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Laser wakefield acceleration (LWFA) may achieve TeV/m gradients using high-density solid-state 
plasmas as accelerating media. However, the application of bulk solid materials requires attosecond 
laser pulses, such as X-ray lasers, to drive wakefields at these high densities. Additionally, the short 
wakefield wavelengths associated with solid-state plasmas greatly limit the accelerating length. An 
alternative approach employs 2D carbon-based nanomaterials, like graphene or carbon nanotubes 
(CNTs), configured into structured targets. These nanostructures are designed with voids or low-
density regions to effectively reduce the overall plasma density. This reduction enables the use of 
longer-wavelength lasers and also extends the plasma wavelength and the acceleration length. In this 
study, we present, to our knowledge, the first numerical demonstration of electron acceleration via 
self-injection into a wakefield bubble driven by an infrared laser pulse in structured CNT targets, similar 
to the behavior observed in gaseous plasmas for LWFA in the nonlinear (or bubble) regime. Using the 
PIConGPU code, bundles of CNTs are modeled in a 3D geometry as 25 nm-thick carbon tubes with an 
initial density of 1022 cm−3. The carbon plasma is ionized by a three-cycle, 800 nm wavelength laser 
pulse with a peak intensity of 1021 Wcm−2, achieving an effective plasma density of 1020 cm−3. The 
same laser also drives the wakefield bubble, responsible for electron self-injection and acceleration. 
Simulation results indicate that fs-long electron bunches with hundreds of pC charge can be self-
injected and accelerated at gradients exceeding 1 TeV/m. Both charge and accelerating gradient figures 
are unprecedented when compared with LWFA in gaseous plasma.
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Over the past few decades, the field of plasma-based accelerators–such as laser wakefield acceleration (LWFA)1–3 
and particle-driven wakefield acceleration (PWFA)4–6–has made remarkable advances. The long-predicted 
GeV/m accelerating gradients1,4,7 are now routinely achieved at multiple experimental facilities around the 
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globe8,9, paving the way for the design of future compact accelerators with applications that range from medical10 
and industrial11 uses to high-energy physics research12,13. Moreover, because the accelerating gradients are 
proportional to the plasma density, researchers are exploring the use of solid-state plasmas to push these gradients 
even higher. Solid-state plasmas have densities on the order of 1022 to 1024 cm−3, which could potentially enable 
TeV/m gradients. Attaining such high gradients would be a significant leap forward in accelerator technology. 
However, achieving plasma-based acceleration at these high densities presents significant challenges. The 
extremely short plasma wavelengths associated with such densities require sub-micrometer quasi-solid electron 
beams14 or attosecond X-ray laser pulses15 to be adopted as drivers for the accelerating wakefields. Drivers 
with these characteristics are either not yet available or remain extremely limited in availability. An alternative 
approach to overcome these challenges involves the use of nanostructured targets. By arranging bundles of 
nanomaterials–such as carbon nanotubes (CNTs) or graphene layers–in an alternating pattern with empty or 
low-density regions, the effective density of the target can be adjusted. As the driver propagates through these 
empty regions, it ionizes the adjacent solid walls, with the ionized electrons populating the gaps and forming 
a high-density plasma (or Fermi gas). As previously demonstrated16, under proper conditions, the wakefield 
driven by the laser within these nanostructured targets can be analytically estimated if an effective density is 
adopted. This approach enables the application of existing analytical expressions and knowledge developed for 
homogeneous plasmas to investigate the behavior of nanostructured materials.

The use of nanostructures in accelerator physics has attracted increasing attention in recent years17,18, 
either for beam diagnostics19 or as a novel mechanism for particle acceleration16,20–26. It has also been recently 
demonstrated that the injection of nanoparticles into a helium plasma enhances the quality of the accelerated 
electron bunch in LWFA27,28. In this scheme, the nanoparticles act as a catalyst, improving the injection and 
acceleration of electrons in a gaseous plasma. However, the observation of resonant LWFA in the blowout 
(bubble) regime29,30 within a solid-density nanostructured plasma–e.g., CNT arrays, multilayer graphene, or 
crystals–has not yet been experimentally confirmed. Achieving and clearly observing the bubble regime in such 
media would open a new frontier in plasma-based accelerators.

An earlier numerical study31 demonstrated a gradient of approximately 4.8 TeV/m in a multilayer graphene 
target, using an ultraviolet (100 nm wavelength), 3 fs-long laser pulse as the driver. While ultraviolet lasers are 
more available than X-ray lasers, they are not as widely adopted as infrared sources. In this work, with the aid of 
the effective density approach, we have identified suitable conditions for achieving laser wakefield acceleration 
LWFA using an infrared (800  nm) laser. This advancement leverages existing laser technology, making it 
more feasible to generate TV/m wakefields without the need of attosecond X-ray or ultraviolet lasers, thereby 
broadening the potential for experimental investigations and applications. Recent experimental results have 
demonstrated electron acceleration – with energies up to 1.2 MeV – using an 800 nm laser in a nanostructured 
target32. While this represents a significant advance in the field, using the effective density approach allows 
target geometries to be tuned for the formation of wakefield bubbles driven by an 800 nm laser pulse. These 
bubbles enable electron acceleration via self-injection, similar to processes observed in gaseous plasmas–albeit 
with TeV/m accelerating gradients due to the high effective density achieved by these solid nanostructured 
targets–and produce electron bunches with higher energy and charge over propagation distances of only a few 
micrometers. To our knowledge, this is the first work to report numerical results of TeV/m-level accelerating 
gradients driven by an infrared (800 nm), 2.67 fs-long (FWHM) laser pulse in a solid nanostructured target.

While LWFA research is currently dominated by meticulously tailored gaseous targets8, solid-state plasmas 
may soon become an alternative, due to their inherent advantages such as higher electron density and wider 
topological flexibility. It is possible for example to prepare hollow targets with controllable effective plasma 
density. Carbon nanomaterials such as graphene31 and CNTs are good candidates due to the recent progress 
in their manufacturing techniques. This work considers 25 nm-thick bundles (ropes) of CNTs33 rather than 
large volumes (forests) of densely packed CNTs. Considering that a CNT bundle may contain tens or hundreds 
of tubes and inherent voids, it is reasonable to assume that the density of atoms is of the order of 1022 cm−3. 
A target can be manufactured by distributing CNT bundles in concentric shells, as shown in Fig. 1, with an 
effective plasma density of 1020 cm−3.

