acceler-
ation pathways, and resulting beam properties in narrow
plasma channels. By comparing linearly and radially polar-
ized laser pulses under controlled and experimentally realistic
conditions, we clarify the physical mechanisms governing
wall-based injection, longitudinal-field-driven acceleration,
and the trade-offs between beam charge, collimation, and
maximum energy. We compare a LP f/10 beam with two RP
pulses—one at f/5 to match peak intensity, and one at f/10
to capture polarization effects without modifying the optical
setup.

II. THEORY

To find the accelerated electron energy scaling, we as-
sume a rectangular waveguide [27], along the x axis. The
TE10 (transverse electric) mode is the lowest one. Electromag-
netic modes in the waveguide satisfy the dispersion equation,
ω2 = c2(k2

x + κ2), where kx is the longitudinal wavenumber,
κ is the transverse cutoff wavenumber, ω is the electromag-
netic wave angular frequency, and c is the speed of light in
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vacuum. Thus, the group velocity is vg = c kx/
√

k2
x + κ2, and

the phase velocity is vp = c
√

k2
x + κ2/kx and vg vp = c2. This

guided-mode description is formally analogous to the acceler-
ating TM-like modes used in RF linear accelerators, where a
longitudinal field component on axis enables sustained energy
gain [28,29]. For the rectangular TE10 mode for a waveguide
of width ly, we have κ = π/ly.

We transform to the reference frame moving along +x at
the group velocity of the wave, vg. The wave vector (ω/c, kx )
transforms as k′

x = γg(kx − βgω/c) = 0 (from which we get
βg = c kx/ω) and ω′ = γg(ω − βgc kx ). Substituting βg into
ω′ we obtain ω′ = γg c2κ2/ω, and with γg = ω/(cκ ) =
2ly/λ (where λ = 2 π c/ω is the laser wavelength) we have
ω′ = c κ = πc/ly.

Numerical integration of equations of relativistic electron
motion in the electric and magnetic field for initial conditions,
corresponding to the case when the electron in the laboratory
frame of reference is at rest, shows that the electron energy is
linearly proportional to the field amplitude,

aW =
eB0 ly

πmec
, (1)

where B0 is the laser magnetic field amplitude, me the elec-
tron mass, and e the elementary charge. By combining the
Lorentz factor, γ ′2 = 1 + p′2/(mec)2, with p′

⊥ ≃ aW mec and
p′

x = −mec p0 (where p0 is the dimensionless initial electron
momentum in the boosted frame of reference) we get

γ ′ =

√

1 +
(

p′
⊥

mec

)2

+
(

p′
x

mec

)2

=
√

1 + a2
W + p2

0. (2)

Energy transforms as Et = γg(E ′ + βgc p′
x ) with E ′ = γ ′mec2,

giving Et = mec2 γg(γ ′ − βgp0), or

Et = mec2 γg

(
√

1 + a2
W + p2

0 − βgp0

)

, (3)

where p0 = βg/
√

1 − β2
g =

√
γ 2

g − 1. Subtracting the rest en-
ergy, the kinetic energy is

E = mec2
[

γg

(
√

1 + a2
W + p2

0 − βgp0

)

− 1
]

, (4)

which simplifies to

E = mec2 γ 2
g

⎡

⎣

√

1 +
(

aW

γg

)2

− 1

⎤

⎦. (5)

The estimates above implicitly assume that electrons inter-
act with the peak transverse field. In practice, misalignment,
transverse drift, and dephasing reduce the effective field sam-
pled. We therefore introduce a reduction factor 0 < f < 1 and
define a

(eff)
W = f aW, which yields

E = mec2 γ 2
g

⎡

⎣

√

1 +
(

f
aW

γg

)2

− 1

⎤

⎦. (6)

Using known parameters of aW ≈ 2000, λ = 1 µm, and
ly/2 = 9 µm, for f = 0.04 we obtain an indicative energy of
about 1 GeV, serving as a reference for the expected energy
scale. The purpose of this analytical model is to provide an
order-of-magnitude estimate of the accessible electron energy

RP f/5 laser

plasma channel

FIG. 1. Setup of the PIC simulation for the RP f/5 configura-
tion. The laser pulse (orange) propagates inside a preformed narrow
plasma channel (gray). The radial electron density of the channel is
shown in the figure by ne(r). An aspect ratio of 1 :4 (x axis : r axis)
is applied in the figure.

and its dependence on channel geometry, rather than a quan-
titative prediction of the electron spectrum.

