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Phase-space cooling of positron beams in plasma remains a central challenge
for realizing compact, high-brightness positron sources. Here we propose and
numerically demonstrate a surface-plasmon—driven wakefield scheme that si-
multaneously provides longitudinal and transverse phase-space cooling as well
as pre-acceleration of a positron beam in a dense plasma micro-tube. Cou-
pled Geant4 and particle-in-cell (PIC) simulations show that a single-stage
configuration can integrate positron generation, phase-space cooling, and pre-
acceleration within a self-induced surface-plasmon wakefield that sustains an
average accelerating gradient of ~ 0.5 TV/m. In this scheme, the positron
beam is accelerated to 5.68 GeV within 33.4 ps, while its relative energy
spread is compressed to 10.3%, its transverse emittance and divergence are
strongly reduced, and the longitudinal capture efficiency exceeds 95%. This

surface-plasmon wakefield cooling stage provides a compact pathway toward
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next-generation high-brightness positron injectors based on plasma micro-

structures.

1 Introduction

Conventional radio-frequency accelerators are limited to accelerating gradients of a few
hundred MV /m by material ionization and breakdown thresholds [1, 2]. To overcome
this barrier, advanced acceleration schemes have emerged in the past years, including
laser-plasma wakefield acceleration, which achieves unprecedented gradients exceeding 100
GV /m gradients [3, 4, 5, 6, 7], dielectric laser acceleration, which enables programmable
gradients in the range of 1-10 GV /m [8, 9, 10], and THz-based acceleration, which provides
100 MV /m-scale gradients through pulse compression [11, 12, 13]. These developments
have enabled significant advances in particle beam generation. For electrons, laser wake-
field acceleration has seen rapid progress, with experiments demonstrating high-energy
acceleration over short distances, precise control of the acceleration dynamics, and a
substantial reduction of energy spread toward high-quality, quasi-monoenergetic beams
[14, 15]. By contrast, positron acceleration remains more challenging, characterized by
short effective acceleration phases, transverse defocusing, low generation efficiency, and
beam-quality degradation induced by plasma instabilities [6, 17, 18, 19, 20].
Radiation-based schemes show particular promise, with coherent transition radiation
enabling efficient positron generation via the Bethe-Heitler (BH) process [21, 22], and
hollow-channel configurations achieving up to 30% energy extraction efficiency with 1%
energy spread [23, 24]. Additionally, few-period radiation fields provide ultra-high ac-
celeration gradients [26, 27]. Surface plasmons, recognized for their ability to confine
strongly enhanced electromagnetic fields at material interfaces [28], have already enabled

compact MeV-scale electron acceleration [29, 30], indicating that surface-plasmon—driven
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wakefields offer a promising route toward efficient positron acceleration and the extension
of radiation-based schemes to higher electron energies.

This work extends this promising approach to positron acceleration in a dense plasma
micro-tube structure. As illustrated in Fig. 1(A), when a relativistic electron beam propa-
gates through the micro-tube, the synergistic interaction between the beam self-field (£,,)
and the charge-separation field (E.s) drives coherent surface electron oscillations. This
mechanism generates a high-gradient longitudinal wakefield and establishes accelerating
phases that are stable in both the transverse and longitudinal directions. The result-
ing configuration enables simultaneous positron generation, longitudinal and transverse
phase-space cooling, and pre-acceleration of the positron beam, achieving an exceptional
longitudinal capture efficiency exceeding 95%. At the optimal acceleration phase, the
positron beam reaches 5.68 GeV with a 10.3% energy spread, while the transverse geo-
metric emittance is reduced from ~ 0.06 to 0.007 mm - mrad and the rms divergence is
compressed to nearly sub-mrad, with the corresponding normalized emittance remaining
in the range of 60-90 mm - mrad at multi-GeV energies.