Fig. 1.  (a) Schematic of a target based on CNT bundles vertically grown on a substrate with a circular aperture 
to allow the transmission of laser pulses throught it. This figure was created using COMSOL Multiphysics® v. 
6.3 software (www.comsol.com)34. (b) Zoomed-in view of the cross-sectional perspective of a CNT bundle. 
This figure was created using Nanotube Modeler v. 1.8 software (www.jcrystal.com/products/wincnt/)35.
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In this article, our study focuses on resonant laser wakefield acceleration (LWFA) in solid-state targets 
composed of CNT bundles. It is important to distinguish this mechanism from the so-called plasmonics or 
plasmon acceleration scheme22,23,36,37. While plasmon acceleration primarily involves the coherent oscillation 
of surface electrons, leaving most of the target intact, resonant wakefield acceleration relies on the complete 
ionization and displacement of a substantial number of electrons throughout the entire target.

Methods
In this study, fully 3D particle-in-cell (PIC) simulations were performed using the PIConGPU code38. The 
simulations were conducted on a machine with an Intel Core i9 processor with 16 cores, 64 GB of RAM, equipped 
with two Nvidia RTX 5500 GPUs, each with 16 GB of memory. The simulation domain consisted of 3 × 108 
mesh cells, each measuring 25  nm, with one macroparticle per cell. An 800 nm wavelength laser pulse was 
propagated along the y-axis, corresponding to the longitudinal axis of the targets. The pulse has been assumed to 
have a Gaussian profile in both longitudinal and transverse directions, with circular polarization. The transverse 
electric field components were represented as horizontal (Ez) and vertical (Ex) fields.

The primary objective of this study is to demonstrate that sufficiently intense infrared laser pulses can inject 
and accelerate electrons within ordered CNT structures. Bulkier targets typically cause rapid depletion and 
absorption of infrared laser pulses. To mitigate this issue, the targets have been designed as hollow tubes with 
walls composed of CNT bundles.

Figure 2 presents transverse and radial cross-sections of two distinct target configurations, both designed 
to achieve an effective density of 1020 cm−3, indicated by red lines (labeled as “ideal”) in panels (b) and (d). In 
Fig. 2(a), the CNT bundles, represented as red dots, are randomly distributed across concentric shells denoted 
by grey lines, whereas in Fig. 2(c) these bundles are evenly distributed along the shells. The effective density 
for each shell, determined by the number of bundles, is depicted as grey dots in Fig.  2(b) and (d). In both 

Fig. 2.  (Cross-sectional view of CNT targets and the corresponding plasma density: (a-b) Transverse view of 
a target made of 535 CNT bundles randomly distributed in 30 shells with gap of 50 nm between shells, and 
the corresponding plasma density for each shell and (gray dots) for the whole target (dashed blue line); (c-d) 
Transverse view of a target made of 546 bundles neatly aligned in 9 shells with a gap of 250 nm between shells, 
and the corresponding plasma density for each shell (gray dots) and for the whole target (dashed blue line). 
The black dashed circle indicates the laser spot size (w0), and both the inner (Rin) and the outer (Rout) radius 
of the target are indicated with a light blue line.
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configurations, the bundle distribution within the shells was chosen to ensure that the overall target’s effective 
density (represented by the dashed blue lines) aligns with the desired (ideal) value.

In modern laboratories, the fabrication of these types of CNT structures is feasible using various methods, 
such as chemical vapor deposition (CVD), arc discharge, or template-assisted growth. Each method provides 
a unique level of control over the properties of the resulting CNTs and their bundles39–42. Ultimately, current 
nanofabrication techniques offer the precision and flexibility needed to achieve the desired effective density 
parameters and target geometry.

As mentioned earlier, an effective plasma density of 1020 cm−3 is used in the PIConGPU simulations of this 
study. This density is well-suited to the laser’s wavelength, as the plasma-to-laser frequency ratio remains in the 
underdense regime even when the six valence electrons of the carbon atoms are ionized. For comparison, Table 1 
provides the plasma frequencies and wavelengths associated with three distinct effective densities – 1020, 1021, 
and 1022 cm−3 – as well as their ratios to the corresponding laser quantities. For the laser pulse to propagate 
through the plasma, the underdense condition (ωp/ω0 < 1) must be satisfied. As shown in Table 1, while this 
condition is met for effective densities of 1020 and 1021 cm−3, for 1022 cm−3 the plasma becomes overdense 
even if a single ionization is assumed for the carbon ions. As the laser interacts with the CNT target, the carbon 
atoms undergo multiple ionization states. During the initial tens of femtoseconds, ionization advances rapidly, 
resulting in a plasma density increase in the interaction core that reaches 6 ne. This escalation increases the 
plasma-to-laser frequency and wavelength ratios, ωp/ω0 and λ/λp, respectively, by a factor of 

√
6. Following 

this scaling, the only configuration among those presented in Table 1 that satisfies the underdense condition 
required for the laser driver used in this work has an effective density of 1020 cm−3. Therefore, this plasma 
density was selected to ensure proper laser pulse propagation in any carbon ionization scenario.

In the proposed target configurations, the bore is an important feature, playing a role similar to the short-
lived plasma channels43 generated in gaseous targets. In addition to guiding the laser pulse over several Rayleigh 
lengths, it also provides the ion lattice along which the electron bunch is accelerated. In this study, simulations 
were performed using laser pulses with the parameters listed in Table 2. A bore radius (Rin) of approximately 
half the laser spot size (w0) was adopted, ensuring a ratio of Rin/w0 ≈ 0.5. This ratio between the plasma 
channel radius and the laser spot size ensures that ionization and collective motion of electrons spread across the 
whole target, while allowing laser propagation without severe depletion. Although the choice of w0 = 1.5µm 
was driven by computational limitations, the self-injection and acceleration scheme described in this work is 
expected to remain effective for larger spot sizes, provided this ratio is preserved. Similarly, while the full pulse 
length ∆t represents 3 laser cycles, slightly longer pulses can be utilized. However, only peak intensity values on 
the order of 1021 W/cm2 lead to significant target ionization and, consequently, to electron self-injection and 
resonant acceleration.

The laser and target parameters have been optimized to enhance the wakefield acceleration and maximize 
both the kinetic energy and charge of the extracted accelerated bunch. For instance, optimal values have been 
obtained for the ratio Rin/w0 ≈ 0.53. As aforementioned, the CNT bundles do not need to be arranged in 
strictly equidistant order, provided they achieve the required effective plasma density. This characteristic could 
offer advantages in terms of fabrication. In the next section, to analyze the simulation results, macroparticles 
were selected through backtracking, enabling the reconstruction of their dynamics during the interaction. In the 
next sections only results for the target configuration of Fig. 2 (a, b) are shown.

