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We present a theoretical and numerical study of resonant surface-plasmon (SP) excitation driven by the
beating of two copropagating laser pulses on a smooth cylindrical plasma-vacuum interface. Analytical
formulas for the SP dispersion relation, field amplitude, geometric coupling factor, and resonance
conditions are derived and validated by fully three-dimensional particle-in-cell simulations. We show that
the curvature-modified SP dispersion enables the optical beat wave to resonantly drive an axial SP
wakefield that leaks into the vacuum channel. This enables a grating-free surface-plasmon phase-matching
mechanism, which is not available on a smooth planar interface. Under matched resonance conditions, few-
gigawatt (GW) lasers can drive tens of GV=m SP wakefields and initiate electron trapping, while tens to
hundreds of GW drivers can reach sub-TV=m fields. It therefore opens a low-power, grating-free route
toward portable laser-driven surface plasma wakefield accelerators.
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Surface plasmons (SPs) are collective electron oscilla-
tions localized at the interface between a conductor and an
insulator [1]. In conventional configurations, SP excitation
requires momentum-matching techniques to bridge the
mismatch between photon and plasmon wave vectors
[2–4], which becomes increasingly restrictive for high-
intensity drivers and limits operational flexibility.
Recent progress in high-power laser-driven grating-free

surface plasmons on a smooth surface has opened a new
route toward ultrahigh gradient, ultracompact plasma-based
particle acceleration and radiation generation [5–9]. In
these approaches, SPs are excited when the in-plane
translational symmetry is broken during a laser pulse
scattering with a smooth surface of a finite edge [10] or
curvature. The efficiency depends primarily on the mode
overlap between the incident laser field and the SP

eigenfield. Because the surface can strongly shape eigenm-
odes, it enables the geometry-controlled SP coupling with
the precise mode manipulation. Cylindrical surfaces, such
as the inner wall of a microtube, in particular, have been
shown to offer unique opportunities for SP-based wakefield
acceleration of both electron and positron beams [9]. This
method is significantly distinct from near-surface electron
surfing on planar grating targets [11]. In the highly non-
linear regime, SPs can, in principle, sustain a bubble
wakefield of amplitude approaching hundreds of TV=m
with self-injection by using a solid microtarget [12–14].
While solid-density media have a long history in compact
wakefield acceleration [15,16], carbon nanotube targets are
recently proposed not only to offer favorable thermal and
electrical properties for efficient smooth-surface-bounded
SP excitation, but also to provide substantial flexibility in
achievable plasma density, spanning 1019–1024 cm−3 [17],
which enables the low-density surface plasma as plat-
form [18].
However, these concepts typically rely on either high-

density relativistic beams or high-power lasers operating in
the hundreds of terawatts to petawatts range as drivers,
which remain costly and bulky for many laboratories, and
are poorly suited to applications where flexibility and

*Contact author: bifeng.lei@liverpool.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 137, 105002 (2026)

0031-9007=26=137(10)=105002(7) 105002-1 Published by the American Physical Society



portability are important. Moreover, target survivability
under strong electromagnetic fields of high-power lasers
often constrains operation in an effectively single-shot
mode, severely limiting the repetition rate. Low-power
lasers can be more compact, economical and comparatively
target-friendly, such as fiber lasers, which can deliver up to
5 GW) power on target [19]. This power is generally
insufficient to directly drive a wakefield of amplitude high
enough for electron self-injection and acceleration inside
the gaseous bulk plasma [20]. Beating of two laser
frequencies can resonantly drive bulk plasma waves for
enhanced electron acceleration [21,22] and SP on a
magnetized planar surface for THz generation [23] that
can substantially reduce the requirement on the power of
lasers. However, the use of beating waves to resonantly
drive SP-based wakefield on a smooth cylindrical surface
for relativistic particle acceleration has not yet been
considered, while this promises a new route toward low-
power laser-driven plasma-based acceleration with great
flexibility.
In this Letter, we demonstrate that SP-based wakefields