The paper is organized as follows. Section 2 analyzes positron acceleration driven
by surface-plasmon wakefields and demonstrates effective longitudinal and transverse
phase-space cooling within a stable region spanning 20 pm longitudinally and 100 pm
transversely, including the evolution of emittance and divergence. Section 3 investigates
the wakefield excitation mechanisms, revealing high accelerating gradients generated by
surface-plasmon—driven oscillations. Section 4 discusses implementation aspects, showing
robust acceleration under transverse injection misalignments up to 10 ym and a factor
of 2-3 enhancement in energy-transfer efficiency in multi-bunch operation. Section 5
summarizes the main conclusions and outlines the implications for future compact high-

brightness positron source development.
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2 Analysis of surface-plasmon—driven e™ acceleration in a dense

plasma tube

2.1 Integrated simulation model and initial beam properties

Our proposed scheme offers three key advantages: (i) robust excitation of transverse oscil-
lations through synergistic field coupling; (ii) generation of longitudinally stable wakefields
with TV /m-scale accelerating gradients; and (iii) a fully integrated architecture that com-
bines positron generation, injection, cooling, and acceleration in a compact configuration.
We employ a two-stage simulation framework (Fig. 1(A)). In the first stage, Geant4-based
Monte Carlo simulations [31, 32, 33] model positron generation via the BH process from
a 5.5 GeV electron beam. With 2 x 108 initial particles, the simulation yields 5.1 x 107
electrons and 9.4 x 10° positrons, corresponding to a positron-to-electron ratio of 0.019.
These results provide critical input parameters for the subsequent wakefield simulations.
In the second stage, we perform SMILEI particle-in-cell (PIC) simulations [34] of the
wakefield dynamics, in which a 20 nC drive beam corresponds, via the above ratio, to
a positron bunch charge of approximately 0.38 nC. As shown in Fig. 1(B), the Geant4
simulations confirm that positrons are predominantly generated at low energies, whereas
electrons exhibit both a low-energy component and a high-energy (5.5 GeV) peak. For
the PIC initialization, we prescribe the total bunch charges and interpret the 2D Carte-
sian geometry as representing a three-dimensional slab of effective thickness L, = ¢/wy
in the ignorable direction. A uniform macro-particle weight W is assigned such that
Qbunen = Fen WAxAyL,Nyaco, Where the sign corresponds to electrons or positrons,
Ax and Ay are the cell sizes, and Npacro is the number of macro-particles in the bunch
imported from the Geant4 Monte Carlo simulation. Here the macro-particle weights are

normalized to the critical density n. = ggmew?/e?.
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The accelerating-field profiles in Fig. 1(C) (panels C3 and C4) reveal a stable half-
wave accelerating phase that extends over ~ 20 pum transversely and ~ 100 pum lon-
gitudinally, which is essential for efficient positron capture and pre-acceleration. The
initial PIC distributions (Fig. 1(C)) show beam envelopes of o, = 4.53/4.61 pum and
o, = 15.82/15.61 pm within AX ~ 40 pm (40,) and AY ~ 60 pm (20,) at a plasma
density of n, = 2.82 x 10> m~3. As the high-charge drive beam traverses the dense target,
it also generates transition radiation whose field amplitude scales with the bunch charge
[21]. In the present parameter regime, the transition-radiation fields are comparable in
magnitude to the surface-plasmon—driven wakefields and overlap with the surface-plasmon
tail that accelerates the positrons. In this work, however, we primarily focus on eluci-
dating the surface-plasmon excitation and its role in shaping the wakefield structure and
positron dynamics. This integrated simulation framework therefore establishes a viable
pathway toward compact GeV-scale positron sources with superior beam properties, fea-

turing high-gradient acceleration, strong phase-space cooling, and reduced energy spread.

2.2 Evolution of densities, accelerating fields, and energy spectra

Stable phase regions in wakefields are essential for efficient charged-particle acceleration.
In this subsection, we analyze the positron acceleration dynamics from PIC simulations,
focusing on the evolution of particle densities, accelerating fields, and energy spectra. The
simulations use a spatial resolution of 0.1 ym in both longitudinal and transverse direc-
tions, with a time step of 0.05 for field integration. The computational domain contains
4736 x 1600 grid points and employs perfectly matched layer (PML) boundaries for field
absorption, together with current and field filtering to suppress numerical artifacts. The
high-density plasma tube has an electron density of 10%® m~2, a radius of 50 um, and a

wall thickness of 30 pum. Initial particle phase-space distributions from preceding Monte



Figure 1: Mechanism of positron generation, cooling, and pre-acceleration in a high-
density micro-tube. (A) Integrated MC-PIC simulation framework: the electron-beam
self-field excites surface plasmons in the nanoscale layer (,), generating a stable radiation
wakefield via synergistic E,,~E., coupling that enables phase-locked acceleration. (B)
Geant4 energy spectra showing low-energy positrons and electrons, while the electron
distribution retains a 5.5 GeV peak. (C) Initial densities of (C1) electrons and (C2)
positrons, and accelerating field E, at 6.7 ps and 33.4 ps, demonstrating a stable ~
20 x 100 pm accelerating region.
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Carlo simulations are used as input conditions.