Parameter Value Unit

Wavelength, λ 800 nm

Period, T 2.67 fs

FWHM pulse duration, ∆t 2.67 fs

Spot size, w0 1.5 µm

Peak intensity, I0 1020 1021 W/cm2

Potential vector, a0 6.8 21.6 -

Pulse energy, E 10 100 mJ

Table 2.  Laser parameters.

 

Parameter Plasma properties Unit

Effective plasma density, ne 1020 1021 1022 cm−3

Plasma angular frequency, ωp 0.564 1.784 5.641 rad–PHz

Plasma-to-laser frequency ratio, ωp/ω0 0.240 0.758 2.396 -

Plasma wavelength, λp 3.339 1.056 0.334 µm

Laser-to-plasma squared wavelength ratio, (λ/λp)2 5.741 × 10−2 5.741 × 10−1 5.741 -

Table 1.  Comparison of plasma parameters considering a 800 nm laser pulse with ω0 = 2.355 rad–PHz for 
the case of three different effective plasma densities, considering a single-level ionization of the carbon atoms.
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Results
Self-injection and acceleration
Figure 3 shows the simulation results using the laser parameters listed in Table 2 and the target depicted in Fig. 
2 (a-b). Upon the laser pulse striking the target, it ionizes the interaction region, causing electrons to be repelled 
toward the outer shells. This process generates a moving wakefield bubble, akin to those observed in LWFA gas-
jet plasmas. Electrons are then self-injected at the rear of the bubble, where they experience longitudinal electric 
fields in the TV/m range.

Figures 3 (a-b) show a simulation snapshot of the process when the laser is nearly centered on the target. 
These figures depict a 5 − µm-wide wakefield bubble, with its electric field represented on a blue-white-red 
color scale. The bubble contains an electron bunch, whose particles’ kinetic energy is indicated by a rainbow 
color scale, applied only to the backtracked macroparticles that ultimately form the accelerated bunch at the 
end of the simulation. These particles are self-injected and accelerated at the bubble’s tail, in the Ey < 0 region. 
The gray dots in the figures represent other system macroparticles that did not meet the selection criteria. 
Figure 3 (b) shows that the macroparticles ahead of the laser pulse remain organized, as the gray dots align 
in a carbon nanotube-like structure. However, once the laser pulse passes, these macroparticles interact with 
it, forming a disordered plasma structure in its wake. This disorganization, particularly visible in the region 
2µm ≤ y ≤ 4µm, supports the formation of a well-defined wakefield bubble.

Figures 3 (c-d) show the moment when the wakefield bubble passes the center of the target. At this point, the 
bubble contracts and, as seen in Fig. 3 (c), the bunch and bubble slightly diverge, moving out of phase toward 
the Ey = 0 line. The macroparticles within the bubble continue to gain energy, but the head of the bunch gains 
more than the tail, reaching 30 MeV shortly after passing the midpoint of the target. In Fig. 3 (e, f), the wakefield 
bubble reaches the right edge of the target, and the bunch begins to lose energy as it exits. At the end of the 
simulation, the bunch contains electrons with energies ranging from 0.04 MeV to a maximum of 63.6 MeV, 
with an average energy of 27.9 MeV and a total charge of 867.5 pC. Considering that the total distance traveled 
is just 15µm, the average and maximum acceleration gradients are 1.86 TeV/m and 4.24 TeV/m, respectively.

Fig. 3.  Electron macroparticles shown as gray dots and the longitudinal electric field shown as a colour density 
plot for the target with constant effective density ne ≃ 1020 cm−3, considering a laser pulse length ∆t = 8 
fs (3 cycles) and intensity I0 = 1021 W/cm2: (a-b) t/T = 11; (c-d) t/T = 18; (e-f) t/T = 25. The dashed-
brown line shows the on-axis vertical electric field Ex, which is due mostly to the laser pulse.
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It is worth comparing the performance of this system with that of a uniform hollow target, assuming a 
constant plasma density equal to the effective plasma density of the structured target, ne = 1020 cm−3. This case 
is analyzed in Figures S1 and S2 of Supplementary Information accompanying this manuscript. The excitation 
of the wakefield in the nonlinear (bubble) regime is very similar in both cases, validating the use of a uniform 
plasma and an effective-density approximation16 to simplify numerical calculations.

Key figures of merit observed in the PIC simulations of structured CNT targets can be effectively calculated 
using established phenomenological analytical expressions for the 3D nonlinear (bubble) regime of LWFA7,30,44. 
T﻿he maximum accelerating field can be estimated as

	 Ey,max = E0
√

a0 ,� (1)

where E0 = mecωp

e  is the so-called cold wave-breaking field, which sets the scaling for maximum longitudinal 
fields. Here, me is the electron mass, c the speed of light in vacuum, and e the elementary charge.

Assuming approximately a spherical bubble, the bubble radius can be calculated as

	
rb ≃

2√
a0

kp
,� (2)

where kp = 2π/λp is the plasma wavenumber.
Now, assuming the effective plasma density ne = 1020  cm−3 and the normalized vector potential of the 

laser pulse a0 ≃ 21.6 (for the case I0 = 1021 W/cm2), Eq. (1) gives Ey,max ≃ 4.5 TV/m, which is in excellent 
agreement with the maximum accelerating gradient of 4.24 TV/m obtained from the PIC simulations. On the 
other hand, taking into account that λp = 3.339 µm and using Eq. 2, we obtain rb ≃ 4.94 µm. This value is 
approximately a factor of 2 higher than that obtained from the simulation results, where a bubble radius of about 
2.5 µm (bubble width ≈ 5 µm) was observed (see Fig. 3, and Figures S2 and S3 in Supplementary Information). 
Despite this discrepancy, the results remain within the same order of magnitude.

In this case, the dephasing length can be estimated as

	
Ld ≃ 2

3

(
ω0

ωp

)2

rb ≃ 57.2 µm ,� (3)

where the theoretical estimate rb ≃ 4.94 µm has been considered. Since the acceleration length in the simulation 
was limited to 15 µm by the target size, the bunch did not fully dephase, which is consistent with the continued 
energy gain observed until extraction.