with amplitudes up to a few TV=m can be resonantly
generated by the beating of two GW-level laser pulses on a
smooth cylindrical microtube surface, thereby enabling
electron self-trapping and acceleration. We develop a
self-consistent theoretical framework and give analytical
formulas for the SP dispersion relation, field amplitude,
geometric coupling factor, and resonance conditions, which
are quantitatively validated by fully 3D particle-in-cell
(PIC) simulations. We show that curvature-induced geo-
metric effects substantially modify the SP dispersion and
thereby enable resonant phase matching with laser beat
waves. This phase-matching mechanism is not available on
a smooth planar interface under the same copropagating
optical beat-wave conditions. Under matched resonance
conditions, the amplitude of SP-based wakefields can be
significantly amplified. Our results further indicate that
laser powers of only a few GWare sufficient to generate SP
fields at the tens of GV=m level, identifying fiber lasers as
practical drivers. This Letter thus opens a pathway toward
microscale electron accelerators for portable applications,
such as endoscopic sources [24].
Beat-wave-driven SP excitation on a smooth cylindrical

surface can be demonstrated by a fully 3D PIC simulation
done by WarpX [25] as shown in Fig. 1. Two laser pulses of
wavelengths λ1 ¼ 0.8 μm and λ2 ¼ 0.64 μm copropagate
inside a microtube of a vacuum channel radius a ¼ 1.5 μm.
The normalised laser strength a0;1 ¼ a0;2 ¼ 0.8 and the rms
pulse durations are the same, τL ¼ 50 fs, which satisfies
ω1τL ≫ 1, ω2τL ≫ 1, and ΔωτL ≫ 1 with beating
frequency Δω ¼ jω1 − ω2j and laser frequencies ω1 ¼
2πc=λ1 and ω2 ¼ 2πc=λ2. A cycle-averaged ponderomo-
tive description is therefore valid. These parameters give
the laser peak power of approximately 200 and 320 GW,
respectively. The carbon atom density is 1 × 1020 cm−3,

which can be structured by vertically aligned carbon
nanotube (VCNT) forest with a tube density of 1 ×
1011 tube=cm2 giving the free electron density about
4 × 1020 cm−3, as such laser pulses can fully ionize the
σ bond of the carbon atom. The ionization energies are
modified with the carbon nanotube properties in simula-
tions. The laser spot size is w0 ¼ 3.0 μm, which gives 60%
of on-wall intensity. The simulation window is 8 × 8 ×
40 μm with 192 × 192 × 768 cells in x, y, and z directions,
respectively. There are 2 × 2 × 2 microparticles in each
cell. Two vacuum sections of 20 μm are placed longitudi-
nally at the head and tail of the target for laser initialization
and electron beam diagnostics, respectively. See more
details in Supplemental Material [26,27].
The laser pulses can stably beat inside the channel and

drive the SP as shown in Figs. 1(a) and 1(b), where the
structure of the wakefield is capable of accelerating both
positively and negatively charged particles. The longi-
tudinal wakefield Ez of amplitude 0.5 TV=m can be
resonantly generated inside the vacuum channel, which
accelerates totally 0.2 nC electrons to an energy of up to
10 MeV over a 40 μm interaction length, as shown in
Fig. 1(c). This indicates an averaged peak acceleration
gradient of Gpeak ≈ 0.25 TeV=m. The normalized emit-
tance of the full beam is εN ¼ 0.12 mmmrad and the rms
beam divergence is σθ ¼ 0.23 rad. While these electrons
are confined and accelerated on the surface, the majority
of them can propagate longitudinally from the channel due
to the strong Ez field. There is also a small fraction of

(a) (b)

(f)

(c)

(g)

(d)

(e)

