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Abstract

Structured carbon-nanotube targets can be used as a
medium for accelerating self-injected electrons within a
laser-driven wakefield bubble, analogous to blowout laser
wakefield acceleration (LWFA) in gaseous plasmas. A pre-
vious numerical work demonstrated this behavior using a
three-cycle, 800 nm, circularly polarized laser pulse with a
peak power of 35.5 TW. Here, we compare electron beam
properties for linearly and circularly polarized pulses in-
teracting with a similar target. We found that circular po-
larization increases the charge of electrons above 20 MeV
by approximately 9%, while average energy, energy spread,
emittance, and divergence remain comparable between the
two polarization states.

INTRODUCTION

Over the past few decades, plasma-based accelerators [1]
have emerged as a promising approach for electron accel-
eration using either ultraintense laser pulses—known as
laser wakefield acceleration (LWFA) [2, 3]—or charged
particle beams, called beam-driven wakefield acceleration
(PWFA) [4]. In these schemes, the driver propagates through
an ionized gas, typically generated by gas jets or capillary
discharge cells, exciting large-amplitude wakefields by per-
turbing the local electron density. These wakefields can
sustain accelerating gradients on the order of several GeV/m,
enabling the production of high-quality electron bunches for
a wide range of applications, including medical radioisotope
production [5], radiotherapy [6], industrial applications [7],
and high-energy physics research [8, 9].

Because the accelerating gradient scales with plasma den-
sity, substantially higher fields may be achieved using solid-
state plasmas, whose electron densities (10%2—10%* cm™~3)
are approximately three orders of magnitude greater than
those of conventional gaseous plasmas. In principle, this
increase could enable accelerating gradients approaching the
TeV/m regime. This concept was demonstrated in numeri-
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cal studies by Bontoiu et al. [10, 11], where particle-in-cell
(PIC) simulations showed that solid-state targets composed
of carbon nanotube (CNT) bundles can serve as an effec-
tive medium for accelerating self-injected electrons within
a laser-driven wakefield bubble, analogous to the blowout
regime of LWFA in gaseous plasmas.

In a recent study [11], Bontoiu et al. employed the PICon-
GPU code [12] to demonstrate that a three-cycle, 800-nm,
circularly polarized laser pulse with a peak power of 35.5
TW can generate a relativistic electron bunch in a CNT bun-
dle target. Motivated by those results, we perform analogous
fully three-dimensional PIC simulations using the WarpX
v. 25.10 code [13]. Here, we directly compare the electron
beam properties obtained with linearly and circularly po-
larized laser pulses interacting with the same CNT bundle
target, aiming to assess the influence of laser polarization
on the acceleration process.

THE MODEL

The 3D-WarpX simulations were carried out on the SDu-
mont supercomputing cluster, using 16 NVIDIA Volta V100
GPUs (32 GB each). The physical system consists of an
800 nm wavelength laser pulse propagating along the z-axis
through a CNT bundle target whose longitudinal direction is
aligned with the laser propagation axis. The laser is modeled
by a few-cycle Gaussian temporal and transverse profile [14].
Two simulations were performed, differing only in the laser
polarization: linear polarization along the y direction and
circular polarization.

The computational domain extends from -3.5 < z <
27.5 ym longitudinally and —3.5 pm < x, y < 3.5 ym trans-
versely, with N, ,, , = 1024 cells in each direction. Each
cell is initialized with Nppc = 8 macroparticles (2 X 2 X 2).
The timestep is set to 0.999, CFL, where CFL denotes the
Courant-Friedrichs—-Lewy stability limit, and the simula-
tions are run for Ngep = 5250 time steps. The laser param-
eters are ap = 21.6, 19 = 800 nm, wo = 1.5 pm, pulse
duration T = 2.67 fs (FWHM in intensity), peak intensity
Ip = 10?! W/cm?, and pulse energy E = 100 mJ.

The target geometry reproduces that described in Ref. [11],
although the present simulations employ higher spatial reso-
lution and a larger number of particles per cell. The target
consists of CNT bundles modeled as initially neutral solid
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carbon cylinders with radius r, = 12.5 nm and density
np = 10?2 cm™3. The bundles are arranged along concentric
cylindrical shells that serve as immaterial geometric guides
for their spatial distribution. For each shell, the number of
bundles and their angular separation are chosen to main-
tain a constant effective density along the circumference,
with positions determined from a random initial phase an-
gle. This procedure yields an overall effective density [15]
of neg = 3 x 102 cm™3. A central aperture with inner ra-
dius r;;, = 0.5 um is included to allow propagation of the
laser core through the target. Despite representing the same
physical system, different postprocessing approaches prevent
direct comparison between the results of this work and those
reported in Ref. [11]. In the previous work, beam properties
were computed from particles trapped within the wakefield
bubble volume. Here, we consider all particles exiting the
target whose longitudinal momentum corresponds to kinetic
energies exceeding 20 MeV, under the assumption that the
particle energy is predominantly longitudinal.