Figures 3 (a, c, e) present transverse cuts at the positions marked by arrows in panels (b), (d), and (f). 
These cuts show that in cross section the particles have similar energies, and the electric field rotates, causing 
a slight divergence of the particles. In panel (c), a more densely populated area of particles is visible near 
x = 6µm, z = 5µm. A similar effect is seen in panel (e) at x = 4µm, z = 4.5µm, indicating that the bunch 
also rotates around the propagation axis as it is accelerated.

Figure 4 (a-c) presents colour density plots of the 6D phase space, showing the longitudinal projection in panel 
(a) and the vertical and horizontal projections in panels (b) and (c), respectively. The longitudinal phase space 
reveals a large energy spread, with particles ranging from 0.04 to 63.6 MeV, and shows that the selected bunch 
fits within a 5 fs time frame. The transverse phase spaces indicate significant divergence, with an amplitude of 
approximately 0.3 rad, and show that the bunch is off-center relative to the target axis. This also suggests that 
the particles undergo transverse oscillations, possibly spiraling around the axis. The horizontal oscillation of the 
bunch center (z0) can be observed in Fig. 5, comparing the cases for two intensity lasers: I0 = 1020 W/cm2 and 
I0 = 1021 W/cm2. Transverse oscillations are also found as variations in the transverse momentum (px or pz). 
An example is shown in Fig. 6. The oscillation period is ≃ 40 fs for both intensity levels, although the amplitude 
differs. There is a clear correlation between px and z0, which indicates that the center of the bunch follows a 
helical trajectory. The oscillation period is nearly the same for both intensity levels. This may be explained by the 
fact that, in each case, the bunch travels through the same plasma density, as both laser pulses are able to ionize 
the target completely. Therefore, they reshape the hollow channel in a similar manner.

Table 3 presents a full characterization of the accelerated beam at the extraction point, for two different laser 
intensities. It should be noted that gradients on the order of TeV/m are generated, enabling the acceleration 
of self-injected electrons to kinetic energies of tens of MeV over distances of just 15µm. The charge obtained 
is also remarkable, exceeding 100 pC, concentrated in short bunches of FWHM length on the order of 1 fs. 
However, these bunches are extracted with relatively high energy spread and transverse divergence not smaller 
than 130 mrad. Possible solutions to mitigate the large divergence could involve introducing a radial gradient 
in the plasma density, as this parameter directly influences the laser’s phase velocity, which the electron bunch 
must match for optimal acceleration.

There are significant differences between the charge values of the bunch in 1020 W/cm2 and in 1021 W/cm2. 
As shown in Fig. 7, increasing the peak intensity by one order of magnitude results in a seven-fold increase in 
bunch charge. This difference can be attributed to the stronger longitudinal electric field Ey , which continuously 
pulls more electrons into the second half of the wakefield bubble. Additionally, the initial plasma shock wave at 
the left edge of the target plays a crucial role, as it triggers electron self-injection. Moreover, when the laser peak 
intensity is sufficiently high, the bunch also collects electrons from the front wall of the wakefield. The first half of 
the bubble contains positive longitudinal electric field Ey , and transverse electric fields Ex and Ez  which exhibit 
mirror symmetry across the bubble midpoint relative to the fields in the second half. As a result, electrons from 
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the front bubble wall may, in certain situations, be accelerated backward toward the bubble center. They are then 
captured by the second half of the bubble, which accelerates them forward. Consequently, the bunch acquires 
additional electrons, leading to an increase in its charge.

Figure 8 depicts the evolution of the average kinetic energy, Ekin, of the self-injected bunch during the laser-
plasma interaction for both values of the laser peak intensity. As expected, for 1020 W/cm2, Ekin grows slower 
and reaches a maximum before the bunch is extracted. This indicates that dephasing occurs and that some of the 
bunch electrons cross the middle of the wakefield bubble at t/T ≃ 20, after which they experience decelerating 
electric fields (Ey > 0). For 1021 W/cm2 the energy gain rate is higher and dephasing is not evident. However, 
in this case, due to the intake of low-energy electrons, Ekin shows a sudden drop at t/T ≃ 17. This is clearly 
correlated with the sudden increase in charge observed in Fig. 7.

It is important to note that the work presented in this section assumes a hard-edge target for simplicity in 
introducing the new concept. Nevertheless, for comparison purposes, we also performed extensive simulations 
using targets with linear and parabolic transverse density profiles (see Supplementary Information). An 
example is provided in the electron density plots in Figure S3, within the framework of the effective-density 
approximation. Figure S4 compares the longitudinal phase space for the different cases.

Eventually, a parametric scan was performed to optimize the relevant parameters of the extracted electron 
bunch, and the results are presented in the Supplementary Information. Considering different laser parameters 
(Table S1), the following bunch parameters were optimized as a function of the ratio Rin/w0: charge (Figure S5), 

Fig. 5.  Time evolution of the bunch horizontal centre z0, for two values of the peak laser intensity: 
I0 = 1020 W/cm2 and I0 = 1021 W/cm2.

 

Fig. 4.  (a) longitudinal, (b) vertical, and (c) horizontal phase spaces at extraction, for a constant effective 
density of ne ≃ 1020 cm−3, and a laser pulse with ∆t (FWHM) = 2.67 fs, I0 = 1021 W/cm2 and 
Rin/w0 = 0.53 at t/T = 26.
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average kinetic energy (Figure S6), FWHM length (Figure S7), FWHM energy spread (Figure S8), longitudinal 
RMS emittance (Figure S9), and FWHM width (Figure S10).

Induced magnetic field and focusing effects
At injection, the bunch experiences longitudinal accelerating electric fields whose intensity sometimes exceeds 
5 TV/m, up to the moment when the wakefield bubble breaks. At the same time, the bunch is immersed in an 
azimuthal magnetic field whose induction peaks at ≃ 50 kT. In consequence, this high-induced field has a strong 
focusing effect on the particles and is qualitatively consistent with the observed spiraling trajectories of the 
accelerating bunch. This effect is shown in Fig. 9, where the electron dynamics and induced fields are monitored 
at t/T = 10.

It is worth mentioning that high-intensity magnetic fields are required in a number of applications, and the 
method described here could be considered a powerful source. Among others, an interesting application of the 
extremely high magnetic fields generated in laser-plasma interactions is their potential to wiggle electron beams 
and effectively produce an X-ray free-electron laser (FEL). For example, as estimated by Loeb and Eliezer45, a 
150 MeV electron beam could generate coherent radiation with a 1 nm wavelength, provided it is subjected to a 
magnetic field as strong as 100 T. Due to their robustness and higher inertia compared to gaseous plasmas, carbon 
nanotube (CNT) targets may offer the advantage of sustaining high magnetic fields for extended durations.

