@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2026). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

17th International Particle Accelerator Conference, Deauville, France

ISBN: 978-3-95450-252-3

ISSN: 2673-5350

JACoW Publishing
doi: 10.18429/JACoW-IPAC2026-TUP3078

LASER WAKEFIELD ACCELERATION IN CARBON NANOTUBE
BUNDLES"

J. ZhangT, H. Saberi, S. Wen, G. Xia, University of Manchester, Manchester, United Kingdom
J. Resta-Lopez, Instituto Universitario de Ciencia de los Materiales, Paterna, Spain
A. Bonatto, Universidade Federal de Ciéncias da Sadde de Porto Alegre, Porto Alegre, Brazil
C. Bontoiu, B. Lei, University of Liverpool, Liverpool, United Kingdom

Abstract

Laser wakefield acceleration (LWFA) can produce accel-
erating fields of several hundred GV/m, greatly reducing
accelerator size and cost. Carbon nanotube (CNT) bundle-
based targets, featuring high plasma density (>10'° cm™3),
tunable effective density, excellent thermal properties, and
hollow channels that enable laser propagation in overcritical-
density targets, have attracted interest as solid-state plasma
sources. Previous studies suggested that CNT-based struc-
tures can increase the acceleration field to the TV/m range,
making them promising for compact radiation sources and
radiotherapy. However, the insufficient beam quality still
limits their broad application. In this work, we model a hol-
low solid-state plasma channel composed of CNT bundles.
A 2 PW laser pulse based on the parameters of the ELI-ALPS
High-Field Laser facility is injected into the channel, gen-
erating self-injected electron bunches that are trapped and
accelerated by a TV/m-scale accelerating field, as demon-
strated by WarpX particle-in-cell simulations. Compared
with previous LWFA results using solid-state targets, this
work produces a quasi-monoenergetic electron bunch with
a charge of 2.8 nC, a mean energy of 198 MeV, and an en-
ergy spread of 2.8% over an acceleration length of 104 um,
demonstrating the potential of CNT bundle-based targets for
compact TV/m-scale acceleration.

INTRODUCTION

Laser wakefield acceleration (LWFA) was first proposed
by Tajima and Dawson in 1979 [1]. Since then, LWFA has
developed from proof-of-principle demonstrations to GeV-
scale electron acceleration. An early proof-of-principle ex-
periment demonstrated an accelerating field of ~1.7 GV/m
[2], while later experiments at Berkeley Lab using capillary-
discharge-guided gaseous plasmas achieved multi-GeV elec-
tron beams with an average accelerating field of ~47 GV/m
[3]. Since the plasma wave breaking field increases with
plasma density, crystals and solid-state plasmas have been
proposed as potential media for ultra-high-gradient accel-
eration [4,5]. Among these solid-state plasma candidates,
carbon-based nanostructures such as graphene and carbon
nanotubes (CNTs) have attracted particular interest because
of their high electron density, structural tunability, and po-
tential to guide intense laser pulses through hollow chan-
nels. Recently, graphene structures have been reported to

* Cockcroft Institute Core Grant No. ST/V001612/1 and STFC SCARF
cluster.
¥ jiaqi.zhang @manchester.ac.uk

TUP3078
1856

support an acceleration field up to 4.79 TV/m in simula-
tions [6], while ultrahigh-density carbon nanotubes (CNTs)
have been predicted to achieve fields on the order of 100
— 400 TV/m [7]. In addition, a new acceleration mecha-
nism has been identified in CNT-based structures, where
sub-TeV/m acceleration is achieved in the leaky surface plas-
mon polariton (SPP) regime [8]. These advances suggest
that nanostructured carbon-based plasmas provide a promis-
ing route toward compact, ultra-high-gradient laser-driven
accelerators.

However, previous studies of CNT targets at plasma den-
sities of 10>'-10%2 cm~ have reported relatively low beam
quality, particularly with large energy spread [9]. One crit-
ical reason is the laser—plasma instabilities caused by the
mismatch between the laser pulse duration, 7, and the plasma
wavelength, A4, when ¢t > A, [10-12], where ¢ denotes the
speed of light.

In full three-dimensional particle-in-cell (PIC) simula-
tions, the spatial resolution must be sufficiently high to
resolve the nanostructured CNT units accurately, making
such simulations computationally expensive. To reduce this
cost, the effective density approach (EDA), which repre-
sents nanostructured CNT targets using a volume-averaged
plasma density, was proposed in Ref. [13]. This approach
enables analytical expressions originally derived for uniform
plasmas to estimate the wakefield properties.

