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Abstract Solid-state plasma wakefield acceleration has recently attracted attention as a novel method for achieving unprecedented
ultrahigh acceleration gradients on the order of 1 TeV/m or beyond. In this context, recent advancements in nanofabrication techniques
have opened up the possibility of creating structured plasmas with tailored properties. For instance, the utilization of carbon nanotube
(CNT) bundles holds great potential for generating stable plasmas with electron densities reaching as high as 10> cm ™3, i.e., orders
of magnitude higher than conventional gaseous plasmas. As part of a new collaborative effort called NanoAc, we have conducted
particle-in-cell (PIC) simulations to investigate laser wakefield acceleration in nanostructured solid-state plasmas based on CNT
arrays. Our results confirm the attainment of wakefields at the TV/m scale. Additionally, we observed self-injection, sub-femtosecond
bunch formation, and electron acceleration in micrometer-scale targets, yielding kinetic energies on the order of a few tens of MeV.
These findings open up promising possibilities to design novel ultracompact accelerators and radiation sources. In this paper, we
report recent simulation results from the NanoAc collaboration and describe ongoing efforts toward future experimental tests at
available laser facilities.

1 Introduction

Over the past decades, plasma-based acceleration in gaseous media has evolved from a theoretical concept into a mature experimental
field. Accelerating gradients on the GeV/m scale, long anticipated [1, 2], are now routinely achieved at many laboratories around
the world [3—8]. These advances have established plasma accelerators as strong candidates for compact next-generation machines,
with prospective applications ranging from medicine [9] and industry [10] to high-energy physics [11].

Since the achievable accelerating gradient scales with plasma density, increasing the density offers a direct path toward higher
fields. This consideration has motivated the exploration of solid-state plasmas, formed via ionization, whose densities (1022—1024
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Fig. 1 a Schematic of a target
based on CNT aligned bundles,
with a circular aperture to allow
the transmission of laser pulses
through it. b Zoomed-in view of
the cross-sectional perspective of
CNT bundles. ¢ Schematic view
of the microtube accelerator
concept. A driving laser pulse
propagates axially through the
target, ionizing the structure and
exciting wakefields that self-inject
and accelerate electrons from the
structure itself

(b) (c)

CNT bundles... N accelerated
S electrons

)
... modelled as homogeneous
cylinders with effective density.

cm™3) exceed those of gaseous plasmas by several orders of magnitude. In principle, such densities could support accelerating
gradients in the TeV/m range, representing a substantial step beyond current capabilities.

Wakefield acceleration in solid-state plasmas was proposed decades ago for crystal channels [12, 13], with predicted gradients of
1-10 TeV/m, and was later extended to nanotubes driven by X-ray pulses [14, 15]. These schemes, however, depend on ultrashort
X-ray drivers that are not yet routinely available, and natural crystal channels impose angstrom-scale acceptance constraints. In
contrast, nanostructured targets, with tunable channels orders of magnitude wider, may offer a path to overcome both limitations.

In interactions involving intense femtosecond laser pulses and solid targets, experiments have shown that nanostructuring the
target surface enhances the emission of hot electrons (~ 100 keV — 1 MeV) [16-18] as well as X-ray radiation [19-23]. This
enhancement arises from the direct laser acceleration of ionized electrons within the nanochannels. Additionally, it has been
experimentally demonstrated that nanostructured targets improve laser-driven ion acceleration through the target normal sheath
acceleration (TNSA) mechanism [24]. However, these processes do not involve resonant laser wakefield acceleration (LWFA).

A microtube accelerator concept based on resonant LWFA has been recently proposed in [25-27]. It is composed of porous or
nanowire structures made of CNT arrays as indicated in Fig. 1. Because of their exceptional optoelectronic, thermal, and mechanical
properties, CN'T-based materials represent highly promising candidates for the fabrication of the proposed targets. In particular,
CNT-based structures are attracting increasing interest within the accelerator physics community [28, 29]. In addition, planar
configurations such as multilayer graphene have also been explored as potential media for particle acceleration [30].

In contrast to earlier numerical studies [15], which proposed LWFA in metallic crystals driven by exawatt-class X-ray pulses, we
demonstrate that resonant LWFA can be achieved using an 800 nm infrared laser operating at the terawatt scale. This significantly
reduces the technological constraints for implementation at existing facilities, enabling the generation of TeV/m accelerating gradients
without reliance on attosecond X-ray lasers and thereby expanding the experimental and application landscape.

