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Plasma wakefield acceleration in hollow plasma channels has emerged as a promising approach for
positron acceleration, since an electron beam can drive wakes with a transversely uniform accelerating
field and no intrinsic defocusing force for positrons. Recently, it was proposed that a transversely
asymmetric electron beam can excite quadrupole-dominated wakefield in a hollow channel, enabling the
formation of accelerating and focusing fields suitable for positrons [S. Zhou et al., Phys. Rev. Lett. 127,
174801 (2021)]. However, the self-consistent evolution and stability of such asymmetric drivers, which are
crucial for sustaining a usable wake over long distances, remain insufficiently understood. In this work, we
investigate the evolution of wakefield driven by asymmetric electron beams in hollow plasma channels
using fully three-dimensional particle-in-cell simulations. We identify two distinct unstable scenarios: a
reversal of quadrupole field polarity and continuous penetration of the driver into the plasma wall. By
analyzing the transverse dynamics of the driver and the restoring forces provided by the channel ions, we
establish simple physical criteria that ensure stable propagation. These results clarify the fundamental
constraints governing asymmetric-driver evolution, provide practical guidance for realizing long-lived,
quasisteady wakes in hollow plasma channels, and indicate that the scheme can preserve mm mrad-level

normalized positron emittance.

DOI: 10.1103/13fz-y5Swy

I. INTRODUCTION

The discovery of the Higgs boson has intensified global
efforts toward next-generation electron-positron colliders,
such as the ILC, CEPC, and FCC-ee [1-3], aimed at
precision Higgs measurements and searches beyond the
Standard Model. However, the enormous size and cost
associated with radio-frequency (rf) technology suggest
that these facilities may represent the practical limit of
conventional accelerator concepts. To extend the energy
frontier beyond the Higgs scale in a cost-effective manner,
alternative acceleration schemes capable of providing
much higher gradients are actively being explored.
Among them, plasma-based acceleration (PBA) [4,5]
has emerged as a promising candidate due to its ultrahigh
accelerating gradients and rapidly improving beam quality.
While PBA in the nonlinear blowout regime [6,7] has
demonstrated multi-GeV acceleration with excellent
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beam quality for electrons [8—15], extending similar
performance to positrons remains a major challenge. In
the blowout regime, the focusing and accelerating phases
favorable for positrons are intrinsically limited, often
leading to strong nonlinear fields, large energy spread,
or emittance growth. Meeting the stringent requirements
of future linear colliders [16—18]—high charge, low
emittance, low energy spread, and high energy-transfer
efficiency—therefore demands fundamentally different
wakefield structures for positron acceleration [19-25].

A hollow plasma channel has been proposed as an
attractive configuration for positron acceleration, as it can,
in principle, provide uniform accelerating force and no
defocusing force for positrons [26—-30]. The experimental
generation of such hollow plasma channels can be practi-
cally realized using advanced laser-shaping techniques.
Specifically, high-order Bessel beams can be utilized to
preionize a well-defined annular region of a neutral gas
target [30-33]. However, the absence of background
plasma ions and electrons inside channel eliminates the
intrinsic focusing force, rendering both driver and witness
beams susceptible to beam breakup instabilities. Recently,
a novel scheme has been proposed in which a transversely
asymmetric electron beam propagating on axis excites
quadrupole-dominated wakefield inside a hollow plasma
channel [34]. As the driver splits in the quadrupole field

Published by the American Physical Society


https://orcid.org/0000-0002-8973-6801
https://orcid.org/0009-0007-1868-3646
https://orcid.org/0000-0001-8627-910X
https://orcid.org/0000-0002-9708-652X
https://ror.org/03cve4549
https://ror.org/03v8tnc06
https://crossmark.crossref.org/dialog/?doi=10.1103/13fz-y5wy&domain=pdf&date_stamp=2026-10-07
https://doi.org/10.1103/13fz-y5wy
https://creativecommons.org/licenses/by/4.0/

DING, ZHOU, LI, HUA, and LU

PHYS. REV. ACCEL. BEAMS 29, 103601 (2026)

and reaches the inner boundary of the channel, simulta-
neous accelerating and focusing fields for positrons emerge.
Initial simulations have demonstrated promising positron
acceleration with moderate energy spread and controlled
emittance growth. Despite these encouraging results, a
fundamental and largely unexplored question remains:
under what conditions can a transversely asymmetric
electron driver self-consistently evolve into a long-lived,
quasisteady wake in a hollow plasma channel? The stability
of the driver is a prerequisite for any practical positron
acceleration scheme, yet the evolution of asymmetric
drivers is intrinsically complex. Improper beam parameters
may lead to wake distortion which destroys the desired
wake structure. To date, the physical origins of these
behaviors and the boundaries between stable and unstable
regimes have not been systematically investigated.

