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Abstract

Solid-state plasma wakefield acceleration (SSPWFA)
might be an alternative to accelerate particles with ultra-high
accelerating gradients, in the order of TV/m. In addition,
due to their thermodynamic properties, 2D carbon-based ma-
terials, such as graphene layers or carbon nanotubes (CNT)
are good candidates to be used as the media to sustain such
ultra-high gradients. In particular, due to their cylindrical
symmetry, multi-nm-aperture targets, made of CNT bundles
or arrays, may facilitate particle channelling through the
crystalline structure. In this work, a two-bunch, driver-and-
witness configuration is proposed to demonstrate the poten-
tial to achieve particle acceleration as the bunches propagate
along a CNT-array structure. Particle-in-cell simulations
have been performed in a 2D Cartesian geometry to study
the acceleration of the second (witness) bunch caused by
the wakefield driven by the first (driver) bunch. The effec-
tive plasma-density approach was adopted to estimate the
wakefield wavelength, which was used to identify the ideal
separation between the two bunches, aiming to optimize the
witness-bunch acceleration. Simulation results show the
high acceleration gradient obtained, and the energy transfer
from the driver to the witness bunch.

INTRODUCTION

To perform physics precision studies or discover physics
beyond the Standard Model, high-energy colliders such as
the existing Large Hadron Collider (LHC), the past Large
Electron-Positron (LEP) or the Future Circular Collider
(FCC) [1, 2] are desireable. However, limitations such as
speed or radio-frequency characteristics create barriers to
achieving higher physics goals, with gradient limits typically
in the order of 100 MV/m due to surface breakdown, arcing,
cavity damage, or wakefield effects [3,4].

In the *80s-"90s, Tajima and Dawson proposed laser wake-
field acceleration (LWFA) where laser pulses were used as
wakefield drivers [5]. To further overcome the limits of the
existing techniques and achieve acceleration gradients on
the order of TV/m and beyond, alternative methods based
on solid-state plasma wakefield were also proposed [6,7]
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Taking into account that solid-state structures can have
a density of conduction electrons 4-5 orders of magnitude
higher compared to gaseous plasma medium [8], preionised
solid-state targets might offer a way to create inhomogeneous
structured plasmas, able to sustain ultra-high acceleration
gradients [9, 10].

CNT array-based nanostructures can create a structured
non-homogeneous plasma with a density modulation wave-
length of several pm which can be tailored to optimize the
acceleration gradient and the confinement of particles [11].

This paper utilizes CNT array-based nanostructures to
study the effects of SSPWFA using a driver-witness dou-
ble bunch configuration through 2D particle-in-cell (PIC)
simulations performed in a 2D Cartesian geometry.

SIMULATIONS

While in a 3D geometry CNTs have a cylindrical shape,
in a 2D Cartesian geometry they are represented as stacked
layers, separated by vacuum gaps.

In this study, the target consists of an array of 80 layers
with 4 nm in width (w), longitudinally aligned and trans-
versely spaced by 1 nm vacuum gaps (g) between each layer.
The layer width of 4 nm stays consistent with the expected di-
ameter of an average single-wall carbon nanotube (SWCNT)
of 0.4 to 50 nm [12], although it could also be considered
that each layer in this CNT array is a collection of smaller
CNT arrays with diameters on the lower end of this range.
The initial density, nj is 1 x 102 m=3 while the resultant
effective density [9], n.q defined in Eq. (1), is 8 x 10>’ m™3.

Neg = Ng/x, Wherex = (w+g)/w (1)

These simulations have been performed using the
commercial-grade PIC code from VSIM [13] with the follow-
ing configuration: 40 x 40 grid resolution, 1 macroparticle
per cell, and a size of the simulation domain of 16.7 x 1.7 ym.

To achieve SSPWFA, this study uses a driver-witness con-
figuration of Gaussian electron bunches, with relevant pa-
rameters summarised in Table 1. The pre-ionised electrons
in the solid-state plasma configuration will then facilitate
the enegry transfer from the driver to the witness bunch.

To find the ideal separation between bunches, a plasma
wavelength of 1, = 373.6 nm was calculated by using the
target effective density. While this is the length of 4, the
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Table 1: Double-Bunch Configuration

Element e

# e~ per bunch 100.000
Diameter per bunch 80 nm
Driver density (np)) 1 x10%m™3
Witness density (ny) 1x10®m™3
Separation between bunches 233 nm

ideal witness injection point for particle acceleration sits
between 50% and 75% of the total wavelength which resulted
in an ideal analytical separation between bunches of 233 nm.

