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Plasma acceleration has emerged as a promising technology for future particle accelerators, particularly
linear colliders. Significant progress has been made in recent decades toward high-efficiency and high-
quality acceleration of electrons in plasmas. However, this progress does not generalize to the acceleration
of positrons, as plasmas are inherently charge asymmetric. Here, we present a comprehensive review of
historical and current efforts to accelerate positrons using plasma wakefields. Proposed schemes that aim to
increase energy efficiency and beam quality are summarized and quantitatively compared. A dimensionless
metric that scales with the luminosity-per-beam power is introduced, indicating that positron-acceleration
schemes are currently below the ultimate requirement for colliders. The primary issue is electron motion;
the high mobility of plasma electrons compared to plasma ions, which leads to nonuniform accelerating and
focusing fields that degrade the beam quality of the positron bunch, particularly for high efficiency
acceleration. Finally, we discuss possible mitigation strategies and directions for future research.

DOI: 10.1103/PhysRevAccelBeams.27.034801

I. INTRODUCTION

The high-energy-physics community is currently priori-
tizing the development of an electron-positron Higgs
factory, as emphasized in recent reports from both the
U.S. Snowmass process [1] and the European Strategy
for Particle Physics Update [2,3]. Linear electron-
positron colliders provide clean collisions of elementary
particles, suppress synchrotron radiation, and enable future
upgrades to higher energies. However, if built using con-
ventional technology—radio-frequency (rf) acceleration—
these machines are typically very long and consequently
very expensive. For this reason, advanced-accelerator
technologies are being considered as a way to reduce
the resources required to build such a collider.

Advanced accelerators aim to reduce the footprint by
significantly increasing the accelerating gradient. Currently,
two rf-based, mature linear collider designs have been
proposed: the International Linear Collider (ILC) [4-9]
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and the Compact Linear Collider (CLIC) [10-13]. The
ILC acceleration gradient is 35 MV /m, with a total length
of 20 km including two 6 km accelerator arms. This design
allows collisions at /s = 250 GeV, adequate for a Higgs
factory. A 1-TeV collider using this technology would extend
to at least 40 km. CLIC aims to operate at an acceleration
gradient of 100 MV/m with a center-of-mass energy at
/s =380 GeV. This collider would have a total length of
11 km, with a potential upgrade to /s =3 TeV and a
total length of 50 km. These designs are both pushing the
limit of available resources. Beyond ILC and CLIC, other
designs have been proposed, including the Cool Copper
Collider (C?) [14], which could reach up to 120 MeV/m.
Ultimately, the maximum achievable gradient in all the above
machines is limited by the electrical breakdown in the
metallic rf cavity [15]. Advanced accelerators, however,
can surpass this limit by using structures that are more
resistant to breakdown.

Advanced-accelerator concepts include structure-based
wakefield accelerators [16,17] as well as plasma-based
accelerators. The latter makes use of the “broken-down”
nature of plasmas to overcome the gradient limit in rf
accelerators. As a result, plasmas can sustain electric fields
of order

Ey[V/m] ~ 964/n,[cm™], (1)
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Particle-in-cell simulations of the plasma-density wave and on-axis longitudinal field E, excited by an electron or positron

driver. (a) An electron driver excites a nonlinear plasma wake, or blowout, with strongly accelerating and focusing fields. (b) A trailing
electron bunch is accelerated, extracting some of the energy in the wakefield; a process known as beam loading. (c) A positron drive
bunch can also excite a nonlinear wake. Here, only the front half of a Gaussian is used, such that no positrons experience acceleration.
(d) Using a full Gaussian bunch, the front half drives the wakefield and the rear half loads the wakefield and is accelerated. Adapted from

Refs. [30] and [31].

which for typical plasma densities n, =~ 10'4-10'% cm=3
range from 1 to 100 GV/m [18,19]. This field is up to a
1000 times higher than in conventional accelerators.

Early ideas of accelerating particles in plasma were
proposed in 1956 [20,21]. However, the research field, in
its modern form, started independently in 1979 with a
seminal paper by Tajima and Dawson [22] demonstrating
that electrons could be accelerated in the plasma-density
wave excited (or driven) by an intense laser pulse. Five
years later, Chen and Dawson [23] and Ruth er al. [24]
proposed to drive these waves using relativistic charged
particle beams. The electromagnetic fields in the plasma-
density wave (or wake) behind the laser or beam driver are
known as plasma wakefields.

Initial concepts considered small perturbations of the
plasma density, now known as the linear regime [25].
Later, Rosenzweig et al. [26] realized that operating with
stronger perturbations, in the so-called nonlinear or blowout
regime, provided more favorable conditions for accelerating
electrons with high efficiency and high beam quality. In this
regime, plasma electrons are expelled radially outward by an
intense driver, creating a bubble-shaped sheath of plasma
electrons surrounding a cavity containing only plasma ions
[see Fig. 1(a)]. These ions, which are uniformly distributed
and effectively immobile on the timescale of electron
motion, attract the plasma electrons back toward the axis.

The inward motion of the sheath electrons creates a
longitudinal electric field that can accelerate electrons.
Additionally, the exposed ion charge produces a transverse
electric field that varies linearly with the transverse offset,
thereby focusing electron bunches while preserving their
area in transverse phase space (known as emittance [27]).
Acceleration extracts energy from the wakefield, which
will therefore reduce in amplitude—a process known as
beam loading [28]. This process can be used to shape the
accelerating field [see Fig. 1(b)] such that all particles are
accelerated uniformly [29], allowing energy-efficient accel-
eration with low energy spread.

Experimental research into acceleration in plasma wake-
fields has progressed significantly over the past four
decades. The first acceleration of electrons in a plasma
was demonstrated at the Argonne National Laboratory
in 1988 [32]. Later experiments demonstrated electron
injection and acceleration in nonlinear plasma wake-
fields [33,34]. Major milestones in beam-driven plasma-
wakefield acceleration (PWFA) include energy doubling
of 42 GeV electrons [35]; energy-efficient acceleration
of an externally injected bunch [30]; and high-gradient,
high-efficiency acceleration of electrons while preserving a
low energy spread [36]. Similarly, in laser-driven plasma-
wakefield acceleration (LWFA), milestones include the
generation of high-quality beams [37-39]; 8 GeV energy
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gain [40]; and the demonstration of LWFA-based free-
electron lasers [41,42]. Several challenges still remain,
such as reaching high-overall energy efficiency [43], use of
multiple stages [44,45], ion motion [46,47], hosing and
beam breakup (BBU) instabilities [48-52], spin polariza-
tion [53] and high repetition rate [54,55]. Briefly stated,
ongoing experimental and theoretical research is rapidly
maturing the technology, indicating that plasma acceler-
ation of electrons may soon be compatible with a high-
energy physics application.

Nevertheless, plasma-based acceleration of electrons is
not sufficient for a fully plasma-based electron-positron
collider; acceleration of positrons is also required. Unfor-
tunately, unlike in rf accelerators, the above-mentioned
progress of electron acceleration in plasmas does not
readily extend to positrons. Presently, the beam quality
and energy efficiency achievable in plasma-based positron
accelerator schemes, both in experiments and simulations,
are insufficient to reach the requirements of a collider.

Plasma is a unique accelerating medium in that it responds
asymmetrically to particles of positive and negative charge.
This is because plasmas are composed of lower-mass (more
mobile) electrons and higher-mass (less mobile) ions—an
aspect that is exploited in the blowout regime for electron
acceleration. For positrons, however, the situation is not as
fortunate. In nonlinear plasma wakefields driven by electrons
(i.e., a blowout), the only region that both accelerates and
focuses positrons is where the plasma electrons cross the axis
[at& = —200 pmin Fig. 1(a)]; aspatially very small region in
which the plasma-electron density is highly nonuniform.
This means that the accelerating and focusing fields are
nonuniform and nonlinear, respectively, which induces large
energy spread and emittance growth. All the favorable
features of the blowout regime are therefore lost—previously
referred to as the positron problem.

Considering instead nonlinear plasma wakefields driven
by positrons, the situation is no better. In this “suck-in”
regime, plasma electrons are sucked into the positron
bunch, after which electrons cross the axis and create a
blowout-like structure [see Fig. 1(c)]. The resulting wake-
field can be used to accelerate positrons and, if beam
loaded, can also keep plasma electrons on axis such that a
positron bunch can be focused [see Fig. 1(d)]. However,
while this scheme can be energy efficient [31], the accel-
erating and focusing fields still vary transversely in a way
that does not preserve low energy spread and low emit-
tance. In short, neither the blowout nor the suck-in regime
is ideal for positrons. The big question is can we find a
suitable regime that can accelerate positrons with high
gradient, high efficiency, and high beam quality?

In this review, we start by specifying the requirements
of a collider in Sec. II. A history of experimental and
theoretical progress on positron acceleration in plasma
follows in Sec. III. Several new schemes have recently been
proposed to overcome the remaining challenges. These
schemes are summarized in Sec. IV. To compare the

performance of the schemes, a new dimensionless parameter
proportional to the luminosity-per-power—characterizing
both the positron bunch and the acceleration process—is
employed. The resulting comparison is presented in Sec. V,
which revealed a problem related to electron motion that
currently limits the performance of plasma-accelerated
positrons—a topic discussed in depth in Sec. VI. Finally,
concluding remarks and an outlook are presented in Sec. VII.

II. CRITICAL REQUIREMENTS
FOR LINEAR COLLIDERS

The goal of plasma-based positron acceleration is to, in
an affordable manner, deliver high-energy positrons for an
electron-positron collider. Physics determines the required
center-of-mass energy, typically in the range of 0.25-
15 TeV, as well as the required collision rate, or luminosity,
which is typically around 10** cm=2s~!. This luminosity
can be calculated as

2
L~ SN

~ b
4ro,o,

(2)

where f is the collision frequency, N is the electron or
positron bunch population (here assumed identical),
and o,/, is the root-mean-square (rms) beam size of
the colliding bunches in the horizontal/vertical plane.
Alternatively, it can be useful to express the luminosity as

1 P wall 77N

L~ .
87Zme6‘2 \% ﬂxenx V ﬂyeny

where P,y is the wall-plug power required, # is the wall-
plug-to-beam energy-transfer efficiency, €, /,, is the nor-
malized (i.e., energy-independent) emittance, and S, ), is
the beta function [56], while m, and c¢ are the electron mass
and speed of light in vacuum, respectively. Considering
that the construction cost scales with the length of the linear
collider, minimizing the construction cost requires a high
accelerating gradient; similarly, since the running cost
scales with the wall-plug power, minimizing the running
cost while maintaining luminosity [Eq. (3)] requires high
charge and low emittance (i.e., high beam quality) as well
as high energy efficiency.

(3)

A. Accelerating gradient

The highest achievable gradient in an rf cavity is around
200 MV/m [57]. To justify switching accelerator technol-
ogy, a minimum accelerating field of 1 GV /m is typically
required for plasma accelerators. Equation (1) indicates,
therefore, that a plasma density of at least 10'* cm™ will
be required. Likely, even higher in-plasma accelerating
gradients (>10 GV/m) and therefore higher densities
will be required (>10'® cm™), because the effective
gradient averaged longitudinally across multiple stages
can be significantly reduced due to lengthy staging
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optics [44,45]. This minimum plasma density places
restrictions on the length of the accelerating bunch o,:
to be contained within the accelerating phase of the
plasma wave, the bunch length must be less than approx-

imately one plasma skin depth, o, S k,', where k, =

Vn.e?/egm,c? is the plasma wave number, ¢, is the
vacuum permittivity, and m, and e are the electron mass
and charge, respectively. This means that bunches must
typically be shorter than 50 pmrms (assuming a plasma
density of 10'® cm~). The same argument applies to the
drive bunch.