FIG. 1. PIC results after two laser pulses copropagating 40 μm
inside a solid microtube: (a) electron density (gray) and beating
laser field Ey (blue-red) in xz plane. (b) Acceleration field Ez in
xz plane. (c) Energy spectrum of the electron beam accelerated.
(d) Radial phase space (r; ur) of the accelerated electron beam.
The vacuum and plasma regimes are on the left and right,
respectively. Blue solid lines in panels (e) and (f) show cuts—at
the dashed lines depicted in panel (b)—of the transverse
(z ≃ 17 μm) and longitudinal (on axis, x ¼ 0 μm) Ez. Red dashed
lines are from analytical calculation. (g) Energy spectrum of the
electron beam accelerated inside the vacuum channel.
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electrons, e.g., about 20 fC from this simulation, which can
escape transversely from the surface to be trapped during
the laser scattering with the vertical edge of the microtube
[9] and accelerated by the wakefield inside the vacuum
channel to produce a narrow energy spectrum as shown
in Fig. 1(g). The energy spectrum is peaked at 0.8 MeV,
which indicates the mean acceleration gradient of
Gmean ≃ 20 GeV=m. The beam is well collimated with
εN ¼ 43.2 μmmrad and σθ ¼ 12.5 mrad. This is a general
picture of the beating wave drive SP and its wakefield
acceleration.
SP-based wakefield excitation can be understood as a

stimulated Raman scattering process [28]. At the same
time, the beat wave-driven SP is not identical to conven-
tional bulk stimulated Raman scattering. This interaction
can be self-consistently described using Maxwell’s equa-
tions coupled to the cold-fluid model for the plasma
electrons, formulated in cylindrical coordinates ðr;ϕ; zÞ.
Inside the vacuum channel, 0 ≤ r < a, the permittivity is
ϵv ¼ 1. In the plasma wall, r ≥ a, ϵpðωÞ ¼ 1 − ω2

p=γ0ω
2,

where ω2
p ¼ 4πn0e

2=me. n0 is the equilibrium density of
cold electron plasma. γ0 is an effective quiver-averaged
relativistic mass factor. Here, we seek axisymmetric modes
with a predominantly longitudinal accelerating field. The
possible mode is the fundamental transverse magnetic
(TM) mode, TM0, which can be driven by ponderomotive
[9] or space charge force [13]. The electromagnetic fields
can be written as E ¼ ðEr; 0; EzÞ and B ¼ ð0; Bϕ; 0Þ.
For the TM0 mode with eiðkz−ωtÞ dependence, the

eigenwave equation for Ez is given as [8]

�

∂
2

∂r2
þ 1

r

∂

∂r
þ ϵj

ω2

c2
− k2

�

E
ðjÞ
z ¼ 0; ð1Þ

where j denotes v or p, representing the equation in vacuum
or plasma. k and ω represent the propagation constant
and oscillation frequency of the mode, respectively.
Therefore, we can define the radial evanescent constants

as κv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 − ω2=c2
p

and κp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 − ϵpðωÞω2=c2
q

. The

solution is given inside the vacuum as E
ðvÞ
z ðr; z; tÞ ¼

AvI0ðκvrÞeiðkz−ωtÞ þ c:c: and inside the plasma as

E
ðpÞ
z ðr; z; tÞ ¼ ApK0ðκprÞeiðkz−ωtÞ þ c:c., where I0 and

K0 are modified Bessel functions of first and second
kinds, respectively. Av is a constant and Ap ¼
AvI0ðκvaÞ=K0ðκpaÞ. The radial electric field E

ðjÞ
r and

azimuthal magnetic field B
ðjÞ
ϕ are given as E

ðjÞ
r ¼

−ðik=κ2jÞdE
ðjÞ
z =dr and B

ðjÞ
ϕ ¼ −ðiωϵj=cκ2jÞdE

ðjÞ
z =dr.