Parameter

Value at Unit

I0 = 1020 I0 = 1021 W/cm2

Charge, Q 0.12 0.87 nC

Average kinetic energy,Ekin 10.63 27.91 MeV

Average acceleration gradient,Ekin/L 0.71 1.86 TeV/m

FWHM bunch length,∆tb 1.72 3.98 fs

FWHM energy spread,∆E 115 105 %

Normalized RMS longitudinal emittance,ε̄|| 0.06 0.52 fs - MeV

FWHM vertical size,∆x 1.43 1.17 µm

FWHM vertical divergence,∆x′ 0.22 0.13 rad

Normalized RMS vertical emittance,ε̄x 1.16 2.16 π mm -mrad

FWHM horizontal size,∆z 1.24 0.82 µm

FWHM horizontal divergence,∆z′ 0.19 0.13 rad

Normalized RMS horizontal emittance,ε̄z 1.30 2.19 π mm -mrad

Table 3.  Bunch parameters at extraction for laser intensities I0 = 1020 W/cm2 and I0 = 1021 W/cm2.

 

Fig. 6.  Time evolution of the bunch vertical mean momentum px, for two values of the peak laser intensity: 
I0 = 1020 W/cm2 and I0 = 1021 W/cm2.
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Effects on the ionic lattice
Another aspect to be analyzed is the mobility of carbon ions under the action of Coulomb forces. Although me

/mC ∼ 10−4, given the high laser intensity and virtually instantaneous complete ionization within the laser 
pulse, an evaluation of the carbon ion displacement can be a reasonably safe validity assessment to justify the use 
of PIC codes in the simulation of this kind of solid-state structure. For this purpose, the charge density of both 
electrons (ρe) and carbon ions (ρC) was extracted from the laser-CNT interaction, utilizing target parameters 
similar to those adopted in the previous section. As the interaction progresses along the longitudinal (y) axis, the 
laser pulse completely ionizes the core region of the target and maintains a wakefield bubble. As shown in Fig. 10 
(a-b), the bubble is void of electrons, and a bunch is self-injected from its back wall. It can also be seen that the 
laser pulse, shown by the solid black line, fits within the first half of the bubble. It is worth noting that at this point 
the laser pulse is depleted and, out of three cycles, only one is still clearly visible. It is important to assess how the 
carbon ion displacement affects the dynamics of the electron bunch. For this purpose, it is enough to plot the 
charge density of the carbon ions because, as with any PIC code, charge density is a derived magnitude computed 
from the macroparticle distribution. Thus, to the extent that the mesh and shape functions are acceptable, ρC  
indicates the location of the carbon ions. As shown in Fig. 10 (c-d) there is negligible displacement of hundreds 
of nm in the back of the bubble.

As retrieved from the native density fields supplied by PIConGPU, ahead of the laser pulse, with the CNT 
bundles unspoiled, both electrons and Carbon ions have a density of about 2 C/mm3, excluding some local 

Fig. 8.  Time evolution of the bunch kinetic energy Ekin for two peak laser intensities, I0 = 1020 W/cm2 and 
I0 = 1021 W/cm2, shown in femtoseconds and normalized by the laser period T.

 

Fig. 7.  Time evolution of the bunch charge Q for two peak laser intensities, I0 = 1020 W/cm2 and I0 = 1021 
W/cm2, shown in femtoseconds and normalized by the laser period T.
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spikes and minima, which can be attributed to mesh variation. This value gives a charge density of about 
1.25 × 1022 cm−3. The snapshots for electrons (Fig. 10 (a-b)) and carbon ions (Fig. 10 (c-d)) are taken at the 
same moment in time and the coexistence of the two plasma states is clearly visible behind the laser pulse, 
notably in the wakefield bubble. More exactly, across the volume of the bubble, carbon ions maintain a charge 
density of about 1.25 × 1022 cm−3 while electrons surround the bubble as a layer of approximately 0.5 C/mm3 
equivalent to a charge density of 3.12 × 1021 cm−3. Behind the bubble, carbon density decreases while the 
bundles undergo, Coulomb explosions46. Electrons tend to neutralize the expanded carbon lattice and their 
overall (effective) density tends to ∼ 1020 cm−3.

These results indicate that even if the carbon ions were considered part of a gas rather than a solid-state lattice, 
their displacement would be sufficiently small to validate the use of PIC simulations for this wakefield acceleration 

Fig. 10.  Synchronous comparison of the electron and carbon charge density in absolute values, with I0 = 
1021 W/cm2, ∆t = 8 fs (3 cycles), with Rin = 0.8µm, w0 = 1.5µm at t/T = 20. The on-axis vertical electric 
field Ex, which comes mostly from the laser, is shown by the solid black line: (a-b) Transverse and axial view 
of the electron charge density ρe; (c-d) Transverse and axial view of the carbon charge density ρC .

 

Fig. 9.  The electron bunch shown as an energy-coloured selection of macroparticles in the transverse and axial 
cut-planes along with the longitudinal electric field Ey  at t/T = 10. Magnetic field vectors are shown in the 
zx-plane, with the macroparticles moving towards the reader. Thus, the longitudinal motion coupled with the 
azimuthal magnetic field has a focusing effect: (a) in the zx-plane (transverse); (b) in the yx-plane (vertical); 
and (c) in the yz-plane (horizontal).
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scheme. Moreover, it is evident that a short laser pulse of peak intensity I0 = 1021 W/cm2, carrying 100 mJ, does 
not instantly destroy the carbon lattice. The inertia of the carbon ions allows for a ∼ 20 fs delay, enough for the 
electron bunch to be accelerated along a virtually unaltered ion lattice. This finding aligns with previous studies 
showing that wakefields in solid-state nanomaterials remain largely unaffected by ion dynamics47. Consequently, 
the PIConGPU code can be safely applied to simulate electron laser-driven acceleration in a solid-state lattice.

Conclusions
This work presents, for the first time, numerical results demonstrating that it is theoretically possible to achieve 
laser wakefield acceleration in a solid-state plasma with an 800 nm (infrared) laser pulse. Using PIConGPU 
simulations, we demonstrate that this laser can accelerate an electron pulse with a charge of 867 pC to an average 
energy of 27.9 MeV within a 15 µm-long carbon nanotube bundle target, achieving acceleration gradients in the 
TeV/m range. Furthermore, the obtained ultra-short pulse length (∆tb ≲ 10 fs) and relatively low transverse 
emittance (εx,z ≈ 2 π mm – mrad) could make this acceleration technique suitable for interesting applications 
in the field of ultrafast science, for example, for single shot MeV ultrafast electron diffraction48. It can also be 
an interesting mechanism to generate THz radiation for imaging applications49,50 with implications in various 
research areas such as: cell biology surface chemistry and condensed matter.