In this work, we focus on the self-consistent evolution
and stability of quadrupole-dominated plasma wake
driven by transversely asymmetric electron drivers in
hollow plasma channels. Using fully three-dimensional
particle-in-cell (3D PIC) simulations, we identify distinct
evolution regimes of the driver-wake system and uncover
two dominant mechanisms associated with (i) transverse
phase-space mismatch of the driver and (ii) excessive
transverse kinetic energy relative to the channel’s con-
finement. By analyzing the transverse dynamics of the
driver and the restoring forces provided by the channel
ions, we establish simple and physically transparent
criteria that are indicative of stable operating regimes.
These results establish the fundamental constraints gov-
erning asymmetric-driver operation and provide practical
guidance for sustaining quasisteady wakefield in hollow
plasma channels.

The remainder of this paper is organized as follows.
Section II introduces the asymmetric-driver hollow-
channel scheme and outlines the key physical processes
involved. Section III systematically analyzes the driver
evolution and identifies the criteria required for stable
wake formation. Section IV summarizes the main con-
clusions and discusses implications for future plasma-
based positron acceleration schemes.

II. WAKE EXCITATION AND EVOLUTION
DRIVEN BY AN ASYMMETRIC ELECTRON
BEAM IN HOLLOW PLASMA CHANNELS

As proposed in Ref. [34], a transversely asymmetric
electron beam propagating on axis in a hollow plasma
channel excites a wakefield dominated by a quadrupole
component. For an elliptical driver with, for example,
o, > oy, the resulting wakefield provides focusing forces
in the y direction and defocusing forces in the x direction.
When the dense electron beam reaches the inner boundary
of the hollow channel, plasma electrons are expelled
outward while the heavier ions remain nearly stationary.
The exposed ion background generates a restoring

focusing force that compensates the transverse defocusing
of the quadrupole wake, enabling sustained beam propa-
gation. A key feature of this configuration is that the
wakefield structure emerges self-consistently with the
evolution of the driver. As the expelled plasma electrons
overshoot the channel boundary and subsequently re-enter
the channel, focusing forces for positrons arises, which
would have been absent in a hollow plasma channel.
Moreover, accelerating fields for positrons also emerge
after the plasma electrons cross the axis.

The wake excitation and evolution in £ — x plane are
illustrated in Figs. 1(a), 1(c), and 1(e), obtained from fully
3D quasistatic PIC simulations using QuickPIC [35,36],
where a co-moving coordinate £ = ¢t — z is used, and c is
the velocity of light in vacuum. As shown in Fig. 1(a), the
plasma channel density profile is defined as n,(r) =
no[H(r — ryy) — H(r — roy)], where H is the Heaviside
step function, with inner and outer radii r;, = 1.0 k;l and
row = 4.5 k', respectively, where k' is the skin depth of
the plasma. The asymmetric electron driver has a flat-top
longitudinal current profile, transverse sizes o,,=0.4 k;l,

0,0 =02 k,', and a length of L, = 1.5 k,,'. The peak
driver density is 12n,, with an initial energy of 10 GeV and
normalized emittance €, = 0.4 k,' and €,0 =02 k,'.
A tri-Gaussian positron beam is loaded into wake, with
a size of o,,+ =0.05 k,', o_,+ =0.15 k,' and a peak
density of npeq .+ = 150n,. The simulation box has a
range of 10 x 10 x9 k;3, and the spatial resolution is
0.0195 % 0.0195 x 0.0176 k,* in x, y, and z directions,
respectively. The box moves in the +z direction at a speed
of c. Throughout this paper, unless otherwise specified,
all physical quantities are presented in normalized units:
lengths are normalized to k;l, densities to the ambient
plasma density ng, and fields to the cold waving-breaking
limit Ey = m,cw,/e, where m, is the electron mass,
e is the elementary charge, and w, = ck, is the plasma
frequency. When converting to physical units, we assume
the plasma density is n, = 5 x 10'®cm™, corresponding
to k,' =23.67 pm.

As the driver propagates, the quadrupole wakefield
induces a gradual transverse deformation of the beam,
leading to a characteristic splitting and redistribution of the
driver density, as shown in Figs. 1(b), 1(d) and 1(f). This
self-consistent evolution modifies the plasma electron
response and progressively reshapes the wake structure.
By z = 3600 k,‘,1 [Figs. 1(c)—(d)], the system reaches a
quasisteady state in which the wakefield profile and driver
distribution evolve only weakly with further propagation.
This state is maintained over distances exceeding 10* k;l
[Figs. 1(e)—(f)], indicating long-term dynamical stability.