B. Energy efficiency

The combination of high particle energy, high charge,
and high collision frequency translates to high beam power.
The wall-plug power needed to generate this beam power is
defined by the energy-transfer efficiency. It is instructive to
split this overall efficiency into three subefficiencies:

1 = Hprod X Mdepl X Mextrs (4)

where 77,4 s the driver-production efficiency or the
fraction of the wall-plug power that ends up in the drive
beam; 774.; is the energy-depletion efficiency or the fraction
of the drive-beam energy transferred to the plasma wake;
and 7., 1s the extraction efficiency or the fraction of
the wakefield energy extracted by the accelerating beam.
The overall efficiency 7 of conventional colliders is around
5%—10% [4,10].

The maximum achievable production efficiency depends
on the type of driver; it is typically larger for electron
drivers (as high as 50% [10]) compared to that for posi-
trons, protons, and laser pulses [58]. For electron-driven
plasma accelerators, experiments have demonstrated a
depletion efficiency of above 50% [43], and simulations
indicate that this can be extended beyond 90% [59,60].
Such high depletion efficiencies require stable propaga-
tion of the driver, avoiding effects such as the hose
instability [48,61] and head erosion (i.e., the divergence
of the head of the driver [62,63]). For laser drivers,
the depletion efficiency scaling is somewhat more
complex [64], as laser pulses can evolve significantly if
approaching energy depletion [65].

The extraction efficiency can be calculated using the
ratio of the energy gained by the trailing bunch to the
energy lost by the driver,

7 _ QtrailingA<Elrailing> (5)
e eriverA<Edriver> ’

where Q is the charge and A(FE) is the change in centroid
energy of the respective bunches. To compete with conven-
tional machines, and assume 50% production and depletion
efficiencies, a 20%—40% extraction efficiency is required.

C. Beam quality

Beam quality directly affects the luminosity through two
parameters: bunch charge and normalized emittance.
Ultimately, there is no fixed requirement for charge and
emittance—it is possible to have higher emittance as long
as there is more charge [according to Eq. (3)] and vice
versa. However, conventional colliders typically use
charges of order 1 nC and normalized emittances of order
10 by 0.01 mm m rad in the horizontal and vertical planes,
respectively. These emittances are asymmetric, resulting
in “flat” beams at the collision point, to suppress disrup-
tive beam-beam effects or beamstrahlung [66,67]. Such
requirements place tight constraints on the preservation of
charge and emittance throughout the accelerator, which can
be particularly challenging in plasma accelerators [68].

It addition, the luminosity is indirectly affected by
another beam quality: the energy spread. A small energy
spread is desired to maintain a well-defined collision
energy (i.e., a narrow [uminosity spectrum). A tighter
restriction, however, comes from collider final-focusing
systems, which can only provide sufficiently small beta
functions (B, <1 mm) if the energy spread is small [69];
typically less than 1% rms. This problem, known as
chromaticity, also applies to transport between stages,
where large energy spreads can lead to emittance growth
[70]. Note that these requirements apply to the uncorre-
lated energy spread (i.e., within a longitudinal bunch slice);
a correlated energy spread, or chirp, can potentially be
removed by dechirping prior to final focusing [71-73].

The last important beam quality is spin polarization [74],
which is required to study spin-dependent electroweak
processes [75]. Spin polarization can also be challenging to
preserve in a plasma accelerator [53].

D. Stability

Two types of stability are required in a linear accelerator:
avoidance of exponentially growing instabilities that arise
from positive feedback loops (resonances), such as the
beam-breakup instability [49,76,77]; and operation within
the error tolerance of all input parameters, which includes
alignment and temporal synchronization. Instability man-
ifests in the form of loss of beam quality, such as increased
normalized emittance and eventually loss of charge. It can
also affect luminosity beyond a direct effect on beam
quality: for instance, a significant transverse jitter at the
interaction point may prevent collisions even if emittance
and charge are preserved. Ultimately, the accelerator must
maintain sufficient stability to ensure the effect on the
luminosity is small.

In summary, the above comprise a challenging list of
“top-down” requirements for any linear accelerator. The
following section describes two decades of “bottom-up”
plasma-wakefield research toward delivering these require-
ments for positrons.
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FIG. 2. First PIC simulation comparing the energy change of
electrons (a) and positrons (b) in a plasma wakefield, indicating
an asymmetric response. From Ref. [78].
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FIG. 3. Schematic of the positron source at SLAC. Positron
bunches are produced by sending electrons through a high-Z
target, subsequently transported through a return line to a
damping ring. After damping, the positrons are accelerated
and compressed by two bunch compressors before delivery to
the experimental area, where plasma acceleration occurs.
From Ref. [31].

III. A HISTORY OF ACCELERATING POSITRONS
IN PLASMA WAKEFIELDS

Plasma-based positron-acceleration research started in
the early 2000s. The first numerical study, performed by
Lee et al. [78], compared electron-driven and positron-
driven nonlinear plasma wakes. The results showed that in
a homogeneous plasma, a positron bunch drives compa-
ratively lower-amplitude wakefields than those driven by an
identical electron bunch (see Fig. 2). However, they also
found that in a hollow plasma channel [79], where no
plasma exists on axis, the wakefield amplitudes can be

more comparable between electrons and positrons. This
section presents theoretical and experimental work focused
on these two plasma profiles: homogeneous plasmas in
Sec. IIT A and hollow plasma channels in Sec. III B.

Only limited experimental research has been directed
toward positron acceleration in plasma wakefields. This is
due to a general lack of experimental facilities that can
provide positron bunches with high charge and high energy.
So far, all experiments have been performed at the SLAC
National Accelerator Laboratory, which produced intense
positron bunches for the Stanford Linear Collider (SLC) in
the 1990s [80], as illustrated in Fig. 3. Selected exper-
imental milestones are highlighted in Table 1.

A. Positron acceleration in homogeneous plasmas

In the 1990s, one of the greatest challenges for linear
colliders was focusing beams to the submicron level in
order to reach high luminosity. This prompted the launch of
the Final Focus Test Beam (FFTB) facility [90,91] at
SLAC, which delivered short electron and positron bunches
at energies up to 47 GeV. Several advanced focusing and
acceleration techniques were also tested, initially including
plasma lensing of electrons and positrons (the E-150
experiment [92,93]) and plasma-wakefield acceleration
of electrons (the E-157 experiment [94,95]). Later experi-
ments continued the E-157 experiment by also investigat-
ing plasma-wakefield acceleration of positrons (the E-162
experiment [96]).

Motivated by the promise of ultracompact final focusing
for linear colliders [97], the E-150 plasma-lens experiment
demonstrated the focusing of electrons and then of posi-
trons in 2000. In the experiment, reported by Ng et al. [81],
a 28.5 GeV positron beam traversed a 3-mm thick nitrogen
gas jet ionized by the positron beam itself but assisted by
an Nd:YAG laser pulse. The plasma densities were not
measured at the time but using a simulated value of 5 x
107 ¢m™ yielded good agreement with experimental data.
The beam density was around 2 x 10'® cm=3, implying that
the experiment was operated in the linear (or overdense)
plasma-lens regime, in which plasma electrons neutralize

TABLE I. Experimental milestones in plasma-based positron acceleration research. The year refers to year of publication.
Year Description Reference
2001 First plasma focusing of positrons Ng et al. [81]
2003 First guiding of positrons in a near-hollow plasma channel Marsh et al. [82]
2003 First broadband deceleration and acceleration of positrons Blue et al. [83]
2003 First meter-scale transport of positron bunches Hogan et al. [84]
2008 First observation of positron halo formation and emittance growth Muggli et al. [85]
2015 First multi-GeV energy gain for positrons Corde et al. [31]
2016 First demonstration of a hollow-plasma-channel accelerator Gessner et al. [86]
2017 First acceleration of a distinct positron bunch Doche et al. [87]
2018 First measurement of positron-driven transverse wakefields in a hollow channel Lindstrgm et al. [88]
2023 First efficient energy transfer between positron bunches in a hollow plasma channel Gessner et al. [89]
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FIG. 4. Plasma lensing of a positron bunch at FFTB. The beam
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measured using a wire scanner, showing a focused beam waist
only 20 and 10 mm downstream, respectively. The measured
beam envelopes match 2D PIC simulations (solid and dashed
lines). The beam’s cross-sectional area was reduced by a factor of
2.0 £ 0.3 and focusing fields as high as 4 MT/m were achieved.
From Ref. [81].

the electric field of the positron bunch. The self-focusing
effect was provided by the azimuthal magnetic field of the
bunch. The main experimental results are shown in Fig. 4.
This was the first experiment demonstrating positrons
interacting with plasma wakefields.

Following successful plasma-wakefield experiments
with electrons (E-157), the E-162 experiment demonstrated
both meter-scale transport and acceleration of positron
bunches. This experiment also made use of a 28.5 GeV
beam, containing 1 — 2 x 10'° positrons compressed to a
bunch length of 700 pmrms and focused to a beam size of
40 pmrms but used a 1.4-m long lithium-vapor plasma
source ionized by an ultraviolet laser to a density of up to
1.8 x 10" cm™3. In 2003, Blue ef al. [83] demonstrated the
first acceleration of positrons in plasma, as shown in Fig. 5.
Here, a streak camera and a Cherenkov radiator were used
to measure energy loss and gain of different slices within
the positron bunch. Using a similar setup, Hogan et al. [84]
showed that the focusing strength increased from the head
to the tail of a positron bunch. The plasma density required
to optimally focus the tail was found to be approximately 7
times lower than that needed for an identical electron
bunch. This asymmetry occurs because the positron bunch
attracts plasma electrons, resulting in an on-axis density
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FIG. 5. First observation of positron acceleration in plasma.

The energy of various slices within the positron bunch was
measured using a streak camera with a 1 ps temporal resolution
(left plot). When the plasma is on (red), the bunch head loses
energy while the tail gains energy; this is compared to when
the plasma is off (blue). The peak accelerating field, averaged
over 1.4m, is 56 MeV/m. Moreover, a scan of plasma density
(right plot) shows the experimental measurements (blue) as
well as simulated predictions (red) of the change in centroid
energy, indicating higher-amplitude wakefields at higher plasma
densities. From Ref. [83].

spike with increasing electron density toward the tail of the
bunch, as compared to the uniform ion density observed for
electron bunches.

Although the on-axis electron-density spike focuses
positrons, it results in nonlinear focusing and rapid emit-
tance growth. As a result, a halo of diverged positrons will
form around the core of the bunch. In a subsequent FFTB
experiment, Muggli et al. [85] investigated this effect by
quantifying the fraction of positron charge contained in the
halo, as illustrated in Figs. 6(a)-6(d). This experiment
showed that the halo contained as much as 40% of the total
charge after 1.4m of propagation. Supporting PIC simu-
lations indicate that the normalized emittance increased by
a factor of 10-100, not only for the projected beam but also
for individual longitudinal slices [see Figs. 6(e) and 6(f)].

After the shutdown of FFTB in 2006, a new facility was
planned, reusing part of the accelerator but moving and
upgrading the experimental area. The Facility for Advanced
aCcelerator Experimental Tests (FACET) [98,99] started
operation in 2012.

In the intervening years, numerical studies investigated
the transition between linear and nonlinear wakefields for
positrons, as well as issues related to efficiency and beam
quality. Lu et al. [100] found that the linear wakefield
theory breaks down at lower beam densities for positrons
compared to electrons. Another study by Zhou et al. [101]
found that an electron bunch drives a stronger wakefield
than an equivalent positron bunch, in agreement with Lee
et al. [78]. By investigating the dynamics of the plasma
electrons, Zhou et al. observed that when electrons flow
into the positron bunch, the excess negative charge acts
just like a (weaker) electron bunch with a positively
charged head. In 2007, Lotov [102] demonstrated that high-
efficiency (up to 60%) positron acceleration is possible in
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FIG. 6. Halo formation and emittance growth for positrons in a
plasma. Transverse profiles were measured without plasma (a),(c)
and with plasma (b),(d). The fits to the profiles show that after
propagation through a plasma, the fraction of charge contained in
the surrounding halo (dashed blue lines) was significantly larger
compared to the core (dashed purple lines). A matching PIC
simulation shows a large emittance growth in the horizontal (e)
and vertical plane (f), both for the full projected beam (dashed
black line) and for various longitudinal slices (colored lines;
numbered from head to tail). Adapted from Ref. [85].

an electron-driven plasma wakefield with optimized posi-
tron beam loading, though with energy spreads up to
several percent. It was noted that the attainable efficiency
is higher for weakly nonlinear wakes than for strongly
nonlinear wakes. Complementary to this finding was a
study by An et al. [103], which demonstrated similarly high
efficiencies and that the weakly nonlinear regime offers
higher efficiency than the linear regime in exchange for a
higher energy spread. Other studies showed that the
positron emittance growth increases for higher plasma
densities [104] and that the energy spread of a longitudinal
slice can increase to the 10% level after only 50 cm of
propagation in a plasma [105].