III. SIMULATION SETUP

We perform fully 3D particle-in-cell (PIC) simulations us-
ing the EPOCH code [30], shown in Fig. 1. The laser pulse has
λ = 1 µm, a full-width-at-half-maximum (FWHM) duration
of 150 fs, and a peak intensity of 4.24×1021 W cm−2, corre-
sponding to a normalized field amplitude of a0 ≈ 55. For the
LP case, the beam is focused to a waist of w0 = 10 µm. To
ensure consistent comparison, we simulate two RP cases: one
with tighter focusing at f/5 (w0 = 5 µm) to match the LP peak
intensity, and another at f/10 with the same waist as the LP
configuration to isolate polarization effects. In all cases, the
laser energy and power are fixed at approximately 1 kJ and
6.7 PW, respectively.

The plasma consists of a fully ionized channel with a
wall electron number density of nw = 10 nc (where nc =
ε0 me ω2/e2 is the critical plasma density, with ε0 the vacuum
permittivity) and an atomic-to-charge ratio of A/Z = 2.3. The
channel has an inner radius, R, of 10 µm and a wall thickness
of 2 µm, sufficient to prevent wall break up over the simula-
tion duration of 1.5 ps. The channel interior is filled with an
exponential density ramp, defined for r < R as

ne(r) = nb + (nw − nb) exp

(

r − R

Lr

)

, (7)

where nb = 10−3 nc is the on-axis density and Lr = 0.5 µm
is the exponential scale length (see Fig. 1). The front
of the channel (excluding the entrance aperture) is sealed
with a 5 µm thick foil to suppress “low-amplitude” fields
at the outer surface, which would otherwise reach intensi-
ties of 2.4×1020 W cm−2. An equivalent configuration would
involve a significantly thicker channel, but such geometry
would be computationally prohibitive.
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(a) LP f/10

(b) RP f/10

(c) RP f/5

FIG. 2. Left: Angular and energy spectral distribution of elec-
trons at the end of the simulation, for the three laser configurations:
(a) LP f/10, (b) RP f/10, and (c) RP f/5. High-energy electrons
exhibit narrower divergence, where for the RP f/5 case a distinct nar-
row electron population of energy � 1 GeV overlaps to the broader
distribution of the moderate-to-low energy electrons. Right: Angular
electron energy flux for (a) LP f/10, (b) RP f/10, and (c) RP f/5
(black line). Red, green, and blue curves represent energy ranges
E > 1 GeV, 0.1 < E < 1 GeV, and E < 0.1 GeV, respectively. The
f/5 RP case is the only one that forms a peak for electron energies
>1 GeV and a charge threshold >0.1 nC.

The simulation domain starts at −92.16 µm and ends
at 153.6 µm in x, and spans ±25.75 µm in both y and z,
discretized with 10 nm longitudinal and 100 nm transverse
resolution. The laser is focused at x = 0, at the entrance of the
channel. Each species is initialized with two macroparticles
per cell, totaling over one billion macroparticles per species.
A moving window is activated at 742 fs, propagating in the
+x direction at the speed of light.

IV. RESULTS

The plasma within the channel has a density of nc at a
radius of approximately 9 µm, which we take as the effective
inner radius, Re. In all three simulation cases, the temporal
evolution of spatioangular phase-space plots (Fig. 2) suggests
that electron injection occurs primarily from electrons initially
located near the inner surface of the surrounding channel
walls [31,32], in accordance with the mechanism described
in our previous work [23]. These electrons are subsequently
accelerated via DLA, with a subset reaching kinetic energies
in the GeV level.

The accelerated electrons consist primarily of a bulk popu-
lation injected from the inner channel wall and gaining energy
through conventional DLA, and, in the RP cases, a smaller
subset of electrons that can remain confined near the axis and
undergo acceleration driven by Ex. This on-axis contribution
is most pronounced in the RP f/5 case, where it forms a highly
collimated, high-energy population, while in the RP f/10 case
it remains weaker due to the lower peak intensity. Lower-
energy electrons contribute predominantly to the surrounding
sheath and return current.

The left panels of Fig. 2 present the angular and energy
spectral distribution of electrons. In all cases, the peak of the
(total) angular distribution occurs at 5◦–7◦. The suppression
of particles exactly in the forward direction (θ ≈ 0◦) suggests
the build up of transverse momentum during acceleration.
The forward-axis minima have been observed previously
[33–35]. In RP f/5, Fig. 2(c), the high-energy (>1 GeV)
beam is strongly peaked close to the axis, demonstrating high
confinement.