The & —x and & —y distributions of transverse and
accelerating fields at z =3600 k,' are presented in
Figs. 1(2)—(j), together with the transverse lineouts taken
at the positron beam loading phase. Within the hollow
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FIG. 1. Evolution of the driver beam, plasma wake, and positron beam in a hollow channel. (a)—(b) & — x distribution and the

corresponding transverse cross section at £ = 1 k;l [gray dash line in (a)] of plasma and beam densities at z = 200 k;l. (c)—(d) Same

at z = 3600 k,"'. (e)~(f) Same at z = 16,000 k,"'. (2)—(h) &—x
(1)—() Same for the accelerating field.

channel, the accelerating field exhibits a relatively flat
transverse profile [Figs. 1(1)—(j)], reflecting the character-
istics of hollow plasma channel. However, anisotropy exists:
the focusing strength in the x direction is systematically
weaker than that in y [Figs. 1(g)—(h)], consistent with the
asymmetric transverse charge distribution of the driver.

It should be noted that a step-like channel wall density
profile is adopted as a physically reasonable approxima-
tion, as the driver dynamics are primarily determined by
the inner radius and wall density rather than the exact
boundary steepness. A flat-top longitudinal current profile
is chosen to provide a well-defined beam head for the
theoretical analysis. The current profile redistributes the
wakefield amplitude along & but does not alter the trans-
verse quadrupole structure of the field, which is deter-
mined by the driver’s asymmetric cross section and the
channel geometry. Additional simulations confirm that the
results remain valid for nonideal channel boundaries (e.g.,
super-Gaussian profiles) and nonflat-top beam distribu-
tions (e.g., Gaussian profiles), as detailed in Appendix A.

The existence of such a quasisteady wake is essential for
sustained plasma-based acceleration. However, this regime
is not universally obtained. The transition to, and stability
of, the quasisteady state depends sensitively on the initial
driver parameters and interaction with the channel boun-
dary. In the following section, we systematically inves-
tigate the conditions under which the asymmetric driver

and & — y distributions of the transverse field at z = 3600 k;l.

evolves into a stable quasisteady state, and identify the
parameter regimes that enable long-lived wakefield struc-
tures suitable for further beam-plasma interaction studies.

III. EVOLUTION REGIMES OF
ASYMMETRIC-DRIVER-DRIVEN WAKES

While the quasisteady wake described in Sec. II enables
simultaneous focusing and acceleration of positrons, such
a wake does not arise for arbitrary transversely asymmetric
drivers. In practice, the long-term evolution of the wake is
determined by the initial transverse parameters of the
electron driver and the geometry of the channel. If these
parameters are not properly chosen, the wake structure can
undergo qualitative changes that harms the foundation
required by high-quality positron acceleration.

In this section, we identify the driver evolution scenarios
that prevent the formation of a positron-favorable wake.
Two distinct classes of undesired wake evolution are
observed in PIC simulations, both of which destabilize
the wake structure and preclude high-quality positron
acceleration.

A. Quadrupole polarity reversal induced
by transverse phase-space mismatch

Figure 2 illustrates the first scenario, which occurs when
the driver has an unmatched initial emittance with respect
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to its transverse size, for example, €, = 0.2 k,‘,1 and
€y =02 k3!, while all other parameters, including the
profile of the beam and channel geometry, are identical to
those in Fig. 1. At an early propagation distance [Figs. 2(a)
and 2(d), z = 3600 k;l ], the driver splits in the x direction
and reaches the inner boundary of the plasma wall,
exciting wake closely resembles the quasisteady structure
shown in Fig. 1(c). Howeyver, as the propagation continues,
the quadrupole wakefield undergoes a polarity reversal, in
which the beam sections merge in the x direction and split
in y [Fig. 2(b), z = 16,000 k;l], and the wake structure
evolves correspondingly [Fig. 2(e)]. Finally, the wake

2 (a)z=3600 k" (b)z=16000 &, | [(c)z=28.000! 0
- £
R :
B 2
QU
-2 —Il (I) i 2 —.1 6 i ) _'1 (') i > - -10
x [k x [k x k51
d
25
Ta -~
< o00f I I
= =
-2.5¢
5 0
£k,
S 05
= @ £=01k
£ g0
.
Q
<
|
3 — 1
055 5
x [k;'] x [k
— z=3600 k;l — == 7=16,000 k;l — = z=28.000 k;l