In this work, we investigate LWFA in CNT-bundle tar-
gets at relatively low plasma densities of 10'°—10% cm™3,
where the laser pulse length can be better matched to the
plasma wavelength than in ultrahigh-density CNT regimes.
We first perform parameter scans over the effective plasma
density, laser waist, and inner radius of uniform CNT targets
to optimise the beam quality. The optimal parameter set is
then applied to CNT-bundle targets, where the geometry is
further optimised to reduce the energy spread.

TARGET GEOMETRY

Figure 1 shows a schematic of the CNT bundle-based
target, which consists of several tens of concentric shells of
CNT bundles surrounding a central hollow channel. Each
bundle is composed of nanoscale single-walled CNTs. Ap-
plying the effective density approach, the periodically non-
uniform CNT bundle distribution is approximated as an
equivalent homogeneous plasma, defined as [7]:
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where f denotes the filling factor, which determines the
fraction of CNT bundles occupied on each concentric shell
and satisfies 0 < f < 1. « is the normalised radial gap
between two adjacent bundle shells, defined as g/d, where
g is the radial gap between neighbouring shells and d is the
bundle diameter. N denotes the total number of concentric
shells in the CNT target, given by

Nl rnod )

d+g

where the roy and rj, represent the inner and outer edges of
the bundles, respectively. Accordingly, the radius of the j-th
concentric shell is given by

d
rj=rm+§+(j—1)(d+g)7 J.=1’27""N' (3)

The azimuthal angle of the i-th CNT bundle on the j-th
shell is given by:

. M;. “)

where the optional azimuthal offset for all bundle shells is
60 = 0. M; is the number of bundles placed on the j-th
shell, given by:

M; = | fMmax]

where M ax denotes the maximum number of CNT bun-
dles that can be accommodated along the circumference of
the j-th shell, given by:

i=1,2,...,N. )

(6)

2mr;
Mj,max= — |-

d

The floor operation is applied in the definition of M max
to ensure that the number of bundles does not exceed the
available circumference, thereby avoiding overlap between
neighbouring CNT bundles on the same shell. The trans-
verse carbon density distribution is given by

np, i (x = x;.0)% + (v = y.0)* < (d[2)?,
ne(x,y) =
0, otherwise.
(7N
where (x;;,y;.;) gives the transverse centre position of the
i-th CNT bundle on the j-th shell, given by

Xj’iZI’J'COSQj,i, yj,izrjsinej,,-. (8)

The main geometric and density parameters used to model
the nanostructured CNT target are summarised in Table 1.
The effective target density and inner radius are determined
from parameter scans performed using a uniform plasma tar-
get, following the principle of the effective density approach
(EDA). After applying the optimal parameter set, the bundle
diameter, shell gap, and filling factor are further optimised
through additional parameter scans. For simplicity and as a
computational trade-off, d = g = 200 nm is adopted here.
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Table 1: Parameters of the nanostructured CNT bundles

Parameters Symbols (Units) Values
Effective target density Hegr (cm™3) 1.8 x 10"
Bundle density np (cm™3) 3.5x 1020
Bundle diameter d (nm) 200
Shell gap g (nm) 200
Inner radius Fin (Um) 1.7
Outer radius Tout (UM) 9.9
Filling factor f (%) 10

LASER AND SIMULATION SETUPS

The ELI-ALPS 2 PW high-field laser parameters are used
in this study [14], which represents one of the state-of-the-art
facilities for ultra-intense laser—plasma interaction experi-
ments. The laser pulse is modelled as a linearly polarised
Gaussian beam with a central wavelength of 800 nm and a
peak power of 2 PW, as schematically illustrated in Fig. 1.
The focal spot size is determined to wo = 3.7 um based on
the parameter scan within uniform targets, corresponding to
a peak intensity of 4.65 x 10?! W/cm? and a normalised vec-
tor potential of ag = 46.4. The full-width at half-maximum
(FWHM) pulse duration is 17 fs. The laser is focused at
the entrance of the plasma target (zr = 0), with a Rayleigh
length of zgr = 53.8 um. These parameters place the inter-
action firmly in the highly nonlinear regime relevant for
LWFA.

Table 2 summarises the main numerical parameters used
in full 3D WarpX simulations [15]. The computational do-
main has a size of x X y X z =20um X 20 ym X 25 um , dis-
cretised with Ny X Ny X N, = 320 x 320 x 512 grid cells.
This corresponds to spatial resolutions of Az = 0.095 k; !
=488 nm and Ax = Ay = 0.122 k;' = 62.5 nm. Each
cell is initialised with 4 X 4 X 4 macroparticles to ensure
sufficient sampling of the phase space while maintaining
computational efficiency. The time step is set to 0.11 fs,
satisfying the Courant-Friedrichs—Lewy (CFL) condition.