Our future research plan includes further optimization of the results presented in this article using algorithms 
such as, for example, Bayesian Optimization51, which could be employed to further improve the beam energy, 
charge, and quality (divergence, energy spread), thus improving its overall applicability.

Currently, the collaboration is preparing optimized targets for a proof-of-principle experiment, focusing 
on advanced manufacturing techniques. The required laser parameters, similar to those listed in Table 2, are 
technically achievable in existing laser facilities, such as the Extreme Light Infrastructure (ELI) in Prague, Czech 
Republic, and the VEGA laser system at the Center of Pulsed Lasers (CLPU) in Salamanca, Spain. If successful, 
this experiment could provide a novel alternative acceleration scheme and mark the first demonstration of 
resonant LWFA in a solid-state plasma.

Data availability
The data and datasets that support the figures in this paper and other findings of this study are available from the 
corresponding author upon reasonable request.

Received: 25 June 2025; Accepted: 17 November 2025

References
	 1.	 Tajima, T. & Dawson, J. M. Laser electron accelerator. Phys. Rev. Lett. 43, 267–270. https://doi.org/10.1103/PhysRevLett.43.267 

(1979).
	 2.	 Mangles, S. P. D. et al. Monoenergetic beams of relativistic electrons from intense laser-plasma interactions. Nature 431, 535–538. 

https://doi.org/10.1038/nature02939 (2004).
	 3.	 Faure, J. et al. A laser-plasma accelerator producing monoenergetic electron beams. Nature 431, 541–544 (2004).
	 4.	 Chen, P., Su, J. J., Dawson, J. M., Bane, K. L. & Wilson, P. B. On Energy Transfer in the Plasma Wake Field Accelerator. Phys. Rev. 

Lett. 56, 1252–1255. https://doi.org/10.1103/PhysRevLett.56.1252 (1986).
	 5.	 Litos, M. et al. High-efficiency acceleration of an electron beam in a plasma wakefield accelerator. Nature 515, 92 (2014).
	 6.	 Yadav, R. P. et al. Evaluation of vertical alignment in carbon nanotubes: A quantitative approach. Nucl. Instrum. Methods Phys. Res. 

A 1060, 169081. https://doi.org/10.1016/j.nima.2024.169081 (2024).
	 7.	 Esarey, E., Schroeder, C. B. & Leemans, W. P. Physics of laser-driven plasma-based electron accelerators. Rev. Mod. Phys. 81, 

1229–1285. https://doi.org/10.1103/RevModPhys.81.1229 (2009).
	 8.	 Gonsalves, A. et al. Petawatt laser guiding and electron beam acceleration to 8 GeV in a laser-heated capillary discharge waveguide. 

Phys. Rev. Lett. 122, 084801. https://doi.org/10.1103/physrevlett.122.084801 (2019).
	 9.	 D’Arcy, R. et al. FLASHForward: plasma wakefield accelerator science for high-average-power applications. Philos. Trans. R. Soc. A 

377, 20180392. https://doi.org/10.1098/rsta.2018.0392 (2019).
	10.	 Labate, L. et al. Toward an effective use of laser-driven very high energy electrons for radiotherapy: Feasibility assessment of multi-

field and intensity modulation irradiation schemes. Sci. Rep. 10, https://doi.org/10.1038/s41598-020-74256-w (2020).
	11.	 Assmann, R. W. et al. Eupraxia conceptual design report. Eur. Phys. J. Special Topics 229, 3675–4284. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​4​0​/​e​p​j​s​t​

/​e​2​0​2​0​-​0​0​0​1​2​7​-​8​​​​ (2020).
	12.	 Schroeder, C.  B., Esarey, E., Geddes, C. G.  R., Benedetti, C. & Leemans, W.  P. Physics considerations for laser-plasma linear 

colliders. Phys. Rev. Spec. Top. Accel. Beams 13, https://doi.org/10.1103/physrevstab.13.101301 (2010).
	13.	 Schroeder, C. B., Benedetti, C., Esarey, E. & Leemans, W. Laser-plasma-based linear collider using hollow plasma channels. Nucl. 

Instrum. Methods Phys. Res. A 829, 113–116. https://doi.org/10.1016/j.nima.2016.03.001 (2016).
	14.	 Yakimenko, V. et al. Facet-ii facility for advanced accelerator experimental tests. Phys. Rev. Accel. Beams 22, ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​0​

3​/​​p​h​y​s​r​​e​v​a​c​c​e​​l​b​e​a​m​s​​.​2​2​.​1​0​​1​3​0​1 (2019).
	15.	 Tajima, T. Laser acceleration in novel media. Eur. Phys. J. Special Topics 223, 1037–1044. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​4​0​/​e​p​j​s​t​/​e​2​0​1​4​-​0​2​1​5​

4​-​6​​​​ (2014).
	16.	 Bonatto, A. et al. Exploring ultra-high-intensity wakefields in carbon nanotube arrays: An effective plasma-density approach. Phys. 

Plasmas 30, https://doi.org/10.1063/5.0134960 (2023).
	17.	 Resta-López, J. et al. Application of nanostructures and metamaterials in accelerator physics. In Proceedings 13th International 

Particle Accelerator Conference (IPAC’22), Bangkok, Thailand, June 12-17, 2022, 659–662, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​8​4​2​9​/​J​A​C​o​W​-​I​P​A​C​2​
0​2​2​-​M​O​P​O​M​S​0​1​6​​​​ (JACoW, 2022).

	18.	 Aliana-Cervera, G., Mattia, D., Pasquino, C., Veness, R. & Lunt, A. J. G. Carbon nanotube wires for accelerator applications. 
Materials & Design 258, 114606. https://doi.org/10.1016/j.matdes.2025.114606 (2025).

	19.	 Mariet, A. et al. Mechanical characterization of yarns made from carbon nanotube for instrumentation of particle beams at cern. 
Nucl. Instrum. Methods Phys. Res. A 1036, 166867. https://doi.org/10.1016/j.nima.2022.166867 (2022).

	20.	 Zhang, X. et al. Particle-in-cell simulation of x-ray wakefield acceleration and betatron radiation in nanotubes. Phys. Rev. Accel. 
Beams 19, 101004. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​0​3​/​​P​h​y​s​R​​e​v​A​c​c​e​​l​B​e​a​m​s​​.​1​9​.​1​0​​1​0​0​4 (2016).