The dispersion function is defined by considering the
boundary conditions at the interface r ¼ a, where tangen-

tial Ez and Bϕ are continuous as E
ðvÞ
z ðaÞ ¼ E

ðpÞ
z ðaÞ and

B
ðvÞ
ϕ ðaÞ ¼ B

ðpÞ
ϕ ðaÞ, given by

Dðω; kÞ ¼ ϵv

κv

I1ðκvaÞ
I0ðκvaÞ

þ ϵp

κp

K1ðκpaÞ
K0ðκpaÞ

; ð2Þ

where the eigenmode satisfies Dðω; kÞ ¼ 0. The phase
velocity is vph ¼ ω=k and group velocity vg ¼
−ð∂D=∂kÞ=ð∂D=∂ωÞ. In the large-radius limit ka ≫ 1 or,
more precisely, κ−1j ≪ a, the dispersion in Eq. (2) recovers
to that on a planar surface with a curvature correction in
order of Oð1=aÞ. The phase velocity is shown in Fig. 2,
where this curvature correction leads to the divergence for
different plasma densities. A smaller value of a moves the
cylindrical SP dispersion further from the planar limit and,
therefore, modifies the radial leakage of Ez into the vacuum
channel. In contrast, all vph=c collapse onto the same curve
on planar surfaces. This is the fundamental reason for the
advantage of curved surfaces, as will be discussed later.
Generally, in the vicinity of the SP resonance,
ω=ωp → 1=

ffiffiffiffiffiffiffi

2γ0
p

, the wave number diverges k → ∞, while
both vph and vg vanish as vph → 0 and vg → 0, correspond-
ing to a standing wave strongly localized at the plasma-
vacuum interface. In contrast, forω=ωp ≪ 1, the dispersion
approaches the light line, with vph ≈ vg ≈ c, which indi-
cates a weakly bound SP. Notably, on a cylindrical inter-
face, the phase velocity remains significantly higher near
the resonant line than in the planar case due to curvature
effects. This enhancement is particularly pronounced for
lower plasma densities and therefore allows the resonant SP
excitation at a near-critical-density plasma for relativistic
particle acceleration.
A physical SP field depends on the specific drive for the

eigenwave equation in Eq. (1). Let us consider two
co-propagating linearly polarized laser pulses of sufficiently
long duration as aLðr;z;tÞ¼ℜfe⊥a0;1f1ðrÞeiðk1z−ω1tÞþ
e⊥a0;2f2ðr;tÞeiðk2z−ω2tÞg, where flðrÞ is the laser transverse
profile and a0;l is the amplitude of normalized vector
potential with l denoting either 1 or 2 for the first and
second laser pulses, respectively. Here, we consider two laser
pulses of the same profiles as flðrÞ ¼ fðrÞ, which does not

FIG. 2. Phase velocity vph of SP on planar and cylindrical
surfaces of different plasma density, calculated with a ¼ 1.5 μm
by Eq. (2), except yellow dashed line with a ¼ 1.0 μm.
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introduce any new physics. The frequencies and wave
numbers satisfy ωl ≃ ckl in vacuum. They create a slowly
varying beating intensity of the time-averaged squared
amplitude ha2Lðr;z;tÞi¼a20;1f

2ðrÞþa20;2f
2ðrÞþ2ja0;1jja0;2j

f2ðrÞcosðΔkz−ΔωtÞ with Δk ¼ k2 − k1 > 0 and
Δω ¼ ω2 − ω1 > 0. The cycle-averaged ponderomotive
potential for electrons near the surface is given by
Upðz; tÞ ≃mec

2ha2Lðr; z; tÞi=4. The beat ponderomotive

force on electrons is F
beat
p ¼ −∇Up ¼ Fbeat

p;r er þ Fbeat
p;z ez,

where the longitudinal and transverse components are given
by Fbeat

p;z ðz; tÞ ¼ ½mec
2a0;1a0;2Δkf

2ðaÞ sinðΔkz − ΔωtÞ�=2,
and Fbeat

p;r ðz;tÞ¼½2mec
2a0;1a0;2af

2ðaÞcosðΔkz−ΔωtÞ�=w2
0,

respectively. For a solid surface and an optical laser beam
where ωpw0=c ≫ 1, Fbeat

p;z dominantly modulates the surface
electron density and current at the beat frequency and wave
number ðΔω;ΔkÞ. Instead, Fbeat

p;r only creates the necessary
charge separation across the vacuum-plasma interface to
excite the surface mode. The feature is highly beneficial for
maintaining the stability of the interface. See more details in
the End Matter.
The physical field can be written as E