Figure 2 summarizes the key beam dynamics over the 86.7 ps acceleration process.
Figure 2(A) shows the longitudinal electron density evolution at L, = 0, where pro-
nounced deformation occurs after t 2 30 ps due to radiation losses: the main density
peak shifts from 420 pm to 410 pm, accompanied by the formation of multiple sub-peaks.
Figure 2(B) illustrates the excitation of a strong accelerating wakefield (~ 0.5 TV /m)
mediated by surface-plasmon oscillations in the micro-tube wall. Beyond 30 ps, distor-
tion of the electron beam leads to phase shifts of the accelerating structure, which in turn
influence the positron energy spread. The positron density distribution in Fig. 2(C) re-
mains confined within 410-430 pm longitudinally, corresponding to a locked accelerating
region that maintains continuous acceleration and achieves a longitudinal phase capture
efficiency exceeding 95%.

The dynamics of energy transfer are shown in Figs. 2(D)-2(F). The electron spectrum
in Fig. 2(D) exhibits progressive energy loss, confirming efficient energy transfer from the
drive beam to the wakefield. In contrast, the positron beam in Fig. 2(E) undergoes strong
acceleration up to a maximum peak energy of 8.68 GeV; the optimal acceleration phase,
indicated by the two vertical dashed lines, corresponds to a peak energy of 5.68 GeV. To
enable quantitative comparison of spectra in the presence of substantial particle depletion,
all energy distributions are normalized to the initial maximum density at t = 0 (9.4 X
10t GeV~'m™?). Figure 2(F) shows the corresponding scaling factors, which increase up
to 22 at maximum depletion; at the optimal phase (¢t = 33.4 ps), the factor is 10 relative

to the initial condition.
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Figure 2: Particle dynamics from PIC simulations. (A) Electron density evolution at
L, = 0 over 86.7 ps, showing peak shift (420 — 410 ym) and structural deformation due
to radiation losses. (B) Surface-plasmon-driven wakefield (~ 0.5 TV /m) with phase shifts
induced by beam spreading. (C) Positron confinement within 410430 pm, achieving
> 95% longitudinal phase capture. (D) Electron spectrum showing progressive energy
transfer to the wakefield. (E) Positron acceleration up to 8.68 GeV; dashed lines mark
the optimal (5.68 GeV) and maximum energies. (F) Scaling factors used for spectral
normalization to the initial peak density of 9.4 x 10*' GeV~tm=3.



36 2.3 Phase-space cooling and pre-acceleration in longitudinal and trans-
137 verse directions

133 We show that the surface-plasmon—driven wakefield sustained in the high-density micro-
130 tube simultaneously provides longitudinal and transverse phase-space cooling of the positron
110 beam while pre-accelerating it to multi-GeV energies. Figure 3 quantifies the positron
11 acceleration dynamics in the micro-tube by showing the evolution of the peak energy,
12 relative energy spread, and peak number density. The peak positron energy increases
143 monotonically from its initial value to 8.68 GeV, while the peak density gradually de-
s creases due to particle depletion, reaching ~ 1/20 of its initial value by ¢t = 86.7 ps. The
145 relative energy spread initially decreases to a minimum of 10.3% at t = 33.4 ps (corre-
s sponding to a peak energy of 5.68 GeV), and then broadens to 21.1% at the maximum
7 recorded energy as the electron driver is distorted and the accelerating phase shifts. These
s trends identify t &~ 33.4 ps as an optimal acceleration window, where the positron bunch
149 exhibits pronounced longitudinal phase-space cooling with minimized energy spread and
150 high capture efficiency.