(i) 15

0.5

0 5000 10,000 15000 20,000 25,000 30,000
z [k,']

FIG. 2. Polarity reversal of the quadrupole field. Transverse
cross section at £ = 1 k" at (a) z = 3600 k", (b) 16,000 k",
and (c) 28, 000 k;l. (d)—(f) Corresponding & — x distributions of
plasma and beam densities. (g) E, — cB, experienced by the
beam head slice at £ = O.Ik;I. (h) E, — ¢B, experienced by the
beam tail slice at & = 1.5k,". (i) Evolution of (x* — y?) values
for each longitudinal slice of the driver beam. The red curve is

the 0%(z) — 03(z) under free drift.

reaches a new quasistatic regime, with the driver staying
around the boundary in y [Fig. 2(c), z = 28,000 k;']
and wake structure interchanging in x and y directions
[Fig. 2(f)]. This transition signals a fundamental change in
the driver-plasma interaction and alters the transverse
focusing structure.

The origin of the quadrupole polarity reversal can be
traced to the transverse evolution of the driver head, which
gradually erases and eventually reverses its initial trans-
verse asymmetry during propagation. As the downstream
wake is determined by the upstream charge distribution,
the evolution of the head plays a decisive role in setting the
quadrupole component of the wakefield. Since the beam
head experiences negligible wakefield [Fig. 2(g)], its
transverse dynamics can be approximated as free drift.
In contrast, the trailing slices do not follow free-drift
dynamics; instead, they experience a significant and
evolving transverse wakefield generated by the upstream
slices [Fig. 2(h)]. The strong transverse forces and sub-
sequent redistribution of the beam tail observed in
simulations are the self-consistent consequences of this
head-driven wakefield inversion. The quadrupole compo-
nent of the transverse field can be expressed as [28,34]

Wi o (x2 —y3) (xx — y9) + 2xy) (v +x9), (1)

where (x* —y?) ~ 07 — 03, and the second term can be
neglected in the present configuration. Under free drift,
the transverse size of the beam head in the x direction
evolves as

_ |2 €

Ox (Z) - 00 + y26§0 L (2)
and the analogous equation for o, is obtained with
00 = Oyp, €x9 = €,0, Where y is the Lorentz factor of
beam head (approximately constant). For sufficiently long
propagation distances, this reduces to ¢,(z) & (€x9/76x0)2
0,(2) ~ (e,0/70,0)z. Consequently, for e, =02k,
€0 =02k,"ando,g =04 k', 6,0 =02 k)", 0,(2) will
eventually be smaller than o,(z), causing (x* —y?) to
change sign and leading to a reversal of the quadrupole
polarity.

Figure 2(i) presents evolution of (x> —y?) values of
each slice, confirming the process. The red dash curve
is the o%(z) —o%(z) value of beam head calculated
analytically, which shows a good agreement with the
PIC simulation result. Except for the leading slice, the
downstream slices deviate from the red dashed curve in
(x*> — y?) because they have already experienced signifi-
cant transverse wakefield forces and therefore no longer
follow the free-drift evolution [Fig. 2(h)]. Nevertheless,
slices closer to the head exhibit earlier sign reversal of
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(x*> — y?), confirming that the quadrupole polarity reversal
propagates from the head toward the trail.

Since the focusing strength of positrons in this scheme
differs in transverse directions and relies on the polarity of
the quadrupole wake as shown in Figs. 1(g) and 1(h), a
reversal of the quadrupole field fundamentally alters the
focusing environment, which can lead to an increase in
the positron emittance and even loss of charge. To preserve
the quadrupole polarity, and hence a positron-favorable
focusing structure, one needs

GLOZS}—O, X0 > Oy OF @5@’ w0 <0y, )

Ox0 O-yO 0x0 ayO
which ensures that the initial transverse asymmetry of the
driver is maintained throughout propagation.

B. Continuous penetration into the plasma wall
due to excessive transverse kinetic energy

In contrast to the polarity reversal caused by mismatch
of the initial emittance with respect to the transverse size,
an excessively large transverse kinetic energy destabilizes
the wake through a qualitatively different mechanism.
As shown in Figs. 3(a)—~(c), when ¢,y = 1.2 k;l and
€y =02 k!, the separated driver sections in the x
direction no longer undergo bounded oscillations near
the inner channel boundary. Instead, they continuously
penetrate into the plasma wall, preventing the wake from
evolving into a quasisteady configuration and disrupting
the self-consistent electron return into the hollow region.