Scientific Reports |        (2025) 15:45323 11| https://doi.org/10.1038/s41598-025-29386-4

www.nature.com/scientificreports/

https://eli-laser.eu
https://www.clpu.es/eu/laser-vega-pw
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1038/nature02939
https://doi.org/10.1103/PhysRevLett.56.1252
https://doi.org/10.1016/j.nima.2024.169081
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1103/physrevlett.122.084801
https://doi.org/10.1098/rsta.2018.0392
https://doi.org/10.1038/s41598-020-74256-w
https://doi.org/10.1140/epjst/e2020-000127-8
https://doi.org/10.1140/epjst/e2020-000127-8
https://doi.org/10.1103/physrevstab.13.101301
https://doi.org/10.1016/j.nima.2016.03.001
https://doi.org/10.1103/physrevaccelbeams.22.101301
https://doi.org/10.1103/physrevaccelbeams.22.101301
https://doi.org/10.1140/epjst/e2014-02154-6
https://doi.org/10.1140/epjst/e2014-02154-6
https://doi.org/10.1063/5.0134960
https://doi.org/10.18429/JACoW-IPAC2022-MOPOMS016
https://doi.org/10.18429/JACoW-IPAC2022-MOPOMS016
https://doi.org/10.1016/j.matdes.2025.114606
https://doi.org/10.1016/j.nima.2022.166867
https://doi.org/10.1103/PhysRevAccelBeams.19.101004
http://www.nature.com/scientificreports


	21.	 Resta-López, J. et al. Study of ultra-high gradient acceleration in carbon nanotube arrays. In Proceedings 9th International Particle 
Accelerator Conference (IPAC’18), Vancouver, BC, Canada, April 29-May 4, 2018, 599–602, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​8​4​2​9​/​J​A​C​o​W​-​I​P​A​C​
2​0​2​2​-​T​U​X​G​B​E​2​​​​ (JACoW, 2018).

	22.	 Sahai, A. A. Nanomaterials based nanoplasmonic accelerators and light-sources driven by particle-beams. IEEE Access 9, 54831. 
https://doi.org/10.1109/ACCESS.2021.3070798 (2021).

	23.	 Sahai, A. A. et al. Petavolts per meter plasmonics: introducing extreme nanoscience as a route towards scientific frontiers. J. 
Instrum. 18, P07019. https://doi.org/10.1088/1748-0221/18/07/P07019 (2023).

	24.	 Lei, B. et al. Leaky surface plasmon-based wakefield acceleration in nanostructured carbon nanotubes. Plasma Phys. Control. 
Fusion 67, 065036. https://doi.org/10.1088/1361-6587/ade00a (2025).

	25.	 Lei, B. et al. 100 s tev/m-level particle accelerators driven by high-density electron beams in micro structured carbon nanotube 
forest channel. New J. Phys. 27, 084301. https://doi.org/10.1088/1367-2630/adf87d (2025).

	26.	 Martín-Luna, P. et al. Plasmonic excitations in graphene layers. Chinese Journal of Physics 97, 607–624. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​
j​p​h​.​2​0​2​5​.​0​3​.​0​3​0​​​​ (2025).

	27.	 Aniculaesei, C. et al. Proof-of-principle experiment for nanoparticle-assisted laser wakefield electron acceleration. Phys. Rev. 
Applied 12, 044041. https://doi.org/10.1103/PhysRevApplied.12.044041 (2019).

	28.	 Aniculaesei, C. et al. The acceleration of a high-charge electron bunch to 10 gev in a 10-cm nanoparticle-assisted wakefield 
accelerator. Matter Radiat. Extremes 9, 014001. https://doi.org/10.1063/5.0161687 (2024).

	29.	 The highly non-linear broken-wave regime. Pukhov, A. & Meyer-ter Vehn, J. Laser wake field acceleration. Appl. Phys. B 74, 
355–361. https://doi.org/10.1007/s003400200795 (2002).

	30.	 Lu, W., Huang, C., Zhou, M., Mori, W. B. & Katsouleas, T. Nonlinear theory for relativistic plasma wakefields in the blowout 
regime. Phys. Rev. Lett. 96, 165002. https://doi.org/10.1103/PhysRevLett.96.165002 (2006).

	31.	 Bontoiu, C. et al. Author correction: Tev/m catapult acceleration of electrons in graphene layers. Sci. Rep. 13, ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
3​8​/​s​4​1​5​9​8​-​0​2​3​-​2​9​7​6​1​-​z​​​​ (2023).

	32.	 Dulat, A. et al. Coherent control of relativistic electron dynamics in plasma nanophotonics. Laser Photonics Rev. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​0​2​/​l​p​o​r​.​2​0​2​4​0​1​5​7​0​​​​ (2024).

	33.	 Thess, A. et al. Crystalline ropes of metallic carbon nanotubes. Science 273, 483–487. https://doi.org/10.1126/science.273.5274.483 
(1996).

	34.	 COMSOL AB. COMSOLMultiphysics®v.6.3. COMSOL AB, Stockholm, Sweden (2023).
	35.	 Melchor, S. & Dobado, J. A. Contub: an algorithm for connecting two arbitrary carbon nanotubes. Journal of Chemical Information 

and Computer Sciences 44, 1639–1646. https://doi.org/10.1021/ci049857w (2004).
	36.	 Fedeli, L. et al. Electron acceleration by relativistic surface plasmons in laser-grating interaction. Phys. Rev. Lett. 116, 015001. 

https://doi.org/10.1103/PhysRevLett.116.015001 (2016).
	37.	 Sgattoni, A., Fedeli, L., Cantono, G., Ceccotti, T. & Macchi, A. High field plasmonics and laser-plasma acceleration in solid targets. 

Plasma Phys. Control. Fusion 58, 014004. https://doi.org/10.1088/0741-3335/58/1/014004 (2016).
	38.	 Burau, H. et al. Picongpu: A fully relativistic particle-in-cell code for a gpu cluster. IEEE Transactions on Plasma Science 38, 

2831–2839. https://doi.org/10.1109/TPS.2010.2064310 (2010).
	39.	 See, C. H. & Harris, A. T. A review of carbon nanotube synthesis via fluidized-bed chemical vapor deposition. Ind. Eng. Chem. Res. 