151 The longitudinal phase space at t = 3.34 ps and t = 33.4 ps, shown in Figs. 3(B) and
12 3(C), reveals the interplay between the electron density, radiative wakefield, and positron
153 distribution. At ¢ = 3.34 ps, acceleration takes place in a stable locked region (Lock re-
150 gion) extending from 411 to 430 pum (length ~ 19 pum), where about 97% of the positrons
155 remain phase-locked and experience longitudinal phase-space cooling, with only a small
156 fraction entering the decelerating Loss region. By ¢ = 33.4 ps, the electron driver has
157 elongated due to deceleration, shifting the peak of the accelerating phase while maintain-
155 ing a nearly constant accelerating-phase length of ~ 18 pm (413431 pm). Throughout
150 this evolution, more than 95% of the positrons stay in the accelerating phase, keeping the

160 longitudinal phase-loss rate below 5% and demonstrating robust longitudinal phase-space
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Figure 3: Phase-space cooling and locked acceleration dynamics. (A) Temporal evolution
of the positron peak energy, relative energy spread, and maximum number density. At
t = 33.4 ps, the energy spread reaches a minimum of 10.3% at a peak energy of 5.68 GeV.
(B, C) Electron density, accelerating field E,, and positron phase distribution at ¢ =
3.34 ps and t = 33.4 ps. The Lock region (accelerating and cooling) and Loss region
(decelerating) are highlighted, with the longitudinal phase loss kept below 5%.

cooling in the locked accelerating window.

In the transverse direction, Figure 4 summarizes the evolution of the positron beam
and the associated cooling. Panels (A1)-(A4) of Fig. 4 show y—p, phase-space slices at
t = 6.7, 20, 33.4, and 86.7 ps. At early times, the distribution forms a left-tilted ellipse
with y > 0, p, < 0 and y < 0, p, > 0, indicating a net focusing force toward the axis.
As the interaction proceeds, the ellipse straightens and contracts toward (y, p,) =~ (0,0):
the core becomes compact and nearly circular, while the large-angle halo is progressively
removed. At later times, a small quasi-stationary ellipse remains, corresponding to a

phase-space—cooled positron core confined by a quasi-static focusing channel.

10
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The geometric emittance is defined as €, = \/ (y2)(02) — (y0,)?, 0, ~ \/51771, and for
a highly relativistic beam the corresponding normalized emittance satisfies €, =~ (7) &,
Figure 4(B) shows the temporal evolution of ¢, for the electron driver and positron
witness. The driver emittance increases from < 0.01 to 2 0.13 mm - mrad, indicating
transverse heating, whereas the positron geometric emittance decreases from ~ 0.06 to
0.007 mm - mrad, nearly an order-of-magnitude reduction that signifies transverse geo-
metric cooling. Over the same interval, the normalized emittance ¢, , of the positron
beam increases only moderately, from about 60 to 92 mm - mrad as the mean energy rises
from ~ 0.5 to ~ 6.6 GeV, reflecting the rapid growth of () in the strong accelerating field
rather than an increase of the underlying geometric phase-space area. The rms divergence
g, in Fig. 4(C) follows the same trend as the geometric emittance: the drive beam is
blown up by energy deposition and the plasma response, while the positrons evolve from
a wide angular spread to an almost sub-mrad, highly collimated beam.

Figure 4(D) plots 1/(y) for electrons and positrons, showing driver deceleration and

sustained positron acceleration. The positron divergence can be approximated as og, ~

Upy
(1?-1
strongly reduced by relativistic angular compression. Together with the decrease of ¢,

, where 0, varies only slowly while () increases rapidly, so that oy, oc 1/7 is

this shows that both the angular spread and the correlations (y6,) and (y*) are optimized,
indicating genuine transverse phase-space cooling rather than merely a narrower beam
profile.

Only positrons that enter the stable accelerating and focusing phase are trapped and
continuously accelerated; large-angle or phase-mismatched particles are scattered and
peeled off, effectively realizing a phase-space filter. This leads to a pronounced reduction
in geometric emittance and rms divergence, demonstrating efficient cooling of the positron

beam in the surface-plasmon—driven wakefield. Longitudinal acceleration remains stable

11
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Figure 4: Transverse evolution of the positron beam and cooling mechanism during accel-
eration. (A) Snapshots of the positron y-p, phase space at different times. As the beam
propagates [panels (A1)—(A4)], the ellipse contracts, the large-angle halo is removed, and
the centroid remains near (y,p,) ~ (0,0), showing that a cooled positron core is trapped
in a stable focusing channel. (B)—(D) Time evolution of (B) the geometric emittance e,
(C) the rms divergence oy, , and (D) the inverse mean Lorentz factor 1/() for the electron
driver and positron witness. The positron beam exhibits strong emittance reduction and
divergence shrinking that closely correlate with the increase of () (decrease of 1/(7)),
evidencing relativistic angular compression combined with transverse phase-space cooling.