In the LP case, the resulting electron beam exhibits a broad
angular distribution, characterized by a divergence angle (en-
ergy flux at FWHM) of approximately 7◦ and an exponentially
decreasing energy spectrum. The RP f/10 configuration, by
contrast, yields a higher injected charge in the effective core
(approximately 35% more) than the LP case, but exhibits
noticeably poorer collimation. Conversely, the RP f/5 config-
uration maintains a similar injected charge and angular spread
to the LP case, with significantly improved collimation when
considering only high-energy electrons (E > 1 GeV). The nar-
rower angular distribution observed in Fig. 2 originates from
an acceleration scheme driven by the longitudinal electric field
of the radially polarized beam [36–38]. In this regime, elec-
trons are accelerated on axis by the Ex component, forming
a confined high-energy bunch that coexists with the broader
DLA population. The axially accelerated electron population,
although much smaller in number, reaches energies approxi-
mately twice those of the pure DLA acceleration scheme when
comparing cases of equal peak intensity (RP f/5 vs LP f/10).

Expanding on this, the right panels of Fig. 2 reveal how
angular flux patterns vary across energy bands. The RP f/10
configuration dominates in the regime of E < 0.1 GeV. The
LP f/10 and RP f/5 configurations result in a similar flux
profile in the intermediate energy region, peaking at 5◦. No-
tably, the RP f/5 configuration for E > 1 GeV flux peaks at
1◦ with a divergence of 1.5◦. The charge contained in the
high-energy population is 2.4 nC. For the other two cases the
charge is below 0.1 nC (for LP f /10 and RP f /10 the charge
is 0.09 nC and 0.03 nC, respectively) and reliable formation of
the high-energy population is not seen.

In all cases, the electron population with energies below
0.1 GeV displays a markedly different angular pattern, show-
ing a broad flux distribution between approximately 3◦ and
55◦. This distribution suggests that the low-energy electron
population originates from a different spatial region than the
collimated, high-energy core. Comparison of 2D field and
particle slices indicates that high-energy electrons are pre-
dominantly accelerated in regions of strong laser field overlap,
while lower-energy electrons originate from the rear of the
channel, where a central electron filament (see Fig. 1) forms
alongside quasistatic magnetic fields of O(0.1 MT).

025208-3



P. HADJISOLOMOU et al. PHYSICAL REVIEW E 113, 025208 (2026)

FIG. 3. Temporal evolution of maximum electron energy for the
three laser configurations. RP f/5 continues accelerating electrons
up to 600 fs, reaching nearly 2 GeV, while both the LP f/10 and RP
f/10 saturate near 1.2 GeV.

Figure 3 shows the temporal evolution of the maximum
electron energy. In the initial phase of the interaction, both
the LP f/10 and RP f/5 configurations—which share the
same peak intensity—exhibit a similar rate of energy increase,
indicating that the early energy gain is distributed across the
bulk DLA population (up to ∼ 1 GeV). Beyond this energy
the curves diverge. The RP f/5 case continues accelerating
electrons up to 1.9 GeV, while both the LP f/10 and RP f/10
configurations saturate near 1.2 GeV by 500 fs. This saturation
likely results from a combination of electron channel ejection
[23], dephasing, and reduced overlap with the laser fields.
In contrast, the continued energy growth in the RP f/5 case
arises from the longitudinal electric field component, which
keeps electrons phase locked with the accelerating (negative
Ex) half-cycle for about 50 fs, enabling sustained on-axis ac-
celeration. Although RP f/5 and LP f/10 share identical laser
power and intensity, the additional longitudinal-field contribu-
tion allows RP f/5 to achieve substantially higher maximum
electron energies.

Figure 4 reveals how the accelerated charge is partitioned
between the core beam and the surrounding sheath. The pos-
itive return current is confined to a narrow annulus extending
approximately from Re to R [sheath thickness of ∼ 1 µm,
see Fig. 4(d)], while the negative current flows in the inner
core. All three laser configurations generate a similarly sharp
current peak, followed by an extended tail. RP f/10 exhibits a
longer tail and accumulates a higher total charge than the LP
case, consistent with sustained wall-based injection driven by
its radial field components.

In a cylindrical plasma channel where a high-power current
is driven through the core, electrons form a strong forward
current along the axis, Ic = e nel β c π R2

e , where nel is the
current electron density and β is the normalized velocity.
This axial current generates an increasing azimuthal magnetic
field around it. According to Lenz’s law, any change in mag-
netic flux induces a current that opposes the change. As the
central current strengthens and the magnetic field intensifies,
the surrounding plasma responds by forming a return current
along the outer regions of the cylinder. In this way, the system
self-organizes to oppose the magnetic change induced by the
driving current.