spðr; z; tÞ ¼
ℜfEðjÞðrÞAðz; tÞg, where Aðz; tÞ contains the beat-wave
phase. E is the normalized eigenmode profile along ẑ

direction as E ¼ E=
ffiffiffiffiffiffiffiffiffi

N sp

q

, whereN sp is the mode energy

as N sp ¼
P

j¼v;p

R

j d
2r⊥½jBj2 þ jEj2∂ωðωϵjÞ�=16π with

R

d2r⊥ denoting the integration over the cross-section
transverse to z direction. Projecting the Maxwell equations
onto the eigenmode yields a driven, damped oscillator for
Aðz; tÞ as

�

∂
2

∂t2
þ 2Γ

∂

∂t
þ Ω2

0 − βsp
∂
2

∂z2

�

Aðz; tÞ

¼ Sspa0;1a0;2Δke
iðΔkz−ΔωtÞ; ð3Þ

where Ω2
0 ¼ ω2

sp − βspk
2
sp with βsp ¼ ωspvg=ksp. Γ is the

envelope damping rate. ωsp and ksp are the eigenfrequency
and wave number and satisfy the dispersion relation in
Eq. (2). Ssp is a coupling coefficient that depends on the
overlap between the laser ponderomotive source and the SP
eigenmode. After converting the longitudinal ponderomo-
tive force into the associated beat current and factoring
out a0;1a0;2Δk, it is calculated as Ssp ≃ −ðiπen0c2=
2γ0ω

2
spÞ

R

∞

a rdrE�
zðrÞf2ðrÞ, where the radial contribution

is neglected. See more details in Supplemental Material
[26] and its included Ref. [27].
For a monochromatic near-resonant drive with slowly

varying amplitude, the steady-state solution is approxi-
mately

Aðz; tÞ ≈ Sspa0;1a0;2Δk

Ω2
0 þ βspΔk

2 − Δω2 − 2iΓΔω
eiðΔkz−ΔωtÞ: ð4Þ

The peak amplitude is then scaled as Ewake
z;max≈

Gspa0;1a0;2Esp;0, where the natural SP field scale is defined
by Esp;0 ¼ mecωsp=e. The dimensionless geometric factor
Gsp measures how efficiently the beat ponderomotive force
deposits energy into the normalized SP mode, and is
defined by

Gsp ≡
jEzðaÞj
Esp;0

jSspjΔk
Deff

; ð5Þ

where Deff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΩ2
0 þ βspΔk

2 − Δω2Þ2 þ ð2ΓΔωÞ2
q

. The

detuning can be defined as δsp ¼ Δω − ωspðΔkÞ, which is
simplified to δsp ≃ Δω − ωsp − vgðΔk − kspÞ near the res-
onance. It is easy to see that Gsp carries geometry
information, damping, and dispersion and depends on
the material properties. Gsp is large if (1) jEzðaÞj is large
(e.g., strong surface localization), (2) jSspj is large (e.g.,
laser beam is well matched to mode radial structure),
(3) detuning is small (e.g., the beam matches the SP
dispersion), and (4) Γ is small (e.g., modest damping).
The analytical solution of the SP field agrees well with the
PIC simulation, as shown in Figs. 1(e) and 1(f), where a
dimensionless normalized detuning ϱ ¼ δsp=ωsp ¼ 0.05 is
used for the lineout comparison. This value accounts for the
small mismatch between the cold-fluid and the effective
resonances observed in PIC, caused by finite-density
evolution and relativistic corrections.
The resonance condition in Eq. (4) is ω2

sp þ βspðΔk2 −
k2spÞ − Δω2 ≈ 0 for weak damping. The exact resonance
occurs when Δω ¼ ωsp and Δk ¼ ksp. The cylindrical
resonant condition is then obtained by satisfying the
dispersion relation in Eq. (2) as DðΔω;Δk; neÞ ¼ 0. This
means to choose a matched plasma density such that the
cylindrical SP intersects the light line exactly at the beat
frequency. If the radial decay of the SP field length in
the core is much larger than the tube radius, as shown in
Fig. 3(b), we have limκva→0I1ðκvaÞ=½κvI0ðκvaÞ� ¼ a=2. As
a result, the cylindrical resonant condition can be reduced to