Based on this novel microtube accelerator concept composed of CNT bundles, different acceleration regimes have been explored
depending on the laser and geometric parameters, as well as on the type of driver—either a high-density charged particle beam or
a high-power laser [31, 32]. More recently, numerical studies have demonstrated that the proposed microtube accelerator concept
also has the potential to operate as a coherent synchrotron radiation (CSR) emitter [33].

To investigate the feasibility, performance, and potential applications of the microaccelerator concept presented here, we have
established the NanoAc collaboration [34—-36]. In this manuscript, we report full 3D PIC simulations results that build upon the
previous NanoAc study in Ref. [27], and we outline ongoing efforts toward the design of a proof-of-principle experiment.

2 Simulation results

The simulations were performed using the open-source PIC code WarpX [37], in full 3D Cartesian geometry. The domain was
set to —3.5 < z < 27.5um longitudinally and —3.5um < x, y < 3.5 um transversely, with Ny , . = 1024 grid cells in each
direction, and the number of macroparticles per cell, Nppc = 8 (2 x 2 x 2). Open boundary conditions were used for particles and
electromagnetic fields in all directions. The laser had circular polarization, normalized strength ap = 21.6, wavelength Ay = 800 nm,
waist wo = 1.5 wm, pulse duration T = 2.67 fs (FWHM), peak intensity Iy = 102! W/em?, peak power of ~ 35.3 TW, and pulse
energy £ = 100 mlJ.

Figure 2 shows the cross section of a target composed of CNT bundles (red dots), modeled as solid carbon cylinders with radius
rp = 12.5nm and density n, = 10?2 cm™3. Here, n;, denotes the bundle-averaged carbon density assigned to each homogeneous
CNT-bundle cylinder, rather than the atomic density of an ideal CNT wall or of compact graphitic carbon. This coarse-grained
value accounts phenomenologically for the internal structure of realistic CNT bundles, including voids, inter-tube packing, CNT
radii, number of walls, and filling fraction. While neither this approach nor conventional PIC algorithms can model the microscopic
solid-state effects of actual CNT materials, both frameworks effectively capture the collective plasma response of the nanostructured
medium [26].

The bundles are distributed along concentric cylindrical shells (gray lines), which serve as theoretical (immaterial) guides for
the spatial arrangement. The distribution is designed such that each shell maintains a constant effective density: For a given shell,
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Fig. 2 Transverse cross section of
the CNT target composed of 548
CNT bundles (red points)
distributed over 30 concentric 2]
shells (gray lines). Each shell has a

thickness of 25 nm, corresponding

to CNTs with a radius of 12.5 nm, 14
and adjacent shells are separated

by a 50 nm gap. This configuration =)
results in an effective target = 0
density of approximately >

1020 cm=3. The target features a
central hollow region with inner
radius R;, = 0.8 um and an outer
radius of Royt = 3 pm

3 © cntbundle = :
shell -~ - .=~

x [pm]

the number of bundles and their angular spacing were calculated to ensure uniform effective density along the shell circumference,
with bundle positions determined by a random initial phase angle for each shell. This shell-by-shell construction provides a second
averaging step, yielding a target with overall effective density nefr =~ 1029 cm~3, which is the relevant quantity for laser propagation
and wakefield excitation. The target features a central aperture with inner radius R;, = 0.8 pm, which facilitates propagation of the
laser core through the target.

This target configuration reproduces the geometry of Ref. [27], with the simulations performed here using higher spatial resolution
and particles per cell than in the referenced work. Despite representing the same physical system, different postprocessing approaches
prevent direct comparison of the results. In the previous work, the beam was characterized using particles trapped within the wakefield
bubble volume, whereas here the beam is defined from all particles exiting the target with forward momentum corresponding to
kinetic energies above 20 MeV. While this approach may yield beam quality metrics lower than those reported previously, it provides
a more experimentally relevant characterization of the beam, since it relies on particles selected according to an energy threshold
rather than on particles identified through their confinement within an idealized wakefield structure.

Figure 3 presents the simulation results. Following the mechanism described in Ref. [27], the laser pulse ionizes the CNT bundles
and drives electrons toward the outer shells, generating a propagating wakefield bubble similar to those observed in conventional
laser wakefield acceleration with gaseous plasma targets. Electrons are self-injected at the rear of the bubble, where they experience
longitudinal electric fields on the order of TV/m. Panels (a—f) show snapshots of the laser—target interaction. A wakefield bubble
approximately 4.5 pm wide propagates through the target. The left column (a, c, e) displays the electron density n,/ng surrounding
the bubble (blue colormap), while the right column (b, d, f) shows the longitudinal electric field E, (blue—white—red colormap). The
accelerated electrons forming the extracted bunch, defined as electrons exiting the target with kinetic energies above 20 MeV at the
final time step, are identified a posteriori and backtracked throughout the simulation. The selected charge of this bunch is called
Qsel- This procedure ensures that the same electrons are followed over time, avoiding changes in bunch composition that would
arise from selecting particles based on their instantaneous energies. These electrons are rendered with a yellow—green colormap
indicating their energies. Light-gray horizontal lines show a subset of the CNT bundles, allowing for a schematic visualization of
the target geometry.