In 2015, Corde et al. [31] reached a major milestone at
the FACET facility: experimental demonstration of high-
gain (5.75 GeV), high-gradient (3.8 GV/m), and high-
efficiency (30%) acceleration of positrons in a plasma.
Here, the incoming positron bunch had an energy of
20.35 GeV, a charge of ~2.2 nC, and a bunch length of
30-50 pm. Approximately, 100200 pC of charge was
accelerated in a 1.3m-long lithium plasma at a density of
8 x 10! cm™3—a significantly higher density than in
previous experiments, enabled by the use of shorter
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FIG. 7. First multi-GeV acceleration of positrons in a plasma
wakefield at FACET. (a) An imaging spectrometer focused at
22.85 GeV shows accelerated positrons with a defined peak in the
energy spectrum (black line) at 24.75 GeV and an energy spread
of 1.8% rms based on a Gaussian fit (red dashed line). (b) The
highest energy gain of the peak was approximately 5.75 GeV;
here the imaging energy was 25.35 GeV. (c) To measure the
energy-transfer efficiency, the continuous energy spectrum of the
decelerated particles was also measured. From Ref. [31].

bunches. The results are illustrated in Fig. 7. In this
experiment, the head of the positron bunch drove a strongly
nonlinear wakefield while the tail loaded the wakefield,
extracting a significant fraction of the energy deposited in
the wake [Fig. 1(d)]. Without the presence of the bunch tail,
the accelerating region is defocusing for positrons [see
Fig. 1(c)] as the plasma electrons flow outward behind the
bunch head, forming a blowoutlike structure. However,
some of the plasma electrons remain on axis due to the
focusing field of the positron bunch tail [see Fig. 1(d)
around & = —100 pm], a process known as transverse
beam loading, resulting in an accelerating region which
is focusing for the positrons. This scheme is referred to as
self-loaded plasma-wakefield acceleration. A final energy
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First acceleration in a plasma of a distinct positron bunch. The drive and trailing bunches were first sent individually through

plasma, shown in (a) and (b), respectively. Energy loss can be observed in both bunches with negligible energy gain, as the plasma
wavelength is much longer than the bunch length. (c) However, when both bunches propagated through the plasma, approximately
85 pC of the trailing-bunch charge was accelerated. The spectral peak at 21.5 GeV was accelerated by 1.45 GeV in 1.3m, corresponding
to an accelerating gradient of 1.12 GV/m. The drive-to-main efficiency was estimated to be 40% with a final energy spread of 1.0%.

From Ref. [87] (CC BY 4.0).

spread of 1.8% rms was achieved, which for the 22%
relative energy gain corresponds to a uniformity of the
accelerating field of around 8% rms.

Up to this point, all positron experiments had been
performed using single bunches—that is, bunches with a
Gaussianlike current profile. However, to reduce the energy
spread of the accelerated positrons, a driver—trailing bunch
pair is required. With the FACET facility’s ability to
produce such bunch pairs, as used in PWFA experiments
for electrons [30], a follow-up experiment was performed
by Doche et al. [87]. In this experiment, a chirped (i.e, time-
energy correlated) positron bunch with a mean energy of
20.35 GeV traversed a “W-shaped” magnetic chicane,
within which the beam was energetically dispersed (i.e.,
there was a transverse-energy correlation). In the chicane, a
notch collimator blocked the central part of the energy
spectrum before the bunch was again undispersed, resulting
in a double-bunch structure with a leading drive bunch
(20.55 GeV) and a trailing bunch (20.05 GeV). The charges
of the driver and trailing bunches were approximately
480 and 260 pC, respectively, with corresponding bunch
lengths of 30 pm and 40 pm. The 1.3m-long lithium
plasma was ionized to a density of 1 x 10'® cm™3. Using
this setup, the experiment demonstrated the first acceler-
ation of a distinct positron bunch in a plasma wakefield
driven by another positron bunch (see Fig. 8). Here, an
energy-transfer efficiency of about 40% and a final energy
spread of 1.0% rms were achieved; given the relative
energy gain of 7%, this energy spread corresponds to a
field uniformity of approximately 14%.

In the above experiment [87], the beam emittance was
varied by inserting titanium foils of different thicknesses,
as a way to investigate the transition between the nonlinear
and quasilinear regimes. This was motivated by the quality-
preserving features of the quasilinear regime, which

could mitigate the emittance growth seen in strongly
nonlinear wakefields. Measurements showed that higher
emittances resulted in smaller energy gain; a sign of lower-
amplitude plasma wakefields. Simulations using the exper-
imental parameters indicate that the low-emittance beam
(100 x 10 mmmrad) drove a nonlinear plasma wakefield
while the high-emittance beam (270 x 60 mm mrad) drove
a quasilinear plasma wakefield. Additionally, a negative
correlation was seen between the trailing-bunch charge and
the amplitude of the wakefield, as well as between the
charge and the energy spread—observations consistent
with beam loading.

Finally, in a separate numerical study, Fujii et al. [106]
examined the often-neglected, but important issue of
positron-beam extraction at the end of acceleration; they
found that a plasma-density down ramp can be detrimental
and lead to increased divergence, in contrast to electrons,
for which ramps lead to reduced divergence [107-113]. An
alternative method was therefore proposed: gradual reduc-
tion in wake amplitude via head erosion, as this keeps the
positrons in phase with the focusing field.

Summarizing the progress of positron acceleration in
homogeneous plasmas, experiments have demonstrated
acceleration with high gradient, high energy-transfer effi-
ciency, and reasonably low energy spread. However,
acceleration of positron bunches with both low emittance
and low energy spread remains a major challenge.

B. Positron acceleration in hollow plasma channels

The alternative approach is to use a hollow plasma
channel, which can be described as a tubular plasma
surrounding an unionized (hollow) core. This concept
was originally proposed by Tajima in 1983 [79], known
at the time as the plasma-fiber accelerator. The motivation
was to increase the acceleration length, in two ways by
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FIG. 9. Experimental concept for creating a hollow plasma
channel. A laser is used to ionize a gas (red line) by combining
the use of an axicon, to create a longitudinally uniform plasma
filament, and a kinoform, to create a higher-order Bessel profile
in the transverse plane. From Ref. [124] (CC BY 3.0).

avoiding the reduced velocity of light in a plasma, thereby
suppressing phase slippage between the accelerating
electrons and the laser pulse (known as dephasing) and
to provide optical guiding of lasers, thereby suppressing the
divergence of the wavefront of the laser (known as
diffraction). While initially based on overdense plasmas
(0 < @, where @ and w, are the laser and plasma
frequencies, respectively), the concept was later extended
to using underdense plasmas (w > w,), which provide
favorable laser-guiding characteristics [114-116].

Later work by Chiou and Katsouleas [117] highlighted
that hollow plasma channels provide several advantages:
transversely uniform accelerating fields, which enable low
energy spread; zero focusing fields within the channel,
which enable the preservation of emittance; as well as high
energy efficiency through beam loading. However, around
the same time, Schroeder er al. [118] calculated that
bunches traveling off-axis in the channel would excite a
transverse wakefield that acts to deflect the bunch and
could therefore lead to a beam-breakup instability.

The first proposal to use hollow plasma channels for
positron acceleration came from Lee et al. in 2001 [78],
motivated by the higher-amplitude wakefields achiev-
able compared to those in a homogeneous plasma.
This led to hollow channels being proposed for the
positron arm of plasma-based electron-positron col-
liders, including the plasma afterburner concept pro-
posed in 2002 [119,120].

Motivated by these collider concepts, a first attempt at
realizing the hollow channel was performed as part of the
E-162 [96] positron experiment at FFTB. In 2003, Marsh
et al. [82] reported the propagation of positron bunches
through a meter-scale near-hollow plasma channel, com-
paring it to propagation through a homogeneous plasma. In
this experiment, the channel was produced by blocking the
central portion of the UV laser that ionized the plasma
200 ns before the arrival of the positron bunch—an
approach that produced an on-axis density depression
rather than a truly hollow channel. To properly exploit
the advantages of a hollow channel, a complete absence of
plasma in the channel would be required.

Several ideas were proposed regarding how to realize the
hollow channel experimentally. Kirby er al. [121] proposed
inserting a circular obstruction into a gas jet. However,
another approach by Fan et al. [122] was found to be more
promising: ionizing the gas using a tubular laser pulse
created using a combination of an axicon and a spiral phase
plate (known as a kinoform [123]). This axicon-kinoform
setup, which produces a plasma that is longitudinally
uniform and a high-order Bessel function transversely, is
illustrated in Fig. 9.

In 2011, Kimura et al. [124] performed the first self-
consistent simulations of positron acceleration in hollow
plasma channels produced by a kinoform optic, finding that
1-m long plasma channels with a density of order 10'® cm™3
could be produced and would sustain accelerating fields as
high as 3 GV/m. Another conclusion was that the positron
beam could in principle ionize the gas within the channel, but
this can be avoided with a sufficiently low beam density
(e.g., larger than 20 pm rms beam size and 20 pm rms bunch
length for a 2.9 nC bunch, assuming hydrogen gas). These
simulations laid the groundwork for hollow-channel experi-
ments at FACET.

Using the kinoform method to generate a hollow
channel, in a 2014 experiment performed at FACET,
Gessner et al. [86] demonstrated the first plasma wakefields
driven by positrons in a truly hollow plasma channel.
The experimental setup and results are shown in Fig. 10.
An 8-cm long hollow channel with a radius of 250 pm and
a thickness of 50 pm was formed in lithium vapor at a
density of 8 x 10'® cm™3. This channel was ionized by a
Ti:sapphire laser with a J; Bessel profile (using a seven-
step kinoform), which arrived 3 ps prior to the arrival
of the positron bunch. The bunch had an energy of
20.35 GeV, a charge of 0.53 nC, and a length of
35 pmrms. Measurements of the beam size were used to
show that the channel center was fully devoid of ionized
gas [see Fig. 10(d)]. When the beam propagated through
the channel, changes in the energy spectrum of approx-
imately 20 MeV were observed [see Fig. 10(e)], implying
longitudinal wakefields of approximately 230 MV/m—in
agreement with PIC simulations.

Following these results, the first acceleration of a
positron bunch in a hollow plasma channel was demon-
strated in 2016 [125,126]. The experiment was performed
using FACET’s two-bunch configuration, where a separate
positron trailing bunch was accelerated in the wake of a
positron drive bunch. A drive bunch of energy 20.5 GeV
and a trailing bunch of energy 20.1 GeV, with a combined
charge of 560 pC, were sent into the hollow plasma
channel. As in the single-bunch experiments, a kinoform
was used to create the channel with a similar radius but
now 25 cm long and with a reduced plasma density of
3x 10" cm™. A linear wakefield was excited in the
channel, accelerating the trailing bunch by approximately
20 MeV, corresponding to a peak gradient of around
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FIG. 10. Experimental layout of the first demonstration of plasma wakefields in a hollow plasma channel. An ionizing laser passes
through a kinoform, resulting in an annular transverse profile (a) and is coupled to the beam axis using a holed mirror. Shortly after, a
positron bunch propagates through the channel. The transverse profile of the positron bunch is captured on a downstream yttrium-
aluminium garnet (YAG) screen. Comparing images without (b) and with (c) a plasma channel, no difference in beam size was observed,
indicating the absence of focusing fields in the channel. (d) The hollow-channel density profile was inferred by scanning the channel

offset in both transverse planes with respect to the beam axis.