and continuous, and the focusing field is transversely uniform over ~ 100 pm, consistent
with Fig. 1(C). Although some particles are lost due to finite focusing strength, the high-
density micro-tube provides effective transverse guiding and supports stable acceleration
in both longitudinal and transverse directions, realizing simultaneous longitudinal and

transverse phase-space cooling in a single compact stage.
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3 Stable radiation-wakefield excitation via surface plasmons

3.1 Self-field dynamics of a relativistic e~ beam in a dense plasma micro-
tube

Consider a relativistic electron beam propagating along the z-axis in free space, charac-
terized by normalized velocity 5y = v,/c and density distribution p,. The initial beam
current is J(z,t = 0) = Byp,. In the laboratory frame, the electrostatic potential ®

satisfies the relativistic Poisson equation [35]:

1 02 0? 02
V—S@Jra—szr@ = —pp, (1)

where 79 = 1/4/1 — 32 is the beam Lorentz factor. The electrostatic potential @ is

computed numerically using a fast Fourier transform (FFT)-based cosine transform, and

the electric-field components are then obtained as

1 99 o
E=-—-2"pg=-2" p
woxr' T Oy @

Because of the 1/42 prefactor, the longitudinal field E, is much weaker than the transverse
field £, reflecting the strong relativistic anisotropy of the beam self-fields in free space.
The initial electric-field distribution used in our analysis was obtained from PIC simu-
lations performed in cylindrical coordinates with 2D spatial resolution and 3D particle
tracking. The Gaussian electron bunch carries a charge of 3.4 nC with Lorentz factor
Yo =~ 1957, corresponding to a beam energy of 1 GeV, and has a longitudinal rms length
of 0, = 3.3 pm and a transverse rms size of 0, = 26 ym. Figures 5(A) and 5(B) display
the resulting electrostatic field components E, and E,, respectively. Within the 50 pm-
radius plasma micro-tube, the transverse field E,—reaching approximately 200 GV /m,
significantly stronger than that of a static electron bunch—interacts with the inner tube

walls. As it penetrates the dense plasma layer, this field decays exponentially (denoted

13
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E,,) according to

Eyp = Boexp|— /K2 — 1+ 2.8y (3)

where 0y = y'—r is the charge-separation distance, r = \/m is the tube radius, and 3/
is the field penetration depth. The plasma frequency wp. = \/W is approximately
5.6 x 10' Hz for the given micro-tube density p. With the electron-beam length fixed
at A ~ 7 um and the normalization parameter chosen as L = (c/wr) x 10° ym with

wr, = 2mc/ A, a strong charge-separation field E., emerges, proportional to dy:
E.s = —pdy. (4)

Figure 5(C) illustrates the interplay between the plasmonic field E,, and the charge-
separation field E.s in the micro-tube. Force equilibrium (F = 0) is achieved in the
surface electron layer (at 0y = 1.1 nm) when E,, = E,;, maximizing momentum transfer
to plasma electrons via surface plasmons. As shown in Fig. 5(D), this balance sustains
collective surface-plasmon oscillations in the inner-wall electron layer. The net force
F= —e(Eyp — ECS) drives periodic electron motion, in which the nanometer-scale electron
film undergoes push—pull dynamics—alternating between outward (F' > 0) and inward
(F < 0) motion for y > 0. This process maintains coherent surface-plasmon waves along

the tube wall, enabling efficient energy transfer and stable radiation-wakefield excitation.