46, 997–1012. https://doi.org/10.1021/ie060955b (2007).
	40.	 Sarasini, F. et al. Highly aligned growth of carbon nanotube forests with in-situ catalyst generation: A route to multifunctional 

basalt fibres. Compos. B Eng. 243, 110136. https://doi.org/10.1016/j.compositesb.2022.110136 (2022).
	41.	 Schifano, E. et al. Plasma-etched vertically aligned CNTs with enhanced antibacterial power. Nanomaterials 13, 1081. ​h​t​t​p​s​:​/​/​d​o​i​.​

o​r​g​/​1​0​.​3​3​9​0​/​n​a​n​o​1​3​0​6​1​0​8​1​​​​ (2023).
	42.	 Yadav, R. P. et al. Evaluation of vertical alignment in carbon nanotubes: A quantitative approach. Nucl. Instrum. Methods Phys. Res. 

A 1060, 169081. https://doi.org/10.1016/j.nima.2024.169081 (2024).
	43.	 Picksley, A. et al. Guiding of high-intensity laser pulses in 100-mm-long hydrodynamic optical-field-ionized plasma channels. 

Phys. Rev. Accel. Beams 23, 081303. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​1​1​​0​​3​/​P​h​y​​s​R​e​v​A​c​​c​e​l​B​e​​a​​m​s​​.​2​3​​.​0​8​1​3​0​3 (2020).
	44.	 Lu, W. et al. Generating multi-gev electron bunches using single stage laser wakefield acceleration in a 3d nonlinear regime. Phys. 

Rev. ST Accel. Beams 10, 061301. https://doi.org/10.1103/PhysRevSTAB.10.061301 (2007).
	45.	 Loeb, A. & Eliezer, S. Free-electron laser and laser electron acceleration based on the megagauss magnetic fields in laser-produced 

plasmas. Phys. Rev. Lett. 56, 2252–2255. https://doi.org/10.1103/PhysRevLett.56.2252 (1986).
	46.	 Kumar, M. & Tripathi, V. K. High power laser coupling to carbon nano-tubes and ion coulomb explosion. Physics of Plasmas 20, 

092103. https://doi.org/10.1063/1.4819778 (2013).
	47.	 Hakimi, S. et al. Wakefield in solid state plasma with the ionic lattice force. Phys. Plasmas 25, 023112. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​6​3​/​1​.​5​0​

1​6​4​4​5​​​​ (2018).
	48.	 Salén, P., Opanasenko, A., Perosa, G. & Goryashko, V. State-of-the-art electron beams for compact tools of ultrafast science. 

Ultramicroscopy https://doi.org/10.1016/j.ultramic.2024.114080 (2024).
	49.	 Mittleman, D. M. et al. Recent advances in terahertz imaging. Appl. Phys. B 68, 1085. https://doi.org/10.1007/s003409900011 

(1999).
	50.	 Singh, M. & Sharma, R. P. Generation of thz radiation by laser plasma interaction. Contrib. Plasma Phys. 53, 540. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​

0​.​1​0​0​2​/​c​t​p​p​.​2​0​1​3​0​0​0​0​6​​​​ (2013).
	51.	 Brochu, E., Cora, V. M. & de Freitas, N. A tutorial on bayesian optimization of expensive cost functions, with application to active 

user modeling and hierarchical reinforcement learning, https://doi.org/10.48550/arXiv.1012.2599 (2010). arXiv:1012.2599.

Acknowledgements
We acknowledge the support received from the PIConGPU software developers and the STFC CDT LIV.DAT 
under grant agreement ST/P006752/1.

Author contributions
All authors have accepted responsibility for the entire content of this manuscript and approved its submission.

Funding
This work is supported by the Generalitat Valenciana under grant agreement CIDEGENT/2019/058, and by the 
Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS), grant 24/2551-0001552-3.

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |        (2025) 15:45323 12| https://doi.org/10.1038/s41598-025-29386-4

www.nature.com/scientificreports/

https://doi.org/10.18429/JACoW-IPAC2022-TUXGBE2
https://doi.org/10.18429/JACoW-IPAC2022-TUXGBE2
https://doi.org/10.1109/ACCESS.2021.3070798
https://doi.org/10.1088/1748-0221/18/07/P07019
https://doi.org/10.1088/1361-6587/ade00a
https://doi.org/10.1088/1367-2630/adf87d
https://doi.org/10.1016/j.cjph.2025.03.030
https://doi.org/10.1016/j.cjph.2025.03.030
https://doi.org/10.1103/PhysRevApplied.12.044041
https://doi.org/10.1063/5.0161687
https://doi.org/10.1007/s003400200795
https://doi.org/10.1103/PhysRevLett.96.165002
https://doi.org/10.1038/s41598-023-29761-z
https://doi.org/10.1038/s41598-023-29761-z
https://doi.org/10.1002/lpor.202401570
https://doi.org/10.1002/lpor.202401570
https://doi.org/10.1126/science.273.5274.483
https://doi.org/10.1021/ci049857w
https://doi.org/10.1103/PhysRevLett.116.015001
https://doi.org/10.1088/0741-3335/58/1/014004
https://doi.org/10.1109/TPS.2010.2064310
https://doi.org/10.1021/ie060955b
https://doi.org/10.1016/j.compositesb.2022.110136
https://doi.org/10.3390/nano13061081
https://doi.org/10.3390/nano13061081
https://doi.org/10.1016/j.nima.2024.169081
https://doi.org/10.1103/PhysRevAccelBeams.23.081303
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1103/PhysRevLett.56.2252
https://doi.org/10.1063/1.4819778
https://doi.org/10.1063/1.5016445
https://doi.org/10.1063/1.5016445
https://doi.org/10.1016/j.ultramic.2024.114080
https://doi.org/10.1007/s003409900011
https://doi.org/10.1002/ctpp.201300006
https://doi.org/10.1002/ctpp.201300006
https://doi.org/10.48550/arXiv.1012.2599
http://arxiv.org/abs/1012.2599
http://www.nature.com/scientificreports


Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​9​3​8​6​-​4​​​​​.​​

Correspondence and requests for materials should be addressed to C.B., A.B. or J.R.-L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:45323 13| https://doi.org/10.1038/s41598-025-29386-4

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-29386-4
https://doi.org/10.1038/s41598-025-29386-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Numerical study of self-injected electron acceleration in CNT structured targets driven by an 800 nm laser
	﻿Methods
	﻿Results
	﻿Self-injection and acceleration
	﻿Induced magnetic field and focusing effects
	﻿Effects on the ionic lattice

	﻿Conclusions
	﻿References