When the beam interacts with the plasma of the channel wall, it

experiences a focusing force, resulting in higher divergence and a larger beam size on the YAG screen. Aligning the beam to the channel
center, its energy spectrum was measured downstream using a dipole spectrometer and a LANEX screen. A histogram of the centroid
energy loss for 315 shots is shown in (e). Adapted from Ref. [86] (CC BY 4.0).

70 MeV/m. The energy-transfer efficiency reached a
maximum of 18% when the drive-to-trailing-bunch charge
ratio was approximately 5:1, with a median transformer
ratio of 0.55 [89]. The experimental results are depicted
in Fig. 11.

While at this point, hollow-channel positron acceleration
appeared to be a working solution, one major problem
remained: the transverse instability, as noted by Schroeder
etal. [118]in 1999. Misaligned beams propagating off-axis
induce a strong transverse wakefield that quickly deflects
the beam—a problem that is aggravated by the lack of
on-axis focusing fields. The transverse wakefield W,
(per offset Ax of the driving particle) at a short distance
z behind a particle is fundamentally linked to the longi-
tudinal wakefield W, through

Z
/ W.dz,
0

also known as the short-range wake theorem [49], where
k(a, b) is a numerical coefficient dependent on the inner
and outer channel radii ¢ and b, respectively [88,126].
Equation (6) implies that the transverse wakefield increases
with larger offsets Ax, which leads to a resonance and
therefore an instability [127]. It also implies that if the
hollow-channel radius is reduced to increase the longi-
tudinal wakefield (scaling approximately as W_~ 1/a),

W,
Ax

k(a,b)
2

(6)

the transverse wakefield increases even more rapidly
(W, ~1/a’ assuming the above scaling for W.). The
resulting instability inevitably leads to catastrophic
beam loss.

The effect of a misaligned beam was measured exper-
imentally in the 2016 two-bunch experiments at FACET.
By observing the transverse deflection of the trailing bunch
when propagating in a misaligned channel, Lindstrgm
et al. [88] measured the transverse wakefield in a hollow
plasma channel. Using the same beam and plasma param-
eters as reported in Refs. [89,125,126], the deflection angle
of the trailing bunch was measured with the downstream
spectrometer screen and correlated with the channel offset
[see Fig. 12(a)]. This offset was measured by imaging the
transverse profile of the ionizing laser using downstream
cameras. The main source of the channel offset was a
30—40 pmrms transverse laser jitter (the positron beam
jittered by less than 5 pmrms). The wakefield measure-
ment was repeated at various drive-to-trailing bunch
separations (500-600 pm), peaking at a separation of
200 pm, in good agreement with both analytical models
and PIC simulations [see Fig. 12(b)]. A second, indirect
estimation of the transverse wakefield was performed by
utilizing Eq. (6) and a measurement of the longitudinal
wakefield [see Fig. 12(c)]. Ultimately, these measurements
confirmed the presence of strong transverse wakefields and
the tendency for hollow channels to be unstable.
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FIG. 11. First positron acceleration in a hollow plasma channel.
Energy gain of the trailing bunch (a) and energy loss of the drive
bunch (b) were measured for 500 shots (red bars) and compared
to spectra measured without plasma (blue bars). At a bunch
separation of 330 pm, the energy-transfer efficiency (c) and
transformer ratio (d) were calculated using the centroid energy
change of the bunches. Adapted from Refs. [86] (CC BY 3.0)
and [89] (CC BY 4.0).

In parallel, several aspects and variations of the hollow-
channel concept were studied with numerical simulations. Yi
etal. [128,129] proposed a proton-driven hollow channel for
positron (and proton) acceleration, in order to accelerate by
up to 1 TeV in a single accelerator stage, using the in-flowing
electrons to keep the bunch focused. This was later extended
to using trains of proton bunches by Li ez al. [130]. Amorim
et al. [131] proposed a scheme where an intense, tightly
focused positron drive bunch causes strong ion motion,
creating a (near-)hollow channel with wakefields that can
both accelerate and focus positrons. Moreover, Golovanov
et al. [132] extended the analytical description of hollow
channels from linear [118,126] to nonlinear wakefields.
Finally, Wu et al. proposed using hollow channels to both
dechirp [133] and linearize [134] electron/positron bunches
in longitudinal phase space.

Since the end of the FACET program in 2016, no other
plasma-based positron-acceleration experiments have been
performed. The possibility for FACET-II [135]—the next-
generation facility that started operation in 2021—to
deliver positrons is presently unclear. In LWFA, positron-
acceleration experiments have not yet been performed,
partly due to the challenges of sourcing and injecting
positron beams. That said, experiments have demonstrated
the generation of intense ultrarelativistic positron beams
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FIG. 12. First measurement of the transverse wakefields in a
hollow plasma channel. (a) The slope (red line) of the correlation
between angular deflection and the channel offset multiplied by
the drive-bunch charge (blue points) can be used to calculate the
amplitude of the transverse wakefield. (b) This measurement
(orange error bars) is compared to an analytical model (black
dotted line) and PIC simulations (gray squares). (c) The longi-
tudinal wakefield was also measured and used for an indirect
estimate of the transverse wakefield [blue area in (b)]. The bunch
separation was measured using electro-optical sampling. From
Ref. [88] (CC BY 4.0).

using high-energy electrons from LWFAs [136-139],
which may be used for future positron experiments.

In summary, plasma-based positron acceleration was
successfully demonstrated in experiments, showing high
gradients (>GV/m), high gains (>GeV), and high effi-
ciency (~40%). However, while reasonable charge was
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accelerated (100-200 pC), the energy spread per energy
gain (i.e., the field uniformity) was too high (~10%), as
was the final emittance—where measured, the emittance
growth was large or the propagation unstable. Nevertheless,
while sufficient beam quality has not yet been demon-
strated, the experiments and theoretical investigations have
inspired a wave of new schemes (Sec. IV).

IV. PROPOSED SCHEMES

The minimum objective for any plasma-based positron
accelerator is to create a region that is both accelerating and
focusing. First, to generate a longitudinal field that accel-
erates positrons, there must be a net radial current of plasma
electrons outward within each longitudinal slice of the
bunch. Second, to generate a transverse field that focuses
positrons, there must be a net negative charge density (i.e.,
surplus plasma electrons) locally within the bunch.

The proposed schemes, summarized below, all fulfill the
minimum objective. These either optimize or modify existing
schemes tested in experiments (i.e., homogeneous plasmas
and hollow plasma channels; see Sec. III); modifying the
driver, the plasma, or both. Here we discuss the principles
behind each scheme, their advantages and limitations, as well
as example parameters from PIC simulations. An important
difference between previous experiments and the proposed
schemes is that the former were all positron driven, whereas
the latter were all electron driven.

Note that only schemes with externally injected, relativ-
istic positron bunches are reviewed, which excludes several
proposed schemes for generating and injecting positron
bunches [106,140-149]. Positron sources are not discussed
in this section, but recent research shows potential for a novel
positron source that offers small emittance [150].

A. Homogeneous plasmas with Gaussian beams

In homogeneous plasmas, two regimes are considered:
(i) the quasilinear regime, where fields are strong but
several advantages of the linear regime are retained; and
(ii) the nonlinear regime, which can support even stronger
fields and higher bunch charges. While these regimes have
all been studied extensively both in theory and in experi-
ments, recent numerical work has focused on finding
optimal parameters.

1. Quasilinear regime

The linear regime characterizes plasma-density perturba-
tions on that are small compared to the ambient plasma
density ng. In this case, the first-order or the linear perturba-
tion term, én/n,, dominates over higher-order terms, which
means the plasma-electron motion can be described by the
wave equation
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FIG. 13. (a) Accelerating field and (b) transverse focusing force
in a quasilinear plasma wakefield excited by a 20.55 GeV positron
driver (labeled “D”) with emittance 270 x 60 mm mrad and beam
density n,/ny = 0.6. Here, the plasma density is n, = 10'® cm=3.
A 20.05 GeV trailing positron bunch (labeled “T”") with the same
emittance and a charge of ~130 pC reached a peak beam density of
ny,/ny = 0.15. From Ref. [87] (CC BY 4.0).

where w), is the plasma frequency and Sy is a driver

source term, either from a particle beam (Syeom = —a)f,nb /1o
where n, is the peak beam density) or a laser beam
(Siaser = 3 ¢*V?a? where a? is the normalized laser intensity)
[151]. The solution to Eq. (7) is a density perturbation that is
zero in front of the driver and sinusoidal behind it. The
resulting electric fields, as described by Keinigs et al. [25],
are also sinusoidal in the longitudinal direction but evan-
escent in the transverse (see Fig. 13). In the linear regime,
the response of the plasma electrons to positrons and
electrons is completely symmetric, with a phase difference
of 180°. This symmetry breaks when the density perturbation
approaches the ambient density (6n/ny ~ 1)—often known
as the quasilinear regime.

High efficiency can be achieved with beam loading,
which in the linear regime is simply a destructive inter-
ference between the fields of the driver and trailing bunch.
Efficient beam loading therefore requires the charge of the
trailing bunches to be approximately that of the driver. For
wide drivers (with beam size o, > k;l ), the field extends to
the size of the beam, which means that the trailing bunch
must have matching beam size to extract the wakefield
energy [152]. On the other hand, if the driver is narrow
(o, < k;l), the fields extend transversely over a character-
istic range kl‘,1 regardless of beam size—it is, therefore,
possible to beam load with potentially very narrow trailing
bunches (o, < k,'). Low correlated energy spread is
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possible in the linear regime through beam loading with a
tailored current profile [28], whereas low uncorrelated
energy spread can be achieved by using narrow bunches,
for which all particles experience only the near-uniform
fields close to the axis. For laser drivers, the transverse
extent of the wakefields is directly determined by the laser
intensity profile. This means the exact shape of the wake-
fields can be controlled using higher-order laser modes
[153], potentially enabling acceleration of higher positron
charge with both low correlated and uncorrelated energy
spread through beam loading.

Low emittance also implies narrow bunches. As an
example, assume collider-level emittances—0.5mm m rad
averaged over both transverse planes and beams with
energies of order 10 GeV in a quasilinear plasma wave at
a density of 1 x 106 cm™: the transverse beam size will be
approximately o, ~ O.Olk;,l [152]. In principle, emittance
will be preserved in the quasilinear regime, as the focusing
fields are linearly close to the axis. However, when combined
with the charge required for high-efficiency beam loading,
the beam density quickly exceeds the plasma density. This
means the trailing bunches do not operate in the quasilinear
but instead in the nonlinear regime. High beam density
results in an on-axis electron spike which can make it
challenging to preserve beam emittance. A quantitative
description of this beam-density limit is given in Sec. VL.
Additionally, it is worth noting that a quasilinear wake may
evolve due to the head erosion of the driver [154].

Positron acceleration experiments in the quasilinear
regime by Doche et al. [87] (described in Sec. Il A)
demonstrated gradients of order 1 GV /m, charge of around
100 pC, energy efficiency of around 40%, energy spread
(per gain; i.e., field uniformity) of order 10%, for emit-
tances of around 270 x 60 mm mrad. Here, the emittance
was not shown to be preserved. In simulations by Hue et al.
[152], optimized for emittance and uncorrelated energy
spread in the quasilinear regime, an emittance as low as
0.64 mm mrad and a charge of 4 pC can be accelerated with
a high gradient of 1.3 GV/m, a high efficiency of 30% and
good quality (emittance preserved and less than 1%
uncorrelated energy spread). In this study, the correlated
energy spread was not fully preserved but assumed
removed by dechirping prior to collisions.

In summary, the quasilinear regime can almost deliver
collider relevant positron beams with low emittance and
low energy spread at high gradient and efficiency, falling
short only with respect to accelerated charge—this is a few
orders of magnitude lower than required for colliders. The
charge can in principle be increased, but to maintain the
same beam density (to stay in the quasilinear regime),
the emittance must increase proportionally.

2. Nonlinear regime

The nonlinear regime is defined by density perturbations
of order the plasma density or higher. These waves are

driven by either particle beams with densities exceeding the
plasma density (n,/ny > 1) or lasers with normalized
intensity exceeding unity (a®> > 1). The induced transverse
plasma-electron motion is significant in this regime, which
results in bubble formation and a more compact region both
transversely and longitudinally, in which positrons can be
both accelerated and focused—here, the accelerating gra-
dient is higher and the focusing forces larger compared to
the linear regime.