Figures 3(d)—(f) present the transverse density distribu-
tion of the driver and plasma and the corresponding
transverse field (W, = E, — ¢B,) lineouts at & =1 k'
and y = 0. As shown in Fig. 3(d), inside the channel, the
quadrupole field provides a net defocusing field in the x
direction. As the driver expels the plasma electrons, an ion-
rich region is formed near the inner channel boundary,
generating an attractive transverse force that counteracts
the quadrupole defocusing. As a result, W, crosses zero
within this exposed ion region, defining an effective
equilibrium position for the driver particles.

If the transverse kinetic energy of the driver is limited,
most particles oscillate around this zero-crossing points,
and the exposed ion region remains localized near the
channel boundary. In this case, the zero-crossing position
of W, is nearly stationary, allowing the wake to reach the
quasisteady regime discussed in Sec. II. However, when
the driver possesses sufficient transverse kinetic energy, a
substantial fraction of particles penetrates deeply into the
plasma wall, as shown in Figs. 3(e) and 3(f). This deeper
penetration modifies the spatial extent of the exposed ion
region, causing the zero-crossing points of W, to shift
together with the driver centroid. As a result, the transverse
focusing structure no longer acts as a restoring force but
instead follows the driver motion. This loss of a fixed
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FIG. 3. Continuous penetration of the electron driver. £ —x
distributions of plasma and beam densities at (a) z = 3600 k!,
(b) 16,000 k"', (c) 28,000 k,'. (d)—(f) Snapshots of the trans-
verse cross section at £ =1 k;l; the red line is the transverse
field W, aty = 0. (g) Lineouts of W, at £ = 0.5 k;l, 1.0 k;' and
1.5 k' at z = 3600 k.

equilibrium position leads to irreversible penetration of the
driver into the plasma wall and prevents the wake from
evolving into a stationary state. In this wall-penetration
regime, the focusing and accelerating fields exhibit per-
sistent temporal and spatial variations. Such a nonsta-
tionary wake is expected to be unfavorable for maintaining
high-quality positron acceleration.

A fully quantitative criterion for avoiding the wall-
penetration regime would require a self-consistent descrip-
tion of the nonlinear plasma response, which varies
strongly along & and evolves with the driver. Such a
description is beyond the scope of the present work.

103601-5



DING, ZHOU, LI, HUA, and LU

PHYS. REV. ACCEL. BEAMS 29, 103601 (2026)

Instead, we construct a reduced model at the instant when
the driver reaches the inner wall boundary to capture the
essential physical mechanism responsible for the transition
to the wall-penetration regime. We consider a normalized
piecewise linear model W, to approximate the simulated
profile in Fig. 3(d). The transverse coordinate and channel
inner radius are normalized as X = k,x, 7, = k,ri,. The
model is expressed as

W (~) { kli’ |X| < ?ins (4)
X X)) =
koX + (ky — ko) Fins  |X] > Ty

where k; and k, are the dimensionless field gradients
normalized to Egk,,. In the internal region (|¥| < 7;,), the
negative gradient k; < O characterizes the defocusing
quadrupole field, as for an electron beam (¢ = —e),
the transverse force F,= —eW, vyields 0OF,/ox =
—eEyk,k; > 0. Conversely, in the plasma wall (|%| > 7,,),
the positive gradient k, > 0 provides a restoring force that
directs the electrons back toward the axis. The intercept
(ky — ko7, ensures the continuity of the transverse field at
the vacuum-plasma interface 7;,. At £ =1 k;l, the values
ki = —0.05 and k, = 0.6 provide a reasonable fit to the
simulation results, as shown in Fig. 3(d).

Within this simplified picture, driver particles penetrat-
ing into the plasma wall experience an effective potential
barrier determined by the transverse wakefield. If particles
possess a transverse kinetic energy that enable them to
penetrate into the plasma wall by a depth exceeding o,
over 50% of the particles will enter the plasma wall
(assuming Gaussian-like distribution). In this situation,
the spatial extent of the exposed ion region is modified by
the driver itself, causing the equilibrium position (zero-
crossing points of W,) to shift together with the driver.
This feedback prevents the establishment of a quasisteady
restoring structure and leads to continuous penetration.
To estimate when this transition can occur, we compare the
average transverse kinetic energy per particle with the
potential barrier height AU. The average transverse kinetic
energy is given by:

1 e

—yme<v§> =5, Mm.Cc". (5)