Panels (a, b) capture the early propagation stage at z ~ 4um, where a well-defined wakefield bubble has formed with self-
injection occurring at its rear. The longitudinal electric field within the wake exceeds 10 TV/m at this stage. Panels (c, d) show the
bubble near the target center, where trapped electrons continue gaining energy, forming a reasonably collimated bunch with the most
energetic particles reaching ~ 40 MeV. Panels (e, f) show the bunch after exiting the target. Despite undergoing deceleration due
to positive longitudinal electric fields beyond the target boundary, as shown in panel (f), the bunch contains electrons with energies
approaching 60 MeV.

Panels (g—1) present phase-space projections of the extracted bunch using a white—yellow-red—black density colormap. Panels (g)
and (h) show the transverse phase spaces (x—x and y—y’), revealing beam divergence (RMS) of ~ 0.08 rad and displacement from
the target axis, consistent with betatron oscillations. Panel (i) shows the longitudinal phase space (z—E}), where the bunch extends
approximately 1 wm longitudinally. Panel (j) presents the energy spectrum, spanning from 20 MeV (the selection threshold) to nearly
60 MeV, with a mean energy of 38.7 MeV, energy spread (RMS) of 9.3 MeV, and selected charge of 493 pC. Despite the substantial
energy spread, a well-defined quasi-monoenergetic peak is observed, centered at 45.4 MeV with FWHM spread of ~ 12 MeV,
containing approximately 50% of the total bunch charge. For the target length of 15 pm, the mean and quasi-monoenergetic peak
energies correspond to average acceleration gradients of 2.6 TeV/m and 3.0 TeV/m, respectively.
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Fig. 3 Electron density (blue colormap), longitudinal electric field (blue—white—red colormap), and energy of the accelerated electrons (yellow—green

colormap) for a CNT-based target with an effective electron density of n, ~ 1020 cm—3. Closed black contour lines indicate iso-intensity contours of the

laser pulse envelope, with intensity increasing toward the innermost contour. Panels a—f correspond to three snapshots taken at successive times during
the simulation: Panels a, ¢, and e show the electron density distribution, while panels b, d, and f show the corresponding longitudinal electric field. The
light-gray horizontal lines represent a subset of the CNT bundles and are included solely to provide a schematic visualization of the target geometry. Panels

g-i present the transverse and longitudinal phase spaces of the extracted electron bunch, where x” = uy /uz and y’ = uy /u;; the white—yellow—red-black

colormap indicates the normalized particle density. Panel (j) shows the energy spectrum of the accelerated beam

Fig. 4 Electron energy spectra
obtained from three independent
simulations with different random
seeds used to generate the initial
phase angle distribution of the
shells

To assess the sensitivity of the results to the bundle distribution within the target, two additional simulations were performed
using different random seeds for the initial phase angles of the shells. Figure 4 compares the electron energy spectra obtained from
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Table 1 Electron bur}ch Parameter Value (avg. =+ std. dev.) Unit Description

parameters at extraction
Ol 489 £ 4 pC Charge
Ey 38.7%0.1 MeV Average kinetic energy
OE, 9.3+0.1 MeV Kinetic energy spread (RMS)
A 2.58+£0.01 TeV/m Avg. accel. gradient
n 18.9£0.2 % Energy conv. eff.
Az 0.71 £ 0.01 pm Bunch length (FWHM)
Ax 1.7+0.1 pm Horizontal size (FWHM)
Ay 1.7£0.2 pm Vertical size (FWHM)
€n,x 254+0.1 wmrad Norm. emittance (RMS)
€n,y 2.5+0.1 wmrad Norm. emittance (RMS)
CH 77£2 mrad Divergence (RMS)
Oy 77+1 mrad Divergence (RMS)

the three simulations (including the case shown in Fig. 3). Despite the different bundle arrangements, the spectra are very similar:
all extend from the 20 MeV selection threshold to nearly 60 MeV and exhibit a well-defined quasi-monoenergetic peak centered
at approximately 45 MeV, with the selected charge varying by only 7 pC among the three cases. Table 1 summarizes the beam
parameters, reported as averages over the three target realizations; the reference run shown in Fig. 3 carries 493 pC, close to the
three-run average of 489 + 4 pC.