1

2
þ ϵpðΔωÞ

ζ

K1ðζÞ
K0ðζÞ

¼ 0; ð6Þ

where ζ ¼ ωpa=
ffiffiffiffiffi

γ0
p

c. The resonant condition is numeri-
cally calculated and shown in Fig. 3(a). It is seen that for a
finite density, the SP mode lives around ω ∼OðωpÞ, and
does not extend down to arbitrarily small ω on the light line
where Δω→ 0. This implies that a single on-axis laser
cannot resonantly excite a finite-frequency SP without
additional asymmetry. The most efficient excitation occurs
when the cylindrical SP mode admits vph close to c, while
the field enhancement benefits from approaching the bound
regime near the resonant line. The curvature allows the SP to
be significantly faster than in the planar case at a similar
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density. Equation (6) implies a vph close to cwhile staying in
a near-critical regime, especially for large curvature, as
shown in Fig. 2. This curvature effect is the key advantage
of the cylindrical surface.
Equation (6) is a joint condition on the lasers and the

plasma dispersion and geometry, with a trade-off controlled
by detuning and damping. The field amplitude is signifi-
cantly limited by detuning on a cold plasma surface, as
shown in Fig. 3(b). By linearizing the dispersion around
ðωsp; kspÞ near the resonance, we have ω2 ≈ ω2

sp þ 2ωspδω

and k2 ≈ k2sp þ 2kspδk with δω ¼ Δω − ωsp and
δk ¼ Δk − ksp. The effective damping is reduced to

Dres
eff ≃ 2ωsp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðδω − vgδkÞ2 þ Γ2

q

≃ 2ωspΓ. This will be a

major experimental concern due to the inevitable laser-
plasma mismatch in a real experiment.
In PIC simulations, Gsp can be simply calculated by

GPIC
sp ¼ Ewake

z;max=ða0;1a0;2Esp;0Þ and presents the resonant
enhancement, which agrees well with the theory, as shown
in Fig. 4(a). The amplitude of acceleration field scales with
a0;1a0;2, as shown in Fig. 4(b), which agrees with the
theoretical scaling when a0;1 ¼ a0;2 ¼ a0 ≥ 0.01. This
value a0 ¼ 0.01 corresponds to a 13.4 MW peak power
for λ1 ¼ 0.8 μm and a 23.9 MW for λ2 ¼ 0.6 μm while the
resonantly driven acceleration field reaches the GV=m
level. This indicates that resonant SP excitation enables
low-power lasers to act as effective drivers for strong
wakefield generation. It can also be seen that SP growth
is much faster in the ultralow-power regime, a0 < 0.01, due

to the small detuning rate caused by the weak surface
density perturbation.
SP excitation occurs as soon as the outermost electrons

of the surface material can be ionized by the laser field. For
example, on a metallic crystalline surface, such as VCNT,
laser pulses with a peak power of order 10 MW are
sufficient to ionize the first π-bond electrons, thereby
initiating SP resonant growth. However, at such low
intensities, the resulting SP field remains too weak to trap
electrons. Current PIC simulations in Fig. 4(b) indicate that
efficient electron trapping occurs for a0 > 0.2, correspond-
ing to a laser power threshold of approximately 4 GW.
Importantly, this power level lies well within the capabil-
ities of currently available high-power fiber laser systems
[19], demonstrating the experimental feasibility of resonant
SP-driven wakefield acceleration.
In summary, the theory of resonant SP excitation driven

by beating lasers presented in this Letter can be readily
generalized to other drivers, including the Lorentz or
ponderomotive force of a laser field and the space-charge
force of a charged-particle beam. In each case, Eq. (3) is
modified by the appropriate source term, and the corre-
sponding eigenmodes become dominant depending on the
coupling efficiency. Geometric effects can be treated
similarly, and the efficiency can be improved by using
structured drivers, such as Laguerre-Gaussian lasers. While
this scheme works with lasers of a wide range of power
from megawatts to petawatts, a particularly attractive

(a)

(b)

FIG. 3. (a) Resonant condition between matched plasma density
ne and second laser wavelength λ2, where λ1 ¼ 0.8 μm,
a ¼ 1.5 μm, and γ0 ¼ 1.0, calculated by Eq. (6). (b) Radial
distribution of Ewake

z for different values of normalized detuning
ϱ. Here, Γ ¼ 0. The light blue regions indicate the plasma wall.