E =
< k,x> 2 2}/ Gio

This kinetic energy must be overcome by the potential
change AU provided by W, between the axis (X = 0) and
X = ;in + 8x07 Wlth 5x0 = kpdx():

m,c? </ ki X dX + /%(kzu + kl?in)du>
0 0

1 1
- <§ k72 + 3 ky62, + ki ?in(}m) m,c?. (6)

A necessary condition for beam confinement is that the
potential barrier is sufficient to contain the transverse
motion, which leads to:

1k~2+1k“2+k~~ >1€§O (7)
k7, + koo + k1 FinGyo > ———-.
2 in Tt T 2y 62,

It is important to note that the transverse force coef-
ficients k; and k, vary significantly along the driver due to
the transient buildup of the plasma response [Fig. 3(g)].
Consequently, the effective barrier AU can differ by orders
of magnitude between longitudinal slices. While reducing
the driver length can suppress this head-tail variation in the
linear regime [28], this does not eliminate the variation,
and a representative slice is adopted below. The slice
evaluated here (at £ =1 k;l) is selected because the
transverse restoring force has built up to a sufficiently
high magnitude, allowing it to capture the characteristic
confinement fields experienced by the main body of the
driver. Therefore, the above condition does not define a
sharp, universal stability boundary for the entire beam, but
rather provides qualitative insight into the dominant trends.
In particular, AU has no explicit dependence on the initial
emittance €,, implying that smaller emittance reduces the
likelihood that particles overcome the effective barrier.
Moreover, for fixed field strengths, reducing the inner
channel radius ry, increases AU, thereby enhancing trans-
verse confinement.

Simulation results support this picture. Figures 4(a)—4(c)
compare the drivers with identical initial parameters
propagating in channels with ry, =0.5 k,', 0.75 k",
and 1.0 k;l. The corresponding lineouts of W, at
E=1 k;l are presented in Fig. 4(d). The net positive area
of the W, profile, defined as the shaded area above W, = 0
minus that below W, = 0, represents AU, which clearly
increases as ry, is reduced. Figure 4(e) illustrates the results
of a parametric scan over the initial €, and ry,
(€0 =02 k;l is maintained) to determine the boundary
for beam confinement. For a high-emittance driver with
€, = 1.2 k!, stable confinement is only maintained when
the channel is sufficiently narrow, specifically for
rin S 0.5 k,'. For e,9 = 1.0 k', the beam remains con-
fined at ry, = 0.7 k;‘, but penetrates into the plasma at
larger r;,,. As the initial emittance decreases to
€0 =028 k;l, the confinement threshold for the channel
radius increases to r;y, < 0.8 k;l. Notably, for drivers with
€0 =<0.6 k;l, the beam remains stably confined near the
inner plasma wall even for a significantly wider channel
of r, =2.0 k;l. Overall, these PIC simulation results are
physically consistent with our analytical model, confirming
that a smaller initial emittance and a narrower channel
radius facilitate stable beam confinement.
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FIG. 4. Driver-plasma distributions for three inner radii when
the driver reaches the boundary: (a) r;, =0.5 k;l,
(b) iy =0.75 k', and (c) r, = 1.0 k. (d) Lineouts of W,
aty=0and¢ =1 k;l. (e) Parameter scan in the €5 — ry, space.
The confined cases (green circles) correspond to quasisteady
wakefields, while the penetration cases (red crosses) indicate

continuous crossing of the plasma wall.

C. Parameter regimes supporting Quasisteady wakes

Taken together, the above results show that the trans-
verse stability of an asymmetric electron driver in a hollow
plasma channel is limited by two distinct mismatch
mechanisms. When the initial emittance is incompatible
with the imposed beam asymmetry, the head of the driver
reverses its initial transverse asymmetry during free drift,
leading to a reversal of the quadrupole wake polarity.
In contrast, when the transverse kinetic energy is too
large relative to the confinement provided by the ions,
a significant fraction of driver particles can penetrate

through the plasma wall, preventing the wake from reach-
ing a quasisteady configuration.

These two constraints together define a finite parameter
window in which a long-lived, quadrupole-dominated
wake can be sustained. Preserving the quadrupole polarity
requires the initially wider beam dimension to be main-
tained [Eq. (3)]. Avoiding continuous wall penetration
further requires that the transverse potential well be
sufficiently deep to confine the driver particles [Eq. (7)],
which should be regarded as a necessary condition. In this
work,

€ €0

—~

2, Iin = 20,0 ~ 40, (8)
0x0 Oy0

serve as a representative choice.