It is instructive to place these results in the context of previous solid-density acceleration concepts. Crystal-channel wakefield
accelerators [12, 13] and X-ray-driven nanotube schemes [14] predict accelerating gradients of 1-10 TeV/m, but depend on ultrashort
X-ray drivers that remain unavailable. Optical-driver studies in carbon nanostructures reported a ~4.8 TeV/m accelerating gradient
and 6.9 MeV average kinetic energy over 1.5 wm using an ultraviolet (100 nm wavelength) laser pulse in multilayer graphene [30],
and 27.9 MeV average kinetic energy with 867 pC over 15 wm using an infrared (800 nm wavelength) laser pulse in CNT-bundle
targets [27]. Beam-driven schemes in CNT channels predict even higher gradients, up to hundreds of TeV/m [31, 38, 39], but
require near-solid-density electron beams expected only from future facility upgrades. The results presented here are consistent
with these scalings while relying exclusively on terawatt-class, 800 nm wavelength laser technology available at existing facilities.
Moreover, since the accelerated bunch is characterized from all electrons exiting the target rather than from particles selected within
the wakefield structure, the reported beam parameters provide a realistic quantitative reference for the proof-of-principle experiment
under development within the NanoAc collaboration.

The normalized transverse emittances of the extracted bunch, €, » = €,y = 2.5 & 0.1 wm rad (Table 1), reflect the relatively
large RMS divergence of ~ 77 mrad at extraction. Combined with a peak current of several tens of kA—a consequence of
nearly half a nanocoulomb concentrated in a sub-micrometer bunch—these values correspond to a normalized 5D brightness
By,sp = 21 /(€n,x€n,y) 2 10'® A m~2 rad 2, comparable to values reported for plasma-based sources and indicating that the
proposed scheme operates within reach of the high-brightness regime, even before dedicated optimization of the target and laser
parameters.

3 Experimental design

The NanoAc collaboration is planning to perform a series of experimental tests on laser-CNT target interactions, to demonstrate
TV/m accelerating field in the laboratory and the generation of high-brightness electron beams.

A tentative experimental layout design is illustrated in Fig. 5, where the target samples are mounted on a movable “revolver”
type holder within the main experimental chamber. This design enables rapid target renewal and facilitates comparative testing of
various target configurations. Their geometries (overall size, length, hollow radius, etc.), material densities, and substrates will be
systematically varied and characterized both before and after laser exposure. High-resolution scanning electron microscopy (SEM)
will be employed to assess geometry, density uniformity, defects, and postirradiation damage.

The electron beam energy spectrum can be determined using a high-resolution energy spectrometer, based on a dipole magnet
in combination with a tungsten pinhole serving as a pencil-beam selector. Electron beam emittance measurements will be enabled
through implementation of the pepper-pot technique [40]. This method allows energy resolved transverse emittance measurement.
The electron bunch charge will be measured using an integrating current transformer (ICT) [41].

The betatron radiation generated during the interaction will be characterized both spatially and spectrally using an X-ray charge-
coupled device (CCD), operated with and without a stacked filter assembly. The intrinsic spatial coherence of the betatron source
will be characterized through measurements of its source size, determined using the knife-edge technique [42].

@ Springer



1043 Page 6 of 10 Eur. Phys. J. Plus (2026) 141:1043

(danfe \ (( ‘

(c) Dipole magnet

edge
Betatron beam =
pinhole (©) ] XRAY CCD
(@) e , : (e)
6 €lectron
i beam Lanex
0‘ or
P
Lasgr (\ e bunch
Integrating Current
Transformer (ICT)
target
CNT target (9)
holder

GY

ENER:

array

== ]

P POSITION

Pepper pot method

Fig. 5 Schematic of a possible experimental setup: a target positioning/refresh strategy, based on a rotary holder; b single pinhole or pinhole array for
switching between simple electron energy measurement and pepper-pot emittance measurement; ¢ dipole magnet for electron separation from betatron axis
and electron energy and charge measurement; d X-ray CCD for betatron radiation characterization, and knife-edge for source size measurement; e integrating
current transformer (ICT) for electron bunch charge measurement, and a Lanex or image plate (IP) screen to record the spatially resolved electron distribution,
from which the energy spectrum is reconstructed; f zoomed view of a nanowired target consisting of CNT bundles; and g schematic detail of the pepper-pot
method for transverse emittance reconstruction

The fabrication of nanostructured targets is an essential part of the experiment. Modern nanofabrication techniques provide
great flexibility in constructing targets based on vertically aligned carbon nanotube (VA-CNT) forests, allowing high precision
and tailored geometric characteristics [43—48]. The realization of VA-CNT-based targets and their microscopic and spectroscopic
analyses will be performed in specialized facilities at the institutions of collaboration partners, such as the Technology Innovation
Through Advanced Nanostructures (TITAN) Laboratory within the Sapienza University of Rome and INFN-Roma, see Fig. 6 [49].