Field ionisation is modelled using the ADK (Ammosov-
Delone-Krainov) model to capture the strong-field ionisation
dynamics of the target [16, 17]. The electromagnetic fields
are advanced using the Yee solver, and absorbing boundary
conditions are applied in all directions to minimise unphysi-
cal reflections at the domain boundaries. In addition, ions
are assumed to remain stationary on the ultrashort acceler-
ation timescale, so that electron acceleration is completed
before the target damage [18].

SIMULATION RESULTS
Wakefield and electron profile

Figure 2 shows a clear nonlinear wakefield structure
formed behind the laser driver. The ponderomotive force of
the laser expels plasma electrons outward, generating an ion
cavity in the wake, indicating that the interaction is operating
in the blowout regime.
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Single-
walled CNT

Figure 1: Schematic diagram of LWFA using a nanostruc-
tured CNT target.

Table 2: Numerical parameters in this study

Parameters Values

Window size 20 pum X 20 pm X 25 pm

Number of grids 320 x 320 x 512
Macroparticles per cell 4x4x4
Time step 0.11 fs
Field ionisation ADK model
Field solver Yee
Boundary conditions Absorbing

Near the rear of the bubble, ionised electrons from the
CNT target satisfy the trapping condition, i.e., phase veloc-
ity of the bubble is smaller than the electron velocity, and
background electrons are therefore trapped by the wakefield.
These self-injected electrons form a compact, high-density
bunch inside the accelerating phase. A notable feature is
that the trapped electrons exhibit a quasi-rectangular spatial
profile in the (x, z) plane. This suggests that the injection
process is spatially localised and may be influenced by the
structured geometry of the CNT bundle target.

The on-axis accelerating field E, reaches multi-TV/m and
shows a pronounced modification in the region occupied
by the trapped bunch. In particular, the profile of E, is
flattened around the trapped electrons, referred to as the
beam-loading effect. The flattening effect of the wakefield
allows electrons at different longitudinal positions within
the bunch to experience a uniform accelerating field, thereby
decreasing the energy spread.

Beam quality

Figure 3 shows the energy spectrum of the accelerated
electrons after a propagation distance of 104 pm. A nar-
row energy peak is observed at 195 MeV. To mitigate the
energy-spread growth caused by continual trapping [10],
an optimised energy cut of E > 190 MeV is applied. The
mean energy reaches 198 MeV, with a total charge of 2.8
nC. The root-mean-square (rms) energy spread is 2.7%, in-
dicating the generation of a quasi-monoenergetic electron
bunch. The normalised emittance is 12.0 mm mrad. Based

TUP3078
1858

ISSN: 2673-5350

JACoW Publishing
doi: 10.18429/JACoW-IPAC2026-TUP3078

10 r14.9 10°
1112 F10% 5
5 74 |10 5
- 3.7 &10°,
g 3510
=0 00 Zri7as
375 1205
-5 1 -7.4 14%?2 a
247051 8
-10- 149 L1301
859033 105
z (um

Figure 2: Electron density, laser field and longitudinal wake-
field near the interaction region. The grayscale map shows
ne/ng, the coloured structure shows E,, and the red curve
represents the on-axis longitudinal field E,.

dQIdE (pC/MeV)
> o 8
(=) o o

W
(=3

1
1
1
1
1
1
1
1
1
1

%o 100 150 200 250
Electron energy (MeV)

Figure 3: Electron energy spectrum of the accelerated bunch.

The red dashed line indicates the electron energy cut.

on the acceleration length, the mean acceleration field is
1.9 TV/m. These results suggest that the CNT-bundle target
can support efficient electron acceleration, producing a low
energy-spread bunch over an ultrashort acceleration length.

CONCLUSIONS AND OUTLOOK

We studied LWFA in low-density CNT-bundle targets
with effective plasma densities of 10! — 102°cm™3 using the
WarpX code, aiming to improve the laser—plasma matching
condition. Parameter scans of the effective target density,
inner radius, and laser waist were performed to guide the
parameter selection for CNT-bundle targets. With further
optimised bundle target we produce a quasi-monoenergetic
electron bunch with a mean energy of 198 MeV, 2.8 nC
charge, 2.7% rms energy spread, and a mean acceleration
field of 1.9 TV/m over 104 um. These results suggest that
low-density CNT-bundle targets can provide a promising
route toward compact TV/m-scale acceleration with low
energy spread. Future work will extend the optimisation
by using machine-learning-based approaches and perform
proof-of-principle experiments at existing high-power laser
facilities.
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