3.2 High-gradient wakefield driving via surface-plasmon excitation

The net force F = —e(Eyp — ECS) drives surface-plasmon—mediated oscillations of the
nanometer-scale electron layer (0y = 1.1 nm), where £, denotes the plasmonic field and
E., the charge-separation field. Maximum electron energy gain is achieved under force

equilibrium (F = 0), corresponding to optimal momentum transfer. The energy acquired

14
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Figure 5: Self-consistent field dynamics in the dense plasma micro-tube.
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E.s), sustaining coherent wave propagation along the tube
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by plasma electrons is given by

6'!!
/ (eByy — €Ees) dy = (7, — 1) mec?, (5)
0

where 7, is the Lorentz factor of plasma electrons and m. the electron mass. For
0y = 1.1 nm, we obtain v, ~ 1.0002 and a corresponding normalized electron velocity
By ~ 0.0206. Figure 6(A) displays the momentum distribution of the oscillating plasma
electrons from PIC simulations, showing a maximum momentum of ~ 0.016 m.c near
the longitudinal position xy of the drive electron beam. As illustrated, only electrons
on the inner surface of the micro-tube gain significant kinetic energy. These collective
oscillations attenuate as the drive beam propagates, leading to a gradual decrease in the
electron velocity.

The nanometer-scale electron layer (dy = 1.1 nm) thus undergoes surface-plasmon—

mediated collective oscillations, emitting phase-coherent radiation through plasmon—electron

energy exchange. The electric field radiated by a single oscillating electron is

e ﬁx(ﬁxgp)

dmeg Rc(l—ﬁpcosﬁ)3 ’

(6)

rad —

where Ep = cE/ (eme7y), 6 denotes the angle between the observation direction 7 and the
electron velocity vector ﬁp, and R is the distance from the source to the observation point.
For the collective interaction within the micro-tube, the total radiation field is obtained
by integrating over the three-dimensional electron distribution:

3, p0,p [ V1 —cos20 sin?6
B = [ Buaprdodedy = 2202 [ VI gy, )
0 (1—Bp0086) cos? 6

rad

where 04 = Eragsin g is the longitudinal radiation-field component, p = Rcosf is the
distance from the reference point to the micro-tube wall, p is the electron density, and

L, = 50 pm is the transverse size of the system. Numerical evaluation of Eq. (7) yields
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Et ~ 38 GV/m for p = 1 um. Notably, increasing the drive-beam charge enhances the
oscillation amplitude, leading to higher acceleration gradients—reaching up to 0.5 TV /m
as shown in Fig. 1(C). Figure 6(B) presents the radiation-field distribution from PIC
simulations at t = 0.14 ps and ¢t = 0.28 ps, illustrating the temporal evolution of the
accelerating structure.

The surface-plasmon collective oscillations at the micro-tube interface generate a
transverse-magnetic (TM) radiation mode with wavelength A ~ 24 pm. This field ex-
hibits characteristic surface-plasmon propagation: longitudinal transmission along the
wall interface combined with exponential decay in the transverse direction. The cylin-
drical symmetry of the micro-tube causes constructive interference of these evanescent
transverse fields on the central axis, producing a strongly enhanced accelerating field.
Key characteristics of this radiation field, including its intensity, wavelength, and depen-

dence on the micro-tube radius, are discussed in detail in Ref. [27].

4 Discussions

4.1 Transverse off-axis e™ bunch injection

The accelerating wakefield shown in Fig. 1(C) exhibits a nearly uniform transverse dis-
tribution within the micro-channel, forming a stable accelerating phase extending over
~ 100 pm. This inherent field uniformity enables substantial tolerance to injection
misalignment, as demonstrated by our systematic study of externally injected positron
bunches. To quantify acceptable misalignment thresholds, we performed two-dimensional
PIC simulations with controlled transverse offsets from the central axis. The simulations
employed a moving window of 204.8 ym (L,) x 160 pm (L,), discretized into 2048 x 640
cells, with positron bunches injected at yo = 0, 5 pm, and 10 pgm while keeping all other

parameters consistent with the cylindrical-coordinate simulations.
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Figure 6: Surface-plasmon—driven radiation fields in the micro-tube. (A) Momentum
distribution of plasma electrons showing surface-localized energy gain, with inner-wall
electrons reaching ~ 0.016 m.c (inset: schematic of the excitation process). (B) Evo-
lution of the accelerating field at ¢ = 0.14 ps and ¢ = 0.28 ps, exhibiting characteristic
surface-plasmon propagation with longitudinal transmission along the wall and transverse
evanescent decay. Field superposition on the central axis enhances the amplitude to sev-
eral tens of GV /m.
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Figure 7(A) shows the asymmetric phase-space distribution of a positron bunch in-
jected with a 10 pum transverse offset, in comparison with the symmetric on-axis case.
Figure 7(B) presents the corresponding density distributions in the z—y plane after pro-
longed acceleration. Although the initial injection offset induces a persistent asymmetry
during propagation, both the central energy and the energy spread remain largely un-
changed, owing to the uniformity of the longitudinal accelerating field. Figure 7(C) sys-
tematically compares the energy spectra for different injection offsets (yo = 0, 5 um, and
10 pm). While all cases achieve essentially identical final energies for a fixed acceleration
duration, the main difference appears in the peak charge density at the central energy,
which in turn affects the energy transfer efficiency 7. In particular, a 10 ym offset reduces
n by approximately 10% relative to perfect on-axis injection. This remarkable tolerance
to transverse misalignment significantly relaxes experimental alignment constraints for