The total volume of the favorable region for positrons
depends on the strength of the nonlinearity, which is often
quantified by the normalized driver charge [155,156]:

~ N
Q =-2— =4azar,k,N, (8)

where N is the bunch population and r, is the classical
electron radius. In the strongly nonlinear regime [26]
(Q > 1), the volume is negligible, whereas in the weakly
nonlinear regime [100] (Q ~ 1; also known as moderately
nonlinear [152,157] or quasi-nonlinear regime [158—160]),
the volume is small but non-negligible. Lotov [102] and An
et al. [103] found that O ~ 1-10 (or equivalent for lasers
[161]) provides the optimum conditions for positron
acceleration.

In the presence of a high-density positron bunch, beam
loading occurs [see Fig. 14(a)]: the energy is extracted from
the accelerating field (longitudinal beam loading), and
moreover, the length of the focusing region is extended
(transverse beam loading) because the positrons keep
the electron close to the axis—an effect often known as
self-loading [31] (also seen in Fig. 1). Ultimately, this
effect allows high-efficiency acceleration of higher-charge
bunches (similar to the drive-bunch charge). However, as
shown in Fig. 14(b), this self-loading leads to nonlinear
transverse fields and consequently higher emittances for
Gaussian bunches. Therefore, while its focusing fields are
different from those in the quasilinear regime, the nonlinear
regime shares the same trade-off: higher charge and
efficiency imply higher emittance and energy spread
because of nonlinear fields.

As an example, an optimized simulation, shown in
Fig. 14, indicates that an emittance of approximately
8 mm mrad can be preserved when accelerating 102 pC
positron bunches at an energy efficiency of 26% and an
accelerating gradient of 1.6 GV/m [162]. Here, emittance
preservation in longitudinally nonuniform focusing fields
was achieved using slice-by-slice matching. The energy
spread was then dominated by the uncorrelated energy
spread, at a level of 2.39% [see Fig. 14(f)]. Another
example used a bunch of charge 23 pC and an emittance
of approximately 1 mmm rad, resulting in an efficiency of
40% in an accelerating gradient of 4.8 GV/m [152]. In this
example, the uncorrelated energy spread was 1% rms, but
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FIG. 14. Positron acceleration in nonlinear wakefields, driven
by an electron bunch of charge 534 pC (Q = 2, ny/ny = 27),
length ¢, =40 pm, and beam size o, =5 pm. The plasma
density is 7.8 x 10" cm™. (a) Density map of the plasma,
electrons, and positrons (beam current shown as dashed gray
lines), and the on-axis longitudinal field (red line). (b) Transverse
force seen by the positrons (dashed red box). (c) Emittance
evolution of the positrons, both slice (dashed) and projected
(solid red). (d) The accelerating field, shown at several propa-
gation distances, is largely stable. (e) The energy (blue line) and
relative energy spread (red line) of the positron bunch throughout
the propagation. (f) Final longitudinal phase space of the positron
bunch, indicating a low correlated energy spread. (g) Final energy
spectra of the two bunches, indicating high driver energy
depletion. From Ref. [162].

the projected energy spread was larger (at the level
of 10% rms).

A limitation of this regime is the degree to which
the field structure can depend on the exact driver-beam
density—in particular in the transition between the weakly
and strongly nonlinear regime. This implies strict toler-
ances on driver parameters as well as the need to avoid
significant evolution of the driver during propagation,
which may have implications on the energy-depletion
efficiency of the driver [see Fig. 14(g)].

A variation on this scheme utilizes the nonlinear wake-
field for the simultaneous acceleration of electrons. This
can increase the overall efficiency—simulations indicate at
least 10% higher efficiency—by sharing the energy extrac-
tion between the trailing electron and positron bunches
[162]. Alternatively, Wang et al. [163] argue that highly
efficient electron beam loading in the strongly nonlinear
regime can also create an elongated on-axis plasma-
electron filament, which can be used for positron accel-
eration and that the width of this filament can be controlled
through the plasma temperature.

This regime can potentially be tested experimentally
also without a conventional positron source by using
an injection scheme proposed by Wang et al. [140-142].

Here, the electron driver passes through a foil prior to the
plasma, in which electron-positron pairs are produced.
Further studies have shown that while the trapping con-
ditions are excellent, the trapping efficiency decreases
as the gap between the foil and plasma wakefield
increases. Such a gap may be necessary for practical
experiments [106].

In summary, the nonlinear regime can offer either higher
acceleration gradient or higher charge compared to the
quasilinear regime but also remains limited by the trade-off
between charge (and thereby efficiency) and beam quality
(i.e., emittance and energy spread).

B. Modified drivers: Donut-shaped laser
or electron beams

It is possible to create an accelerating and focusing
region for positrons even in the strongly nonlinear regime,
by modifying the transverse shape of the driver. Vieira
and Mendonga [164] proposed using donut-shaped (or
Laguerre-Gaussian [165,166]) laser pulses for this purpose,
as illustrated in Fig. 15. Similar wakefields can also be
excited by a donut-shaped electron bunch [167,168] or
overlapping but non-neutral electron and positron bunches
[169]. Such drivers create an electron filament that can
focus positrons by guiding plasma electrons through the
hollow core of the driver and onto the axis. Nonlinear
accelerating wakefields are created by expelling plasma
electrons outward, much like in a regular blowout.

The main advantage of this scheme is that the on-axis
electron filament exists also when the fields are strongly
nonlinear, independently of whether the fields are beam
loaded. This allows the accelerating field to be signi-
ficantly higher, as well as more charge to be accelerated,
compared to that achieved in the quasilinear and weakly
nonlinear regime with Gaussian drivers (see Sec. IVA).
Another advantage is the additional degrees of freedom
available for tailoring the electron filament—as an exam-
ple, Yu et al. [170] showed that the strength and shape of
the on-axis focusing can be controlled by varying the
relative intensity of higher-order laser modes.

In principle, the donut wakefield allows acceleration of
very low emittance and low energy-spread bunches, due to
the linear focusing fields and uniform accelerating fields
close to the axis [see Fig. 15(c)]. Jain et al. [167] found that
for a donut-shaped electron driver, emittances as low as
~0.04 mmmrad and energy spreads less than 0.4% rms
can be preserved. Here, the accelerating gradient was
8.9 GV/m. However, the accelerated bunch had a charge
of only 14 pC, whereas the driver had 5.2 nC, leading to
very low energy efficiency (approximately 0.17%). If the
wakefield is beam loaded more strongly with a higher-
charge positron bunch, the beam density is consequently
higher, which alters the shape of the transverse focusing
fields—exactly the same problem encountered in the
weakly nonlinear regime (see Sec. IVA 2). The resulting
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FIG. 15. (a) Simulated donut wakefields driven by a Laguerre-

Gaussian laser propagating in the direction of the arrow. (b) The
plasma-electron density is perturbed by the laser. Here, r,, is the
radius of peak laser intensity, R, the diameter of the blowout, and
A is the approximate width of the electron sheath and radius of
the electron filament. (c) The transverse fields are focusing for
positrons on axis. A lineout at z = 105¢/w, (blue line) is
compared to a theoretical model (red line). (d) The corresponding
longitudinal field is accelerating for positrons in the front half of
the blowout structure. The green box in (b—d) represents this
accelerating and focusing region. Adapted from Ref. [164].

trade-off between efficiency and beam quality is discussed
in Sec. VL

Another potential issue is that any evolution of the
driver may impact the shape of the wakefields. While
donut-shaped lasers can maintain their approximate shape,
and thereby a region that focuses and accelerates positrons,
until energy is nearly depleted (several hundred plasma
wavelengths) [164], the exact shape of the wakefield
will evolve—not optimal for beam-quality preservation.
However, Pathak et al. [171] note that a filamentation
instability can occur, leading to the transverse breakup of
the laser pulse; this instability can be suppressed by using a
parabolic plasma-density profile.

Unlike Laguerre-Gaussian laser beams, which have
nonzero angular momentum, donut-shaped electron
bunches typically do not. As a result, these bunches can
collapse onto the axis, forming a regular blowout wake.
Jain [172] found that this collapse happens for electron
drivers with a donut radius smaller than approximately

1.8k1‘,], but these drivers can propagate stably for larger
donut radii. Moreover, the use of nonzero divergence
electron drivers can lead to head erosion [62,63].
Finally, similar to the filamentation instability observed
for laser pulses, the azimuthal Weibel instability may also
be a problem, causing filamentation of the electron
driver [173].

A semioptimized parameter set, balancing beam quality
and efficiency, was obtained by Hue et al. [152]: a positron
bunch of charge 189 pC and equilibrium emittance of
1.5 mm mrad can be accelerated with 3.5% efficiency at a
gradient of approximately 40 GV/m. A conclusion from
these simulations was that the donut width should be
optimized (here, o, =~ O.4k1‘,‘), as this leads to more
transversely uniform accelerating fields. Note that these
(single step) simulations were performed with electron
drivers with a donut radius of lkljl, which may therefore
have suffered an on-axis collapse.

No positron experiments have yet operated with this
scheme. However, donut-shaped laser pulses can be gen-
erated [166,174] and have been interacted with plasmas: an
experiment by Nakanii ef al. [175] showed no acceleration
of electrons but a strong decomposition of laser modes (i.e.,
the filamentation instability). Donut-shaped electron
bunches can also be produced [176,177] but have not
yet been injected into plasma.

In summary, donut-shaped drivers can provide higher
fields and higher charge than Gaussian drivers but are
ultimately limited by the same efficiency-quality trade-off.
Additionally, the propagation of these drivers can be very
unstable.

C. Modified plasmas: Inhomogeneous channels

As an alternative to modifying the profile of the driver, a
region for positron acceleration and focusing can also be
created in the nonlinear regime by modifying the profile of
the plasma. Three such schemes have been proposed, all
electron driven and in the nonlinear regime: (1) a finite-
radius plasma channel; (2) a two-column plasma channel
with additional ionization from a copropagating laser; and
(3) a thin hollow channel filled with hot plasma electrons,
created through ion motion.

1. Finite-radius plasma channel

The singularitylike electron spike seen in the strongly
nonlinear regime, which creates a volume too small to
accelerate and focus positrons, is a consequence of the
highly coherent motion of plasma electrons. One way to
distribute longitudinally where the electrons cross the axis
is to use a finite-radius channel, proposed by Diederichs
et al. [178]. Here, the plasma-column radius must be
smaller than the maximum blowout radius (R, < Rp).
This results in electrons outside the channel experiencing
a nonlinear focusing force from the plasma ions, which
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FIG. 16. Simulation of a finite-radius plasma channel, showing
(a) plasma-electron trajectories (colored based on initial radius
Xo) and density (blue color map) of a plasma channel of radius
k,R, = 2.5, driven by a high-charge (Q ~ 44) electron bunch
with beam size k,6, = 0.3 and bunch length k,0; = V2; (b) the
corresponding transverse (red-blue color map) and on-axis longi-
tudinal (blue line) wakefields. From Ref. [178] (CC BY 4.0).

leads to decoherence of the electron motion, as illustrated in
Fig. 16(a). Collectively, these electrons form an elongated
filament on axis: an extended region of accelerating and
focusing fields [as shown in Fig. 16(b)].