The transition from simulation to experiment involves several practical challenges. Efficient coupling of the laser pulse into
the nanostructure relies on the central aperture of the target, imposing micrometer-level tolerances on focusing, alignment, and
pointing stability, which will require the implementation of suitable laser—target alignment strategies; in addition, a high temporal-
contrast laser pulse is required to prevent premature expansion of the nanostructure by prepulses or amplified spontaneous emission.
Regarding target integrity, previous analyses indicate that the displacement of carbon ions remains on the nanometer scale during the
femtosecond timescale of the interaction [27, 30], so that the accelerated bunch exits the target before the ion lattice is significantly
perturbed; the target nevertheless undergoes destruction on longer timescales, and therefore, the experiment foresees expendable
targets, with systematic SEM characterization before and after irradiation. Concerning ionization dynamics, PIC codes treat carbon
atoms as independent, neglecting solid-state effects such as covalent bonding; however, at the considered intensities field ionization
proceeds rapidly at the leading edge of the pulse, and the ionization energy of carbon in the CNT lattice differs only modestly from
the atomic case, so this approximation is not expected to alter the collective dynamics. Finally, since the wakefield excitation is
governed by the effective plasma density rather than by the exact positions of individual bundles [26], the scheme is expected to be
robust against fabrication imperfections, with the uniformity and reproducibility of the VA-CNT targets to be quantified through the
metrology campaign described above.

The required laser parameters, although challenging, could technically be achievable at existing laser facilities. For example, the
Center of Pulsed Lasers (CLPU) in Salamanca, Spain, hosts the ultraintense and ultrashort VEGA laser, a Ti:Sapphire CPA-based
femtosecond system with three synchronized branches: VEGA-1 (20 TW, 10 Hz), VEGA-2 (200 TW, 10 Hz), and VEGA-3 (1 PW,
1 Hz), all delivering 30 fs pulses [50]. Postcompression and laser pulse characterization will be performed to meet the required
specifications. Alignment strategies, which account for intrinsic jitter and precision tolerances, will be developed to ensure reliable
laser—target interaction.
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Fig. 6 a The TITAN INFN-Sapienza facility at Sapienza University of Rome; b silicon substrate mounted on the heating element inside the CVD chamber
before (left) and after (right) VA-CNTs synthesis; ¢ SEM image of a typical VA-CNT array growth; d micropatterned VA-CNTs

4 Conclusions

Building upon our previous studies [27], we have demonstrated here, through full 3D PIC simulations, that LWFA in CNT-based
microtube targets can be driven by a TW-level 800 nm wavelength laser pulse, yielding accelerating gradients of several TeV/m and
the formation of sub-femtosecond electron bunches with a quasi-monoenergetic peak centered at 45.4 MeV over a target length of
approximately 15 pm.

These results substantially relax the technological requirements compared with earlier solid-density LWFA concepts relying on
exawatt-class X-ray drivers, while preserving the prospect of ultrahigh gradients enabled by near-solid plasma densities. Notably,
this configuration is not an optimized design, but a representative case selected from a preliminary parameter scan for its promising
acceleration performance. The systematic dependence on key physical parameters, such as effective density, channel aperture radius,
CNT-bundle radius, and laser parameters, remains the subject of an ongoing Bayesian optimization study aimed at maximizing beam
quality, charge, energy, and laser-to-beam conversion efficiency. Together with this optimization campaign, ongoing target fabrication
efforts within the NanoAc collaboration, and the development of a proof-of-principle experiment, this work establishes a realistic
pathway toward the experimental validation of solid-state LWFA in nanostructured media.

Beyond the generation of multi-tens-of-MeV electron beams with substantial charge (~ 100 pC), the proposed concept offers
flexibility in tailoring different acceleration regimes and may enable coherent synchrotron radiation emission [33]. Within the
framework of the NanoAc collaboration, we are also investigating potential applications, including single-shot MeV ultrafast electron
diffraction, a novel mechanism for THz radiation imaging, and the development of a compact radiation source for radiotherapy.
While the reported bunch charge and brightness are encouraging, the extracted beam still exhibits a relatively large divergence
and energy spread. Reducing both is among the objectives of the ongoing optimization campaign, and a prerequisite for the most
demanding of the aforementioned applications.
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