positron injection.

4.2 Series acceleration of multiple positron bunches

The periodic longitudinal structure of the accelerating wakefield enables simultaneous
injection and acceleration of multiple positron bunches. Leveraging the stable surface-
plasmon—driven field, we demonstrate a series-acceleration scheme using two-dimensional
PIC simulations [Fig. 8(A)]. A single electron beam propagating through the micro-tube
excites an accelerating field that concurrently drives three distinct positron bunches—
labeled a:‘l()lo)sitron, xl()i)sitmn, and x}()?sitron—initially positioned at 178 pm, 156 pm, and
126 pm, respectively. As shown in Fig. 8(B), all three bunches, starting from an ini-
tial energy of 5 GeV, experience substantial energy gain. The energy transfer efficiency

in this multi-bunch configuration reaches approximately 2—-3 times that of single-bunch ac-

celeration, highlighting the potential of series acceleration in this scheme for significantly
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Figure 7: Effects of transverse injection misalignment. (A) Phase-space distributions
for on-axis and off-axis (10 pum offset) injections. (B) Transverse density profiles after
prolonged acceleration. (C) Energy spectra and transfer efficiency n for yo = 0, 5 pm,
and 10 pum; a 10 pum offset reduces n by ~ 10%.

enhancing the overall efficiency of positron beam production and acceleration.

5 Conclusion

In summary, we have proposed and numerically demonstrated an integrated positron
acceleration scheme that achieves simultaneous longitudinal and transverse phase-space
cooling together with stable pre-acceleration by means of surface-plasmon—driven wake-
fields in a dense plasma micro-tube. The configuration generates a quasi-uniform ac-
celerating and focusing region spanning approximately 100 pgm transversely and 20 pm
longitudinally, enabling efficient positron capture with more than 95% longitudinal phase
matching and less than 5% particle loss. By jointly optimizing positron generation and
wakefield-acceleration dynamics, the scheme produces high-quality positron beams reach-

ing a peak energy of 5.68 GeV with an energy spread compressed to 10.3% at the optimal

20



319

320

321

322

323

324

325

326

327

328

329

330

331

Ex(GV/m)

(A) i— (B) 100F ™ " o ]
80 T 60 E Xpositrons
R —0pm) Mo | e XD
—  Xpositrons @ 0.75 '} X[();)sto s
40 30 N ' Xpositrons
= = 3050 %
) S g
S ol o s "
= =025} !
—aofll 0.00 B B
(3) (1) . L 1 1 i I
-80 . *positrons Xpositrons p— 4 5 6 7 8
120 140 160 180 Zs Energy (GeV)

Lyx(um)

Figure 8: Series acceleration of multiple positron bunches. (A) Surface-plasmon—driven
wakefield excited by a single electron beam simultaneously accelerates three positron
bunches initially positioned at 178 pm, 156 pm, and 126 pum. (B) Resulting energy
spectrum after acceleration, showing significant energy gain for all three bunches and an
overall enhancement in energy transfer efficiency.

acceleration window (¢ = 33.4 ps), accompanied by a pronounced reduction in transverse
emittance and divergence. The system exhibits strong robustness, maintaining stable ac-
celeration under transverse injection misalignments up to 10 ym and achieving a factor-of-
2-3 enhancement in energy-transfer efficiency in multi-bunch operation compared with the
single-bunch case. This compact surface-plasmon wakefield cooling platform effectively
addresses key limitations of conventional positron sources—such as bulky beamlines and
insufficient beam brightness—and establishes a viable pathway toward next-generation

high-brightness positron injectors for future colliders and advanced radiation sources.
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