Although the plasma electrons are spread out longitu-
dinally, they are still highly localized transversely. A thin
on-axis filament forms, resulting in what appears as a
steplike focusing field close to the axis: (E, — c¢B,)/Ey ~
—asgn(r) [178], where a is the normalized amplitude of
the transverse field close to the axis, sgn(r) is the sign
function, and r is the radial position—this field is shown in
Fig. 17(a). Since this focusing field is nonlinear, the
emittance will not be fully preserved for a Gaussian
transverse profile. However, by quasimatching (i.e.,
approximate matching, leading to emittance growth of a
few %) to the non-Gaussian equilibrium profile [179],
which has a beam size given by
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FIG. 17. Beam quality in the finite-radius scheme, showing
(a) the steplike transverse focusing fields at k,& = —11.6
(enlarged in the inset); (b) emittance evolution for a beam with
an initial normalized emittance of k,¢, = 0.1; (c) beam-loading
optimization and the resulting bunch-current profiles; and (d) the
uncorrelated energy-spread evolution for beams with different
emittances. Adapted from Refs. [178] and [180] (CC BY 4.0).
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where y is the Lorentz factor of the beam, the emittance
stays approximately preserved to within a few percent, as
shown in Fig. 17(b). This quasimatching condition assumes
a constant a (i.e., a radius-independent focusing field),
which sets an upper limit on the beam emittance. A unique
feature of this scheme is that even when beam loaded,
the transverse fields maintain their steplike shape (with a
decreased amplitude «), which implies that emittance can
still be preserved.

Energy spread can be minimized by using an optimized
current profile [180], as shown in Fig. 17(c), producing
near-zero correlated energy spreads. However, the uncorre-
lated energy spread will depend on the emittance [see
Fig. 17(d)], as the beam samples the transversely nonuni-
form accelerating field. Keeping the uncorrelated energy
spread below 1%, an optimized parameter set provides a
positron bunch with charge of 52 pC, an emittance of
0.38 mm mrad, and a projected energy spread of 0.7% rms
(corresponding to 0.86% per gain), accelerated in a field of
gradient 30 GV/m with an energy efficiency of 3% at a
plasma density of 5 x 10" cm™. Another parameter
set [178], not optimized for energy spread, has an emittance
of 0.75 mmmrad, a charge of 84 pC, and an energy
efficiency of 4.8% (but with a few-percent-level energy
spread). This parameter set was recently combined with a
warm plasma (50 eV) [181], which linearizes the focusing
field, allowing preservation of emittances as low as
0.002k," (i.e., 0.015 mm mrad at 5 x 10'7 cm™).

It is unclear if high efficiency is attainable in this
scheme. Electrons in a bunch repel inward-moving plasma

034801-16



POSITRON ACCELERATION IN PLASMA WAKEFIELDS

PHYS. REV. ACCEL. BEAMS 27, 034801 (2024)

electrons, slowing down their inward motion and thereby
extracting energy from them. Conversely, positrons in a
bunch attract outward-moving plasma electrons, extracting
energy by slowing down their outward motion. However, in
the accelerating and focusing region for positrons in a
finite-radius plasma channel, there are overlapping pop-
ulations (or annuli) of inward- and outward-moving plasma
electrons at each longitudinal position. This incoherent
motion reduces the field energy available to the positrons
and therefore the energy efficiency.

Both the driver and the trailing bunch propagate stably in
the channel. Transverse instability of the driver can be
suppressed by ion motion and energy spread [182],
whereas longitudinally nonuniform and transversely non-
linear focusing fields suppress the instabilities of the
trailing bunch [183].

Finite-radius channels can be experimentally realized
using for instance laser ionization with axicons [184] or by
beam ionization [185]. Plans exist to demonstrate this
scheme at FACET-II [135] (the E-333 experiment [186]),
assuming positrons and electrons can be delivered
simultaneously.

In summary, the finite-radius scheme can support very
high quality and acceleration gradients, but likely not high
efficiency.

2. Laser-augmented blowout in a two-column plasma

The laser-augmented scheme, proposed by Reichwein
et al. [187], uses an alternative geometry to the on-axis
plasma-electron filament normally used for positron focus-
ing. Using a combination of beam ionization and a trailing
laser pulse for additional ionization of a wider channel, the
singularitylike electron-density spike behind a blowout is
widened transversely (as opposed to longitudinally as in the
finite-radius scheme). This enables focusing and acceler-
ation of a ring-shaped positron bunch, as illustrated
in Fig. 18.

This scheme is unique in its use of the blowout sheath for
focusing, but this also increases the transverse size, and
thereby the emittance, of the positron bunch. Simulations
show that for a bunch of charge 15 pC, the emittance saturates
at about 31 mm mrad and the energy spread at 1.7% (3.4%
per gain), while accelerating in a field of gradient 20 GV/m
with an efficiency of approximately 5.5%. The charge and
efficiency can potentially be increased by using a cone-
shaped beam, matching the shape of the electron sheath at the
head of the second bubble, although this may be challenging
to realize in experiments.

3. Thin, warm, hollow plasma channel

Hollow-channel acceleration has two main challenges:
beam-breakup instability from transverse wakefields
[88,118], and unwanted ionization of gas on axis [124].
Ion motion [46] can be used to create a truly hollow plasma
channel from a homogeneous plasma. As discussed in
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FIG. 18. (a) In the laser-augmented blowout scheme, two

plasma columns are made: a Gaussian electron bunch (yellow)
beam ionizes a thin column and a trailing laser pulse (purple)
ionizes a wider column. The trailing positron bunch (red) is donut
or ring-shaped such that the entire bunch is inside the blowout
sheath at the beginning of the second bubble, also shown in (b).
Both the (c) focusing force and (d) accelerating field are shown,
indicating the location of the positron bunch (black dots).
Adapted from Ref. [187] (CC BY 4.0).

Sec. I B, Amorim et al. [131] proposed to use an intense
positron bunch to create such a channel and use it for
positron acceleration with nonlinear fields. Making this
concept more experimentally viable, Silva et al. [188]
proposed using two intense electron bunches—one to
generate the hollow channel and the other to create
accelerating and focusing fields for positrons.

As illustrated in Figs. 19(a)-19(c), the formation of the
channel starts with the first drive beam creating a nonlinear
blowout, where the longitudinally averaged transverse
fields focus the ions. After initially accumulating on axis,
the ions diverge and create a thin, hollow structure around
the axis. At this point, the wakefield has decayed, leaving
plasma electrons at high temperature (around 2-9 keV in
the example). The second drive beam then creates the
wakefields used in positron acceleration. The combination
of high plasma-electron temperature, which spreads out
the inward-moving sheath electrons, and the thin hollow
channel, which traps them on axis, results in an extended
region with positron focusing and acceleration, as shown in
Fig. 19(d). The transverse nonlinearity and longitudinal
nonuniformity of this focusing field suppress the beam-
breakup instability.

Beam loading of the accelerating field with a Gaussian
bunch produces a non-negligible energy spread (~10% rms
in this example). Similarly, the emittance cannot be fully
preserved for a Gaussian transverse profile without some
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FIG. 19. Simulated thin, warm hollow channel development,
showing (a) early-stage plasma density perturbation, no hollow
channel has been formed at this time; (b) the average transverse
fields, focusing for the ions (inside the gray box); and (c) the start
of on-axis ion accumulation and hollow channel formation. A
second electron beam creates (d) the transverse wakefields and
the on-axis longitudinal field (black line). The dashed box
corresponds to the region around where the positron bunch
can be accelerated. (e) If beam loaded with an optimized current
profile, the field is partly flattened. (f) The emittance evolution
of the positron bunch shows only marginal emittance growth.
Adapted from Ref. [188].

loss of charge. However, by tailoring the positron beam-
current profile and using a flattop transverse profile, the
energy spread saturates around 4% rms (6% per gain), and
the emittance is approximately preserved at ~7.4 mm mrad
(10% growth before saturation) [see Figs. 19(e)—19(f)]. For
a charge of 100 pC accelerating in a 3.5 GV/m field, the
energy-transfer efficiency from the second driver to the
positron bunch is approximately 4.7%.

A clear advantage of this scheme is its experimentally
realizable method of creating a hollow channel with stable
positron acceleration. While the dynamics may be some-
what complex, the implementation is not: it only requires
two electron drivers and a homogeneous plasma. Plans
exist to demonstrate this scheme at FACET-II—the E-337
experiment [186]. On the other hand, a disadvantage is that
the overall efficiency of the scheme is limited by the need

for two drivers since the energy in the first driver (gen-
erating the hollow channel) cannot be extracted by the
positron bunch.

In summary, the thin, warm, hollow plasma channel
scheme offers a simple experimental setup but may suffer
from low energy efficiency.

D. Modified drivers and plasmas: Hollow channels
with asymmetric drivers

All the schemes above modify either the driver shape or
the plasma channel to create a region of excess plasma
electrons for positron focusing. This region is not present in
a hollow channel, which leads to instabilities for both
the driver and the trailing positron bunch. However, by
combining modified drivers and modified plasmas, it
is possible to exploit the benefits of hollow plasma
channels while stabilizing the driver and producing a stable
focusing region for the positron bunch. One scheme,
proposed by Zhou et al. [189], achieves this by driving
nonlinear wakefields in a hollow channel using a trans-
versely asymmetric electron driver.

This scheme utilizes the self-induced quadrupole wake-
fields generated in a hollow channel during the propagation
of an asymmetric driver, for which ¢, > o, (i.e., the beam
size is larger in the horizontal than the vertical plane). As
the driver propagates, the quadrupole field defocuses the
driver in x and focuses it in y until it splits into two beamlets
that reach the channel boundary in x, as illustrated in
Fig. 20(a). At this point, two half-blowout structures are
created—one on each side of the channel—where plasma
electrons are expelled much like in the nonlinear regime. A
stable, equilibrium driver shape is reached when the
focusing field from the exposed plasma ions balances
the defocusing quadrupole field.

Focusing of positrons is achieved by driving a nonlinear
plasma wakefield such that some plasma electrons become
relativistic and enter the hollow channel, resulting in a near-
uniform electron density. A similar region was also
identified by Yi et al. [128,129]. Here, the longitudinal
wakefield is also accelerating for positrons. When this field
is beam loaded, in order to reach high energy-transfer
efficiency, an on-axis electron density spike appears, as
shown in Fig. 20(b). Figure 20(c) shows the resulting
focusing and accelerating fields.

A simulation with stable acceleration until driver
depletion shows that 490 pC of charge can be accelerated
with a gradient of 4.9 GV /m at an efficiency of 33%. After
an initial growth of 20%-30%, the emittance stabilizes at
79 x 56 mm mrad, shown in Fig. 20(d). The initial emit-
tance growth may be suppressed if the driver is injected
with its equilibrium profile rather than evolving to it.
Figures 20(e) and 20(f) show a final energy spread of
1.6% rms after 4.4 GeV of gain from 10.2 GeV, giving an
energy spread per gain (i.e., field uniformity) of 5.3% rms; this
can potentially be improved with more optimal current profiles
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FIG. 20. Simulated hollow channel with an asymmetric driver, showing (a) plasma-density perturbation (blue color map) by a 2 nC
electron drive bunch (green color map) that has reached two-beamlet equilibrium profile, loaded by a 640 pC positron bunch (orange
color map); (b) plasma-electron density without and with beam loading in the region around the positron bunch [dashed orange box in
(a)]; (c) the loaded wakefields and lineouts (blue lines), indicating +2¢ of the positron bunch (red lines); (d) emittance evolution in both
x and y planes; (e) energy spread evolution for positrons at & > 305 pm; (f) spectra of the driver (red line) and the positron bunch (blue
line) as well as the longitudinal phase space of the positron bunch (color bar). From Ref. [189].

than a Gaussian. In principle, the charge and efficiency can be
further increased by overlapping a positron bunch with a
similarly shaped electron bunch [190], although this may not
be compatible with the above focusing method, as the over-
lapping electrons would quickly be defocused.

The main advantages of this scheme are its stability during
propagation and strong accelerating gradients that are near-
uniform transversely—the latter being a common feature of
hollow channels [117]. However, it is unclear whether this
field will remain uniform if loaded with lower-emittance,
higher-density positron bunches than the given parameters.
The scheme is generally well suited for experimental
demonstration, as the complex equilibrium driver shape
self-generates from easily available Gaussian beams. That
said, experiments may suffer from unwanted beam ionization
of on-axis gas since the scheme requires nonlinear and
consequently strong wakefields—this will restrict the choice
of gas species as well as the beam and plasma densities.

In summary, this scheme offers stable propagation of the
driver and stable acceleration of the positron bunch with
high charge and high efficiency. However, the trade-off
between beam quality and efficiency remains similar to
other schemes—a topic explored in more detail in Secs. V
and VI below.