RESULTS

Given the characteristics defined in the previous section,
the two bunches move across the longitudinal axes entering
the target nanostructure (Fig. 1) and the following results
have been observed over time.
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Figure 1: Driver and witness bunches separated 233 nm
after 0.49 fs, about to enter the CNT-based nanostructure.
It highlights the position and density of the driver bunch,
the witness bunch and the non-homogeneous CNT-based
plasma. (Top right) Zoomed detail of the nanostructure.

Wakefield

The electric field in SSPWFA is created by the
1 x 10 m™ driver bunch focused onto the 1 x 10% m™3
CNT-based solid-state target, generating a high-density
plasma.

The lower dense witness bunch experiences a strong elec-
tric field that accelerates the electrons to high energies over
a short distance, yet it is observed in Fig. 2 that the resulting
longitudinal beam-driven wakefield on-axis is shorter in its
first period than in the subsequent ones and shorter than the
analytical prediction.

While acceleration is still achieved along with high elec-
tric field gradients of circa 800 GV/m, this simulation ob-
servations suggest that there is an offset position for beam
focusing, highlighted by the transversely elongated shape of
the witness bunch in Fig. 2 compared to the sharper shape
of the driver. This modified shape is also the result of energy
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transfer and the beam’s interaction with the target which
cannot be avoided.

GV/m
860 800

—— Longitudinal beam-driven wakefield on-axis
® Driver-Witness Electrons \

430 \ 400
=X /8
E // \
g o /| - ||O
- , )
|
- 4304 \‘ -400
\
\
t=093.05fs -800
860 155 L : ,
27.16 27.37 27.59 27.79 28.0
z[um]

Figure 2: Longitudinal electric field showing the longitudi-
nal beam-driven wakefield on-axis and the particle distribu-
tion of both the driver and witness bunch.

Phase Space

The longitudinal phase space has a significant impact on
bunch stability and performance. Variations in the longitudi-
nal phase space can result in alterations in beam morphology,
size, and density, leading to changes in transport and focus-
ing properties. In this study, emphasis is given to beam
acceleration. Figure 3 shows an energy gain for most of
the electrons from the witness bunch, due to energy trans-
fer from the driver bunch upon interaction with the target
nanostructure. This figure, plotted for a propagation dis-
tance of 27.7 um, shows a maximum energy gain of 23 MeV
for the witness bunch, corresponding to a gradient of circa
800 GeV/m. The driver bunch shows an equivalent energy
loss.
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Figure 3: Longitudinal Phase Space after bunches have trav-
elled 93.05 fs across the target. Highlights a maximum
energy gain by the witness bunch (left) of over 23 MeV
while the driver (right) shows a decrease in energy due to
its transfer to the witness.

Figure 4 shows the evolution of the driver-witness en-
ergy transfer along their propagation through the CNT-based
target.
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Figure 4: Longitudinal phase space for the driver (blue)
and witness (green) bunches at 5 different moments in time.
It shows a considerable energy gain in the witness bunch
contrary to the decreased driver’s energy.

The emittance €, and transverse phase space of a particle
beam plays a further crucial role in determining the size and
quality of the focused beam spot through the target. While
there’s a higher density of particles at the centre of each
plot of Fig. 5 shows a growing transverse phase space and
emittance &,, which may result from filamentation, possibly
due to space charge. In this simulation results, the transverse
emittance shows an increase of more than one order of mag-
nitude in g, , over a period of 71 fs, growing from ¢, , =
0.017 nm rad at 22 fs to 0.1 nm rad at 93 fs.

CONCLUSIONS

This study has presented a driver-witness bunch configu-
ration to explore the accelerating potential of SSPWFA on a
CNT-based target nanostructure. The current configuration
optimised for acceleration has delivered over 23 MeV of
Energy gain in 28 pum, corresponding to a gradient of circa
800 GeV/m, after 95 fs of travel.

Regarding the witness bunch loading in the wakefield,
the driver-witness distance was defined based on the plasma
wavelength estimated for the effective plasma density, aiming
to place the witness within the simultaneously focusing and
accelerating phase of the wakefield. However, as shown in
Fig. 2, for the chosen distance, the witness did not start the
simulation in the optimal wakefield region as intended. This
explains the unfocused witness bunch despite the focusing
potential of channelled plasmas [14, 15].

Further work to optimise this configuration, regarding
the witness focusing as well as the energy gain, is currently
in progress. Comparisons between the numerical and ana-
Iytical (effective-density-based) longitudinal and transverse
wakefields will be performed, aiming to improve and auto-
mate the process of finding the ideal injection point for the
witness bunch.
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Figure 5: Transverse phase space at the early start of the
simulation (top) and towards the end of the simulation (bot-
tom) displaying an increasing size. The colour bars show the
ratio of particles per bin (p.b.) over the maximum number
of particles per bin showing a higher density distribution at
the centre of each simulation. The emittance, ¢,., and nor-
malised emittance, &, ,, are also displayed for each figure.
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