RESULTS

Following the mechanism described in Ref. [11], the laser
pulse ionizes the CNT target and drives electrons toward the
outer shells of the structure. This leads to the formation of a
propagating wakefield bubble, closely resembling the wake
structures observed in laser wakefield acceleration (LWFA)
in gas-jet targets. Electrons are self-injected at the rear of the
bubble, where they experience longitudinal electric fields
on the order of TV/m.

This process is illustrated in the simulation snapshots
shown in Fig. 1 (a—f), which depict an approximately 4, um-
wide wakefield bubble propagating inside the target. The left
panels—(a), (c), and (e)—display the longitudinal electric
field (Ey) at the center of the bubble using a blue-white-red
color scale for circular laser polarization, while the right
panels show the corresponding field for linear polarization.
The wakefield bubble contains an electron bunch whose ki-
netic energy is represented by a yellow—orange—purple—black
color scale, applied only to backtracked electrons that satisfy
the selection criteria. These electrons are self-injected at the
rear of the bubble and subsequently accelerated. The gray
lines indicate the positions of a subset of CNT bundles and
are included solely to illustrate the target geometry. Black
contour lines represent the laser intensity.

Overall, the wakefield structures in the left and right pan-
els are very similar, with only minor discrepancies observed
behind the bubble rear in panels (c¢) and (d), and more
noticeably in panels (e) and (f). In the latter case, panel
(e) exhibits a stronger positive electric field in the region
12.5 < z < 15 ym compared to panel (f). Furthermore,
in addition to the field discrepancies, small differences are
also observed in the accelerated particles. The left-column
panels show a small number of particles being accelerated
within a weakly defined second wakefield bubble, which is
not present in the right-column panels.

THP3317

Table 1: Bunch parameters at extraction

Parameter Circular Linear
Total charge, Q [pC] 493 448
Average energy, E [MeV] 38.7 37.0
Energy spread

(RMS), o [MeV] 03 8.7
Average acceleration

gradient, A [TeV/m] 26 23
Bunch longitudinal 10 13
length (FWHM), Az [um] ) ’
Bunch transverse 1.8 17
size (FWHM), Ax; Ay [um] ’ ’
Normalized horizontal

emittance (RMS), €, [umrad] 2 265
Horizontal divergence

(FWHM), ®, [mrad] 790 e
Normalized vertical

emittance (RMS), €, [umrad] ! 251
Vertical divergence 778 84.0

(FWHM), ©, [mrad]

The properties of the extracted bunch are shown in
Fig. 1(g—n), arranged in two rows, circular polarization on
top and linear polarization below, to allow direct visual com-
parison. All eight panels share the same density color scale.
Panels (g,h) and (k,1) present the transverse phase spaces.
In the circular case, the beam exhibits divergences up to
~ 0.4 rad and a slight displacement from the target axis,
whereas the linear case shows a more centered distribution
with particles preferentially aligned along a nearly diagonal
structure.

The longitudinal phase spaces (i,m) indicate bunch lengths
of approximately 1 pum for both polarizations; however, the
linear case displays a distinct V-shaped feature for particles
beyond 17 pum that is absent under circular polarization. The
transverse spatial distributions (j,n) further highlight dif-
ferent symmetry properties: circular polarization yields a
comparatively homogeneous density, with a mild concen-
tration in the quadrant x < O um, y > 0 um, while linear
polarization produces a clear asymmetry along the y-axis,
with a larger fraction of particles located at y < 0 um.

Figure 2 presents the electron energy spectra for circular
(blue) and linear (red) polarization. The two spectra are
highly similar, extending from the selection threshold at
20 MeV up to nearly 60 MeV and exhibiting a well-defined
quasi-monoenergetic peak in both cases. The peak energy is
slightly higher for circular polarization (45.4 MeV) than for
linear polarization (43.0 MeV). Despite their nearly identi-
cal spectral profiles, the bunch produced with circular po-
larization carries a higher total charge, with an increase of
approximately 45 pC (~9%) relative to the linear case.

A quantitative comparison of the extracted beam parame-
ters is summarized in Table 1. Apart from the total charge,
both polarization states yield very similar beam properties,
with only minor variations in average energy, RMS energy
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Figure 1: Panels (a—f) show different propagation stages of the longitudinal electric field (£, blue~white-red colormap)
and accelerated electron macroparticles (yellow—orange—purple—black colormap) in a CNT target with effective density
ne = 3 x 10?0 cm™3, with circular polarization in the left column and linear polarization in the right. Gray lines indicate
selected CNT bundles, and black contours denote the laser intensity. Panels (g—n) present the extracted bunch properties:
circular polarization in the upper row and linear polarization in the lower row, including transverse phase spaces (g,h.k,l),
longitudinal phase spaces (i,m), and transverse spatial distributions (j,n).

b5 | — circular: Q = 493pC while differences in average energy, energy spread, emit-
= — finear: Q@ = 448pC tance, divergence, and other beam parameters remain below
é 20 5%. These results indicate that laser polarization primarily
Q15 affects the self-injection efficiency and resulting charge, with
Ei 10 minimal impact on the intrinsic beam quality.
. 0.5
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