The return current partially neutralizes the core’s self-
fields and maintains the total current below the Alfvén

(a) LP f/10

(b) RP f/10

(c) RP f/5

(d) RP f/5

FIG. 4. Longitudinal profile of current for core electrons
(r < 9 µm, cyan) and sheath electrons (r > 9 µm, mustard) for the
(a) LP f/10, (b) RP f/10, and (c) RP f/5 case. RP f/10 carries
the largest total charge in both the core and sheath regions, and
spreads across an extended tail. Integrated charges for each region
are indicated in the legend. (d) Radial profile of the current density
for the RP f/5 case, for electrons with 250 µm < x < 260 µm (peak
current).

limit [39],

IA = γ β
e c

re

≈ 17γ kA, (8)

where γ is the electron Lorentz factor in the laboratory frame
and re = e2/(4 π ε0 me c2) is the classical electron radius. For
a0 ≫ 1 we have γ ≈ a0 and the ratio of IA to Ic gives

PA ≈
a0

π re nel R2
e

� 1. (9)

In the region of peak current, electrons typically have en-
ergies of 0.1 GeV–0.4 GeV, corresponding to γ ≈ 200–800.
This yields an Alfvén current threshold of approximately
3.3 MA for 0.1 GeV electrons, indicating that the system ap-
proaches this limit. By counterbalancing the core current, the
sheath helps suppress space-charge divergence and enables
the propagation of highly relativistic, dense electron beams
without exceeding stability thresholds. If we consider the self-
focusing case, in the limit of PA = 1 we have

Rmin =
√

a0

π re nel
, (10)

which gives the radius of the self-focusing channel.
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The peak core current in the RP f/10 case reaches ap-
proximately 2.5 MA, about 10% higher than in either the LP
f/10 or RP f/5 configurations. This value rivals current levels
typical of pulsed-power accelerators, such as diode-driven Z
pinches, which deliver multi-MA beams but require vastly
larger and less compact setups [40]. In contrast, laser-driven
systems typically achieve peak currents in the 10–100 kA
range, albeit in ultrashort (<100 fs) bunches. The multi-MA
current observed here therefore arises not from the high-
energy population (∼ 1 nC for E > 1 GeV) but from the much
larger number of lower-energy electrons. This enhanced in-
jection is due to the RP field geometry, which allows pulling
electrons inward from the entire inner circumference of the
channel in this compact, laser-driven plasma accelerator, pro-
ducing a denser and more symmetric electron flow toward the
axis and sustaining a higher net current.

V. CONCLUSION

In conclusion, we have demonstrated through 3D PIC sim-
ulations that RP laser pulses significantly enhance electron
injection from plasma channel walls compared to LP beams.
Radial polarization, particularly under tighter focusing, im-
proves beam collimation, increases peak electron energies,
and boosts high-energy flux while maintaining substantial
current from side-injected electrons. The γ -flash [41,42] prop-
erties are a direct consequence of the electron beam quality.
Unveiling the electron motion under various field configu-
rations [43–45] is required to obtain γ rays of controlled
properties. These results strongly support the conclusion that
RP lasers in narrow plasma channels are more efficient
for producing energetic, collimated electron beams, offering
promising advantages for advanced electron accelerator and
γ -ray source applications [46].

Our findings also indicate that field symmetry alone is
insufficient to ensure efficient electron acceleration. Without
adequate intensity, RP beams may enable broad injection but
fail to sustain energy gain. Instead, the combined influence of

polarization, focusing geometry, and field strength determines
both injection efficiency and final beam quality.

While the accelerated electron spectra remain intrinsically
broad, as is characteristic of DLA, the resulting high-charge
and high-current electron beams are well suited to applica-
tions where beam brightness, strong electromagnetic fields,
and intense secondary radiation are the primary figures of
merit rather than monoenergetic performance.

These results suggest clear experimental pathways for val-
idation. Cylindrical microchannel plate targets can be tested
at multipetawatt laser facilities, and radially polarized modes
are accessible with existing laser systems. Experimental mea-
surements of the accelerated electron beam characteristics can
directly test the predictions presented here.

More broadly, polarization tailoring emerges as a power-
ful design lever for optimizing laser acceleration. Facilities
such as ELI Beamlines, Apollon, and Vulcan 20-20 could
leverage this strategy to enhance beam brightness without
increasing laser energy, enabling more efficient and versatile
next-generation radiation sources.
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