V. COMPARISON OF SCHEMES

We have, up to this point, discussed the various proposed
schemes and their key parameters separately (Sec. IV).
Table II summarizes these values for the positron-
acceleration schemes, as well as electron-acceleration
schemes and relevant experiments. However, without a

common metric, it is nontrivial to compare them to each
other or to the requirements for a collider. As argued in
Sec. 11, the two key metrics are accelerating gradient, which
affects the collider footprint; and luminosity-per-power,
which affects the running costs.

Combining Egs. (3) and (4), and assuming that the
colliding electron and positron bunches are identical, we
express the luminosity-per-power as

L 1 Nproddepl Mexer NV

~ .
Pwall 87”/nec2 \/ﬁxﬂy v/ Enx€ny

Here, the production efficiency 7,,,q can be assumed to
be identical across all proposed schemes, as all are electron
driven. The driver-depletion efficiency #4ep, Which may
vary somewhat between schemes, is assumed also to be
similar. Finally, the interaction-point beta functions f,
and f, are determined mainly by the beam-delivery
system, which sets constraints on the energy spread
(i.e., < 1% rms), but can otherwise be assumed to be
independent of the scheme. That leaves the wake-to-beam
extraction efficiency 7., the bunch population N, and the
normalized emittances €,, and €,, for comparison. To
produce a metric for meaningful comparison, we define the
dimensionless luminosity-per-power

(10)

nextrN _ Nextr Q

A/ €Enx€ €,

ny

Lp = 4ar, (11)

where €, = k,,/€,.€,, is the dimensionless normalized

emittance and Q = 4rr.k,N is the normalized charge
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TABLE II. Key parameters of the plasma accelerator and accelerated beam in each of the proposed positron-acceleration schemes
(see Sec. IV). Electron-acceleration schemes and conventional technology are listed for comparison. The parameter A¢, represents the
phase advance, or degree of plasma-electron motion, inside the positron bunch (see Sec. VI).

Energy Uncorrected Fin.

Density Gradient Charge Energy  Emittance spread energy  energy
Scheme (cm™3) (GV/m) (pC) efficiency (mmm rad) per gain spread (GeV) A, Ref.
Quasilinear regime (simulation) 5 x 106 1.3 4.3 30% 0.64 ~10%" 0.7% 1 0.77 [152]
Quasilinear regime (experiment) 1 x10'® 1 85 40% 127° ~14% e 21 0.51 [87]
Nonlinear regime 7.8 x 1019 1.6 102 26% 8 2.4% e 5.2 7.6 [162]
Donut driver (No. 1) 5% 10'° 8.9 13.6 0.17% 0.036 0.3% 354 0.50 [167]
Donut driver (No. 2) 5 x 10'° 40 189 3.5% 1.5 6% 1% 1 7.1 [152]
Finite-radius channel (cold) 5x 10" 30 52 3% 0.38 0.86% 0.73% 5.5 34 [180]
Finite-radius channel (warm) 5x 107 30 84 4.8% 0.015 6 ~0.01% 1.1 269 [181]
Laser-augmented blowout 2 x 107 20 15 5.5% 31 3.4% ce ~10 0.67 [187]
Thin, warm, hollow channel 1 x10' 3.5 100 4.7%" 74 6% 1.45 2.0 [188]
Asymmetric hollow channel 3.1 x 10'® 4.9 490 33% 67 5.3% 14.6 6.5 [189]
e~ nonlinear regime (simulation) 2 x 106 -10 800 37.5% 0.133% 1.1% <1% 1500 292 [191]
e~ nonlinear regime (experiment) 1.2 x 10'° —-1.4 40 22% 2.8 1.6% 1.1 3.0 [192]
Conventional technology (CLIC) Not applicable 0.1 596 28.5%" 0.11 0.35% 1500 Not applicable [10]

“For electrons, this represents the phase advance if positrons were the focusing species, instead of ions.
The correlated energy spread was not optimized and not given in the reference.
CThe final emittance was not measured but is here assumed to be preserved.

A nonevolving driver was used in the simulation.

The energy spread per gain is not given, likely on the few-percent level, but it can be optimized as shown in Ref. [180].
Accountmg for the energy loss of the electron driver that creates the hollow channel (not done here) would reduce the overall

efficiency.

¢Emittance is assumed to be preserved. Ion motion was not simulated but can likely be avoided with a sufficiently heavy gas species.
Here using the rf-to-beam transfer efficiency, as this is most comparable to the wake-to-beam extraction efficiency.

[Eq. (8)]. This metric scales as the luminosity-per-power
with a factor H, difference (typically between 1.5 and 2); a
parameter that captures beam-beam effects at the inter-
action point [66].

An important feature of this dimensionless luminosity-
per-power is its independence of the plasma density.
Plasma-wakefield simulations can in general be scaled to
different plasma densities, resulting in higher accelerating
gradients for higher densities (E, ~ k,,, where k, ~ /ng),
simultaneously giving lower charges (N ~ k;l) and lower
emittances (¢, ~ k;l). However, the efficiency, the normal-
ized charge (Q), and the dimensionless normalized emit-
tance (€, ), which together define Lp, are all independent of
plasma density. Ultimately, this means that simulations
at different densities can be directly compared and that
there is no gain in operating at either higher or lower
plasma density, at least in terms of luminosity-per-power.
Nevertheless, since the accelerating gradient does scale
with plasma density, it is meaningful instead to compare
this gradient normalized by the wave-breaking field £, =
m,cw, /e [Eq. (1)]—equivalent to scaling all simulations to
the same density.

Figure 21 compares all the proposed schemes, showing
the dimensionless luminosity-per-power versus the nor-
malized accelerating field, based on the values in Table II.

Note that while these represent the best current values,
further optimization may still be possible, as discussed
in Sec. VL

We observe that several schemes perform similarly
with respect to luminosity-per-power: the cold finite-radius
channel, donut driver, nonlinear regime, asymmetric
hollow channel, and quasilinear regime all reach Lp ~
0.4-0.9. On the other hand, the normalized accelerating
field varies significantly between these schemes in the
range of E./E, €[0.06, 1.9], where the donut driver, laser-
augmented blowout, and finite-radius channel schemes
provide the highest gradients for a given plasma density.
In terms of energy spread (not optimized for all schemes),
the schemes perform at varying levels, with the donut
driver, finite-radius channel, and nonlinear regime currently
providing the most collider-relevant energy spreads. An
exception is the warm finite-radius channel scheme, which
reaches Lp ~ 37 while maintaining a high accelerating field
and a low (slice) energy spread.

Comparing to conventional technology, here represented
by CLIC (Lp ~ 300), almost all the proposed positron-
acceleration schemes perform worse in luminosity-
per-power by at least 2.5 orders of magnitude. The warm
finite-radius channel scheme, however, is only 1 order
of magnitude lower in luminosity-per-power. Plasma-
accelerated electrons are at the level of conventional
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FIG. 21.

Comparison of the dimensionless luminosity-per-power versus the normalized accelerating field for all proposed positron-

acceleration schemes, as well as the nonlinear blowout electron-acceleration scheme and relevant experimental results (see Table II). The
energy spread per gain (red-yellow-green color map; the inner and outer circles represent the projected and uncorrelated energy spreads,
respectively) and final energy (parenthesis) of each simulation/experiment are indicated. Conventional technology is represented by
CLIC parameters (blue line). Estimated limits on the luminosity-per-power based on the motion of plasma electrons and ions, which
depend on beam energy and ion mass, are indicated (gray dotted lines).

technology (Lp ~ 500), at least in simulations without ion
motion.

Why do we in general observe such a large difference
between the plasma acceleration of positrons and electrons?
Is it possible to surpass the currently highest achieved
luminosity-per-power, and if so, how? This topic is dis-
cussed in detail in Sec. VI below.

VI. THE POSITRON PROBLEM:
PLASMA-ELECTRON MOTION
AND TRANSVERSE BEAM LOADING

The discrepancy in performance between electron and
positron acceleration can in large part be explained by the
ratio in mass between plasma ions and electrons for many
of the schemes considered in this review. Lighter plasma
particles have lower inertia, leading to comparatively more
motion within the accelerated positron bunch. The motion
of plasma electrons within the positron bunch leads to
variation in the plasma-electron density, which in turn
disrupts the quality of the accelerated bunch. This effect is a
potential limitation on the density of the loaded positron
bunch and therefore a limitation on the achievable lumi-
nosity of electron-positron colliders. At the end of this
section, we consider schemes and conditions that exceed
this limitation but nevertheless appear to preserve the
quality of the accelerated positron bunch.

A. The ideal case

The ideal plasma-based positron accelerator is similar to
the standard nonlinear blowout for electron acceleration:
the focusing fields must vary linearly in the transverse
directions to preserve the emittance, and the accelerating
fields must be uniform in both the transverse and longi-
tudinal directions to preserve the uncorrelated and correlated
energy spread, respectively. For emittance preservation, we
specifically require [193,194]

V. (E, —v.By) = %(p _J.Jc) =const,  (12)
where p is the charge density (providing passive plasma
lensing [195]) and J, is the axial current density (providing
active plasma lensing [196]). This means that either both
p and J,, need to be transversely uniform, or, more generally,
that any variation in p must be matched by a corresponding
variation in J_. Longitudinally uniform focusing fields
[0,(E, —v,By) = 0] are not strictly necessary, as the
beam emittance can still be preserved with slice-by-slice
matching [197], assuming the fields are linear within each
slice. However, the Panofsky-Wenzel theorem [198]

az(Er - UzB¢) = vJ_Ez’ (13)
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states that in order to preserve energy spread transversely
(VL E, = 0), the focusing fields must be uniform longitu-
dinally [0,(E, — v.B,) = 0]. This generalizes the restriction
on (p—J./c) from being constant transversely to being
constant everywhere within the accelerated bunch. Finally,
longitudinally uniform accelerating fields (d,E, = 0) can be
obtained through precise shaping of the current profile—
optimal beam loading [29].

B. Ion and electron motion

All the above criteria are normally satisfied in the
blowout regime for electrons, where the ion-charge density
is constant everywhere and there is no axial current density
anywhere within the accelerating bunch. There is, however,
an important exception: if the charge density of the electron
bunch is sufficiently high to induce ion motion, the ion-
charge density will no longer be constant within the bunch.
If the beam density n, is sufficiently high to move the
ions toward the axis within the timescale of the full bunch
length A & /276, emittance may no longer be preserved.
Rosenzweig et al. [46] calculated the phase advance of the
ion motion (for round electron bunches) to be

Ady = kA = \/” ";2 2oV [T,

m; €nx€ny

where k; is the plasma-ion wave number in the focusing

field of the electron bunch, Z is the ion charge state, m; is

the mass of the ion, y is the relativistic factor of the beam

particles, and g is the permeability of free space. An on-

axis density spike will form when ions are focused onto the

axis, which should be avoided: A¢; < /2, often referred to
as the ion-motion limit.

Exactly, the same dynamics occur for plasma electrons in
the presence of a high-density positron bunch, as illustrated
in Fig. 22. In this case, we substitute the ion mass m; for
the electron mass, specifically y,.m,, where y,, is the
Lorentz factor of the plasma electrons, set Z = 1 as plasma
electrons are always singly charged, and change the
focusing background-ion density n, to the local back-
ground density (i.e., the difference between the electron and
ion densities An = |n, — n;|):

uoe* o.N [r,yAn (15)
2 Vpellle enxeny,

where k, is the plasma-electron wave number in the
focusing field of the positron bunch. The corresponding
electron-motion limit, A¢, < r/2, is approximately equiv-
alent to the limit k.6, = 1 (up to a factor of /7/8 = 0.63),
as discussed in Ref. [152].