D. Positron beam transport in different
wake evolution regimes

To assess the impact of different wake evolution regimes
on positron beam dynamics, we load an identical tri-
Gaussian positron beam into wakes driven by the electron
beams discussed in Secs. II, III A and III B. Here, the
trailing positron bunch serves primarily as an unoptimized
diagnostic test beam to probe the wakefield structures, with
its specific parameters summarized in the caption of Fig. 5.
To match the short plasma wavelength while maintaining a
total charge of ~100 pC, a compact bunch is adopted,
which naturally evaluates to a peak density of 150 n,. This
setup allows for a controlled comparison of positron beam
response under different wake evolution regimes.

Figure 5 compares the evolution of the projected
emittance of the positron beams in the transverse direc-
tions for the three cases. In the quasisteady regime (blue
solid curves), the projected emittance exhibits a rapid
initial increase by about 12% followed by clear saturation
over the remaining propagation distance. This behavior
indicates that after an initial transient, the positron beam
experiences a time-independent focusing environment,
consistent with the formation of a long-lived, quasisteady
wake and is observed previously [34]. In practical exper-
imental implementations, a working gas with a high
ionization potential, such as helium, can be employed to
prevent the potential beam-induced field ionization
of residual neutral gas within the channel core. Self-
consistent 3D PIC simulations incorporating field
ionization [37], as detailed in Appendix B, confirm that
no beam-induced helium ionization occurs under our
parameters, resulting in no impact on wake structure.

In the quadrupole polarity reversal regime (orange
dashed curves), the projected emittance also saturates
at early times, but undergoes a second distinct growth
phase that is temporally correlated with the reversal of
the quadrupole wake polarity (z ~ 20, 000 k;l). This addi-
tional emittance growth reflects the response of the
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FIG. 5. Evolution of projected emittance of the positron

beams (a) in x direction and (b) in y direction. The initial
hollow plasma channel (ry, = 1.0 k', roy = 4.5 k'), positron
beam (0,0 = 0.05 k;', 6,00 = 0.15 k', npegieer = 150 ng,
Ey=1GeV,¢,,~ =1.0k,'), and electron driver size and
density (0,0 = 0.4 k', 6,0=02k,", Ly =15k,", npesa =
12 ny) are fixed in all cases. Only the initial driver emittances
(€x0. €y0) differ: quasisteady (0.4,0.2)k,", quadrupole-polarity-
reversal (0.2,0.2)k,", and wall-penetration (1.2,0.2)k,".

positron beam to the reorientation of the transverse
focusing axes, which induces renewed phase mixing.
After the reversal, the emittance again approaches satu-
ration once the wake relaxes into a new quasisteady
configuration. The final emittance increase is approxi-
mately a factor of two larger than in the quasisteady case.

In contrast, in wall-penetration regime (green dotted
curves), the wake fails to evolve into a stationary state,
leading to a significant and continuous growth of the
positron emittance over long distances. Initially, as the
wakefield deviates only slightly from the quasisteady
structure, the positron beam maintains a relatively stable
focusing environment by attracting plasma electrons
toward the axis [34], resulting in a temporary saturation
of the emittance. However, as the driver continues its

outward movement, the distribution of plasma electrons
entering the channel undergoes drastic changes. The
original focusing structure experienced by positrons even-
tually collapses, causing the projected emittance to grow
significantly without any indication of saturation.

These results demonstrate that the evolution regime of
the asymmetric-driver-driven wake directly determines
whether a stable environment for high-quality positron
acceleration can be established. Detailed optimization of
beam loading and positron beam matching is beyond the
scope of this work and will be addressed in a separate
publication.

IV. DISCUSSION AND CONCLUSION

In this work, we investigated the evolution regimes of
wakefield driven by a transversely asymmetric electron
beam in a hollow plasma channel using fully 3D PIC
simulations. Two distinct mechanisms that prevent the
formation of a stable wake are identified. When the initial
emittance of the driver is incompatible with the imposed
beam asymmetry, the free drift of the beam head progres-
sively erases the initial transverse asymmetry, leading to a
reversal of the quadrupole wake polarity. Conversely, when
the driver possesses a large transverse kinetic energy, driver
particles can overcome the effective confining potential near
the channel boundary, resulting in continuous penetration
into the plasma wall and the absence of a steady wake.
Although these two scenarios arise from different physical
processes, both disrupt the self-consistent electron dynam-
ics required to sustain a usable accelerating structure. Based
on these observations, practical parameter regimes of
quasisteady wakes are proposed, which links the driver
emittance, transverse size, and channel geometry. While not
representing a sharp boundary in parameter space, these
regimes provide a practical guideline for selecting driver
parameters that favor long-term wake stability and is readily
applicable in numerical and experimental designs. A sys-
tematic mapping of the stability boundary in parameter
space is left for future work.