(a)

(b)

FIG. 4. (a) Gsp as a function of plasma density ne from theory
(normalized, blue solid) and PICs (red dot). (b) Amplitude of on-
axis acceleration field Ewake

z;max as a function of a0;1a0;2 from theory
(blue solid) and PICs (red dot). Here, a0;1 ¼ a0;2 ¼ a0. The other
parameters are λ1 ¼ 0.8 μm, λ2 ¼ 0.6 μm, a ¼ 1.0 μm, and
w0 ¼ 2.0 μm. In (a), a0 ¼ 0.6, corresponding to laser peak
powers P1;peak ¼ 48 GW and P2;peak ¼ 80 GW, respectively.

In (b), ne ¼ 6 × 1020 cm−3, close to the resonant density. The
PIC results are obtained after the laser pulses copropagate 40 μm
inside a microtube.
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prospect is to accelerate an electron beam up to a few MeV
inside a solid microtube using portable GW lasers over a
distance of tens of micrometres, while retaining substantial
flexibility in energy spectrum, brightness, and beam size.
Technically, this could be realized by attaching an ultrathin
film to the output of standard laser optics. Such films can be
fabricated with existing techniques using VCNTwith well-
structured channels. Experimentally, submicrometer trans-
verse positioning and angular control at approximately the
few-to-10 mrad level are desirable for maintaining pre-
dominantly axisymmetric TM0 mode excitation. Such an
alignment is challenging because of the micrometre-scale
target geometry, but it is not fundamentally prohibitive
[29]. Therefore, this beat-wave-driven scheme provides a
compact and experimentally accessible path toward
SP-based microscale accelerators and radiation sources
for applications in ultrafast science, materials studies,
and biomedical radiation technologies.
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End Matter

To quantitatively measure which component dominates
the surface-plasmon excitation, let us define two
coefficients,

Cz ≡

Z

d2r⊥E
�
zðrÞFbeat

p;z ; and Cr ≡

Z

d2r⊥E
�
rðrÞFbeat

p;r :

ðA1Þ

We now consider a strongly localized TM0 mode with a
thin skin depth δin ≪ a ≤ w0. Therefore, Er and Ez can
be roughly assumed to be constant across δin, evaluated
at r ≈ a. Together with the longitudinal and transverse
beat force ðFbeat

p;z ; F
beat
p;r Þ, integrating over the thin SP

layer r∈ ½a − δin; a� gives

Cz ∼ 2πaδinE
�
zðaÞ

�

mec
2

2
a0;1a0;2Δkf1ðaÞf2ðaÞ

�

; ðA2Þ

and

Cr ∼ 2πaδinE
�
rðaÞ

�

mec
2

2
a0;1a0;2

4a

w2
0

f1ðaÞf2ðaÞ
�

; ðA3Þ

where E ¼ ðEr; 0; EzÞ denotes the normalized TM0

eigenfield. The ratio is calculated as

�

�

�

�

Cr

Cz

�

�

�

�

∼

�

�

�

�

ErðaÞ
EzðaÞ

�

�

�

�

4a

Δkw2
0

; ðA4Þ

where jEr=Ezj ∼Oð1Þ and Δk ∼ ksp ≫ w−1
0 near the

resonance. Therefore,

�

�

�

�

Cr

Cz

�

�

�

�

∼ 4
a

w0

1

kspw0

≪ 1; ðA5Þ

which means the contribution of the radial
ponderomotive force to the SP drive is much smaller
than that of the longitudinal beat force and can be
neglected.
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