The electron phase advance Ag¢, is calculated for each
positron-acceleration scheme and the nonlinear blowout

(14)
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FIG. 22. Simulations demonstrating plasma-electron motion in
a nonlinear wakefield, (a) showing plasma-electron densities
(blue color map) and trajectories (gray and colored lines) driven
by an intense electron bunch. The corresponding plasma-electron
density and trajectories are shown for the positron-loading region
[dashed box in (a)], both unloaded (b) and loaded (c),(d) by an
intense positron bunch (orange color map). This extracts energy
from the wake (i.e., longitudinal beam loading) but also signifi-
cantly changes the trajectory and distribution of some plasma
electrons inside the positron bunch (red dashed box), leading to
electron oscillations with a phase advance of approximately 2.
The corresponding focusing field changes (i.e, transverse beam
loading) from being defocusing when unloaded (e) to being
focusing when loaded (f). Transverse lineouts (g) show that in the
presence of the positron bunch, these fields are nonlinear away
from the axis and nonuniform longitudinally. From Ref. [162].

scheme for electrons and displayed in Table II. We note that
some of the schemes discussed in this review preserve
positron beam quality even though the plasma-electron
phase advance exceeds x/2. This suggests alternative
strategies for exceeding the electron-motion limit. Before
discussing these strategies, one important question remains:
how does electron motion affect the luminosity-per-power
of colliders based on positron acceleration concepts?

C. An electron-motion “limit”’ to the dimensionless
luminosity-per-power

We observe that the phase advance of plasma elec-
trons [Eq. (15)] depends on the same ratio of charge to
emittance, (i.e., N/, /€,€,,), exactly like the dimensionless
luminosity-per-power [Eq. (11)]. Crucially, this means that
the luminosity-per-power can be expressed as the electron-
motion phase advance:

ot 167 n ng
Ee ~ A 2 extr ]
' v ( (be) (kpo'z> ype An

The ratio of extraction efficiency to normalized bunch
length, in the case of the optimally beam-loaded bunch, is
typically of order unity, i.e., fexe/kp0, = O(1). As exam-
ples, in Ref. [162] (nonlinear regime for positrons), the ratio
is ~0.6 and in Ref. [36] (nonlinear regime for electrons), the
ratio is ~0.9. Note in particular the unfavorable energy

(16)
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dependence in Eq. (15) (~1/ \/7), which results from smaller

matched beam sizes (~1/y'/*; leading to higher beam
densities) at higher energy. The charge density ratio varies
with scheme but is typically no more than 1 order of
magnitude away from unity: An/ny = O(0.1-10).

Combining these ratios (ex,/k,0, ~ 1 and An/ny = 1)
with the conventional phase-advance limit (A¢, ~ 7/2)
and assuming nonrelativistic plasma electrons (y,, ~ 1), we
get an estimated upper bound on the dimensionless
luminosity-per-power for plasma-based positron accelera-
tors of £% =~ 17.5//y or about 0.4 for 1 GeV and 0.013 for
1 TeV. This range is indeed consistent with the dimension-
less luminosity-per-power found across most of the pro-
posed schemes, as shown in Fig. 21. Note that some
schemes exceed this limit, indicating that they operate
outside the above assumptions. These will be discussed
further in Sec. VID.

For electrons, the dimensionless luminosity-per-power
differs from that for positrons by the mass ratio of the
plasma ions and electrons and the ion-charge state. By
comparing Egs. (14) and (15), we therefore find that
the ion-motion limit on the dimensionless luminosity-
per-power for electrons is

m; An .+
\[—Lp 17
Zypeme no r ( )

which is a factor of 73 350 larger for singly ionized argon
ions compared to plasma electrons where An = n,,. Taking
also into account that flat beams (¢, > ¢,,) have a larger

Ly =

phase advance by a factor of v/2, as argued by Rosenzweig
et al. [46], the limit for flat beams is consequently a factor
of 2 lower than for round beams:

~ 1~
Ly ms L. (18)

The resulting ion-motion limit for flat beams is indicated in
Fig. 21, which corresponds well to that reached in
simulations as well as that of conventional technology.

In short, the root of the positron problem is the com-
paratively low mass of plasma electrons, leading to com-
plex motion and therefore nonlinear focusing fields
(transverse beam loading) inside high-density positron
bunches. This causes degradation of the beam quality,
ultimately making simultaneous high-efficiency and high-
quality acceleration challenging.

D. Outlook: Raising the electron-motion limit

So how can we increase the luminosity-per-power
beyond the values detailed in Fig. 21? Most of the
positron-acceleration schemes are designed starting from
the ideal case (as discussed in Sec. VI A); creating quality-
preserving wakefields and then increasing the beam density

until electron motion occurs. This may explain why many
schemes reach similar luminosity-per-power. However,
since electron motion is inevitable for the positron beam
densities required for linear colliders, all future schemes
must include transverse beam loading as an integral part of
their design.

Equation (16) straightaway motivates four main strate-
gies of improvement: (i) tolerating larger electron phase
advance, increasing A¢,; (ii) reaching high efficiencies
with shorter bunch lengths, increasing 7./ k ,0; (iii) using
relativistic electrons for focusing the positron beam,
increasing v ,.; and (iv) using a low on-axis excess electron
density, decreasing An/n.

At first glance, increasing the phase advance signifi-
cantly beyond z/2 implies tolerating multiple electron
oscillations within the positron bunch. However, simula-
tions of the finite-radius channel do not show this feature,
despite the fact A¢, =~ 34, or approximately five plasma
electron oscillations. The plasma electrons do not oscillate
within the volume of the accelerated positron bunch
because they already have large transverse momentum as
they return toward the beam axis. The dense positron bunch
further accelerates plasma electrons toward the axis such
that their momenta carry them well beyond the positron
beam volume and their subsequent return to axis occurs
behind the positron bunch. The A¢, limit still exists for a
sufficiently long positron bunch in this scheme, but the first
return of plasma electrons within the bunch may occur
at Ag, > /2.

Using warm plasmas, the effective electron phase
advance A¢, can be increased even further [181,199].
As demonstrated in Fig. 21, this warm finite-radius channel
scheme is currently the most promising strategy for going
beyond the electron-motion limit.

In the homogeneous-plasma nonlinear regime, plasma
electrons can also oscillate significantly within the positron
bunch, as shown in Fig. 22(d). Note that the electron
oscillations in and of themselves are not necessarily prob-
lematic: the resulting, often nonuniform charge distribution,
is. Therefore, surviving multiple electron oscillations will
likely require finding an equilibrium positron-bunch profile
that results in uniform electron density inside the bunch.

Achieving high efficiency with significantly shorter
bunches, all while maintaining low energy spread (through
optimal beam loading), is another interesting strategy. As
noted by Tzoufras et al. [29], in a highly nonlinear wake for
electrons, it is possible to achieve a high energy efficiency
with higher charge at lower accelerating field or lower
charge at higher accelerating field. In the latter case, the
bunch length can be significantly reduced. The concept of
accelerating short positron bunches at high efficiencies has
already been exploited in the donut-driver scheme [152].
Nevertheless, beam loading with short, high-current posi-
tron bunches is challenging because of the trade-off
between efficiency and beam quality. The use of shorter
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bunches also comes with practical challenges related to
their production and coherent-synchrotron-radiation effects
in chicanes. Shorter bunches provide an advantage for
beam-beam interactions because they reduce the deleteri-
ous effects of beamstrahlung on the luminosity spectrum
[200]. Energy-recovery techniques [162,201] that use addi-
tional laser or electron beam pulses to extract energy from
the wake can also be used to increase efficiency.

The use of highly relativistic plasma electrons is a way to
effectively symmetrize the mass of plasma electron and ions.
One way to achieve this would be using an external source of
high-energy, counterpropagating electrons [202]—a scheme
with similarities to electron lenses [203] used in proton
colliders—although the power required to maintain such a
stream of electrons may be problematic.

Finally, by reducing the excess charge density of the
electron filament that focuses the positron bunch, the
matched beta function can be increased. This reduces
the beam density for a given charge and emittance,
mitigating the issues related to electron motion. An extreme
case of this approach is the hollow channel (discussed
in Sec. IlI B), where An =0, which can in principle
provide beams that reach high luminosity-per-power but
suffers from a catastrophic transverse instability [88,118].

As an alternative, we could in principle use an anti-
plasma [126], which would effectively swap the electron-
motion limit [Eq. (16)] for the ion-motion limit [Eq. (17)].
Unfortunately, this particular solution is presently neither
technologically nor economically feasible.

More broadly, whether the above strategies can be used,
individually or in combination, to develop a scheme that
provides competitive luminosity-per-power is currently an
open question and a potential topic of future research.

VII. CONCLUSION

The overarching goal of accelerating positrons in plasma
wakefields is to reduce the footprint and cost of future
electron-positron colliders. This imposes a number of strict
requirements on the positron accelerator: high accelerating
gradient (>1-10 GV/m); high energy efficiency (5%—10%
from wall plug to beam); high beam quality including high
charge (nC-scale), low emittance (< 1 mmrad), and low
energy spread (< 1%); as well as sufficient stability. An
important combined metric is the luminosity-per-beam
power. Plasma-based electron acceleration appears able
to meet these requirements (including the luminosity-per-
power), but this is currently not the case for positrons.

Major progress on plasma acceleration for positrons has
been made over the previous two decades since the first
theoretical investigations around 2000. The first experiment
was performed at SLAC’s FFTB facility, which showed
that positrons can indeed be both focused and accelerated
in a plasma. Subsequent work branched into two main
directions: acceleration in homogeneous plasmas and accel-
eration in hollow plasma channels—the latter promised

better beam quality. After numerous theoretical advance-
ments and several years of commissioning the FACET test
facility at SLAC, major experimental milestones were
reached. Simultaneous high-efficiency and high-energy gain
(multi-GeV) positron acceleration was demonstrated in a
homogeneous plasma. Moreover, acceleration of positrons in
a laser-ionized hollow plasma channel was demonstrated,
albeit with significantly less energy gain. However, a
strong nonlinear focusing field in the homogeneous plasma
scheme caused large emittance growth, whereas in the
hollow channel scheme, strong transverse wakefields caused
an instability that rapidly deflected the accelerating positron
bunch. As a result, while experiments partly met several
collider requirements, the accelerated positron bunches were
generally not suitable for a collider.

To remedy this shortfall, several new positron-acceleration
schemes have been proposed. These schemes create
favorable conditions for positron acceleration either by
further optimizing the homogeneous plasma scheme or by
modifying the shape of the driver, the plasma, or both. A
new common metric—dimensionless luminosity-per-power
Lp= Hexr @/ €,—is introduced here to compare the seven
proposed schemes. The resulting comparison indicates that
most of the proposed schemes perform similarly within 2
orders of magnitude in luminosity-per-power. However, they
are at least 2.5 orders of magnitude below that of collider
proposals using conventional technology (e.g., CLIC) and
the nonlinear blowout scheme for plasma-accelerated elec-
trons. An exception is the finite-radius channel with warm
plasma, which is currently the most promising scheme,
reaching within 1 order of magnitude of the required
dimensionless luminosity-per-power.

The key limitation that affects the majority of positron-
acceleration schemes is that of complex electron motion
within the positron bunch, which arises from high beam
densities—effectively acting as a strong lens for the plasma
electrons. The resulting nonlinear focusing fields lead to
degradation of the positron beam quality, exactly equivalent
to the effects of ion motion on electrons. However, since
the mass of plasma electrons is significantly lower than that
of plasma ions, this disruptive motion occurs for corre-
spondingly lower beam densities, which can explain the
observed discrepancy between positron and electron accel-
eration in plasma.

While alternative plasma-based collider concepts have
been proposed that circumvent the positron problem alto-
gether, including asymmetric plasma-rf hybrid colliders
[204] and y-y colliders [205-207], several strategies do exist
for overcoming the electron-motion challenge. These may
include increasing the temperature of the plasma; imparting
large-transverse momenta to converging plasma electrons;
maintaining a uniform distribution of plasma electrons
within a high-density positron bunch; using relativistic
(and effectively heavier) plasma electrons; achieving uni-
form and high-efficiency acceleration also with very short
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bunches; and sustaining a decreased excess electron charge
density to increase the matched beta function—or perhaps
something more exotic. Regardless of strategy, any future
scheme for positron acceleration will inevitably face electron
motion and should therefore be designed from the start to
tolerate it or even exploit it.
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