We further examine positron beam transport in different
wake evolution regimes. Even without positron beam
optimization, clear qualitative differences are observed.
In the quasisteady regime, the positron beam experiences
a stable focusing and accelerating environment, leading to
bounded emittance growth. In contrast, unstable wake
evolution introduces time-dependent transverse fields that
introduce extra emittance growth. These results demon-
strate that wake stability is a necessary prerequisite for
high-quality positron acceleration.

The present study therefore lays the groundwork for
subsequent investigations focused on positron beam opti-
mization, which can be meaningfully pursued once wake
stability is ensured. The optimization of positron beam
quality in this scheme, including beam loading and
emittance matching, remains a topic for future study.
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APPENDIX A: ROBUSTNESS OF DRIVER
EVOLUTION AGAINST NONIDEAL CHANNEL
BOUNDARIES AND BEAM PROFILES

In practical experiment, hollow plasma channels are
typically generated via optical field ionization of a neutral
gas using structured laser pulses, such as high-order Bessel
beams. This process naturally results in a smoothed
boundary profile.

To evaluate the influence of this nonstep-like boundary,
we performed simulations using a super-Gaussian channel
wall profile, defined as

n(r) = ngexp [— %} , (Al)
with ry = 2.75 k', 6o = 1.68 k', and n = 8 to match the
inner and outer boundary dimensions used in the main
text (Fig. 6). Figure 7 shows a comparison of the
driver evolution at z = 28, 000 k;l in the step-like channel
[Figs. 7(a)-(c)] and in the super-Gaussian channel
[Figs. 7(d)—(f)]. Across all three evolution regimes dis-
cussed in the main text (the quadrupole-polarity-reversal
regime (left column), the quasisteady regime (middle
column), and the wall-penetration regime (right column)),
the transverse evolution of the asymmetric driver beam,
and the self-consistent wakefield structures exhibit
remarkable consistency with the idealized step-profile
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FIG. 6. Comparison of the step-like and super-Gaussian
plasma channel profiles.

scenario. This confirms that the step-function approxima-
tion effectively captures the core beam-plasma dynamics.

Furthermore, while a flat-top longitudinal current pro-
file is adopted in the main text, the regime classification is
unaffected by the current profile, as the current profile
does not alter the transverse quadrupole structure. To
verify this, additional simulations have been conducted
with a more realistic Gaussian longitudinal current profile.
A tri-Gaussian driver beam centered at £ = 0.85 k;l with
6, =04k, 6,=02k,", and 6, = 0.6 k,' and a peak
density of 12.3 ng is utilized to maintain the same total

0
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FIG. 7. Comparison of the driver evolution with different
longitudinal profiles in step-like and super-Gaussian channels
at z = 28,000 k]jl. (a)—(c) Flat-top longitudinal profile in a step-
like channel for quadrupole-polarity-reversal, quasisteady, and
wall-penetration regimes. (d)—(f) Flat-top longitudinal profile in
a super-Gaussian channel for the same regimes. (g)—(i) Gaussian
longitudinal profile in a super-Gaussian channel for the same
regimes.
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FIG. 8. Comparison of the total electron density of the wake
with and without residual gas ionization. Upper row: without
helium; lower row: with helium.

charge as the flat-top beam used in the main text.
Moreover, a super-Gaussian channel profile identical to
that in Figs. 7(d)—(f) is applied. As shown in Figs. 7(g)—(1),
the driver beam systematically enters the three distinct
evolution regimes.

APPENDIX B: EFFECTS OF RESIDUAL GAS
INSIDE THE CHANNEL

In experiments, hollow channels are created by ionizing
an annular region of neutral gas with high-order Bessel
laser pulses. As a result, the hollow channel consists of an
annular ionized region surrounding a core of neutral gas.
The intense electromagnetic fields of the driver and
positron beams can potentially ionize this residual gas.
However, this potential ionization can be avoided by
selecting a working gas with a sufficiently high ionization
potential.

For instance, employing helium prevents beam-induced
ionization under the proposed beam parameters in the main
text. To verify this, we performed 3D PIC simulations
incorporating the ADK field-ionization model. The exact
beam and plasma parameters from the quasisteady sce-
nario in Fig. 5 are utilized, with the addition of a uniform
background of residual neutral gas (helium with a density
of 0.5 ny) distributed throughout the channel core.
Figure 8 compares the total electron density of the wake
with and without the residual gas ionization. The results
clearly demonstrate that no beam-induced ionization
occurs for the given beam parameters, and the wake
maintains its structure.
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