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Plasma-based acceleration of electrons has produced high-energy beams
athigh accelerating gradients with a narrow energy spread and high
efficiency both in experiments and simulations. It is now being considered

asacomplementary approach to the use of radiofrequency cavities in
next-generation lepton accelerators. However, compared with electrons,
plasma-based positron acceleration is at the present time much less
advanced. Although high-gradient positron accelerationin a plasma
hasbeenachieved, we are one to three orders of magnitude away from
delivering the high-quality positron beams needed for a future high-energy
linear collider. Here we review the status of plasma-based acceleration of
electrons and positrons and discuss the prospects for substantial progress
towards developing the positron arm of a plasma-based electron-positron
linear collider in the next decade.

High-energy particle colliders use microwave cavities to accelerate
and collide two tightly focused particle beams'. With a demand for
colliders operating at higher and higher energies, they have become
larger and thus more expensive, as evidenced by the Large Hadron
Collider with its circumference of 27 km, the largest and most ener-
getic particle collider built so far. Looking ahead, the realization of
two of the proposed colliders, the International Linear collider® and
the Future Circular Collider® (with its 100 km circumference), is by
no means certain owingto their projected costs. The need for smaller
and cheaper colliders for high-energy particle physics was already
recognized in the 1980s*, which led to proposals for a plasma-based
accelerator’”, atwo-beam accelerator, such as the Compact Linear
Collider®’, and a muon collider'®", In this Review, we discuss plasma
wakefield acceleration-based linear colliders with particular emphasis
on the most pressing current challenges in developing the positron
arm of an electron-positron linear collider.

Principles of plasma-based acceleration

There are some crucial differences between the plasma accelerating
structures discussed here and the radiofrequency-powered metallic
cavities used in today’s accelerators. The accelerating structure in
plasma-based acceleration is a space-charge density wave or wake,
which is produced or driven in plasma by either an intense, short
laser beam (laser wakefield acceleration)® or a highly relativistic and
high-current charged particle beam (plasmawakefield acceleration)’.

Here, wakefield refers to the electric field of the charge density wave
that moves at the speed of light. It has alongitudinal field component
that can accelerate or decelerate charged particles co-moving with the
wake and a transverse component that can focus or defocus the same
charged particles. Such plasma wakes have been shown to have ultra-
high accelerating fields that can exceed 100 GeV per metre—thousands
oftimes larger than the typically 10-50 MeV per metre achievable with
radiofrequency cavities” used in conventional accelerators.

Sofar, however, the know-how to deliver ultra-relativistic electron
and positronbunches with high current and high brightness needed for
developing both electron and positron arms of a plasma-based linear
collider exists only at conventional accelerator facilities'. Therefore, we
focus on the status of and the decadal challenges faced in developing
the positron arm of a plasma wakefield-based linear collider enabled
by a charged particle beam, keeping in mind that the development
of alaser wakefield-based linear collider will face similar challenges.

Plasma wakefield acceleration

In a plasma-based accelerator, the energy contained in the drive
beamis first transferred to the plasma wake and then extracted by a
single, sufficiently high-current trailing beam—this process is called
beam loading™". If the trailing bunch contains a sufficient amount
of charge and is placed at the right location inside the wake, the net
energy-transfer efficiency from the drive to the trailing bunch is
expected to be as high as 40% in experiments and greater than 50%
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Fig.1|Simplified schematic of amulti-stage electron-positron plasma linear
collider. Bottom: the basic design follows the architecture of a conventional
radiofrequency-powered linear collider. The electron drive beams (black arrows,
marked driver) are produced by a separate conventional linear accelerator,

not shown in the schematic. The trailing electron (grey) and positron (beige)
beams come from conventional damping rings. In the collider concept, each
acceleration stage isabout1mlong, and the stages are joined together by
interstage magnetic optics (red) in aserial fashion. The collision pointis
shownin orange-yellow. Overall, the two arms are each roughly 2,250 mlong,
whichincludes1,500-m-long beam delivery systems (not drawn to scale) and
500-m-long accelerator sections. For a centre-of-mass energy of 1 TeV, the
accelerator sections would each typically have 25 electron and 25 positron
acceleration stages thatadd 20 GeV energy per stage over adistance of 1 mto
the trailing beam. Here, electron and positron arms are considered to be the
same, although the positron arm may require more stages owing to alower

Positron arm

average accelerating gradient. Further details, such as the drivers of the electron
and positron arms, require dedicated research. Insets: details of the nonlinear
plasma wakes produced by identical electron beams for electron (left) and
positron (right) acceleration. In the electron arm, both the plasma and the wake
are generated by the drive electron beamitself, whereas in the positronarm, a
preformed plasma columnis established before the arrival of the drive electron
beam, which generates a wake with an electron density filament on-axis of the ion
cavity. The wake produces a net accelerating field, while the plasmaions and the
electron filament together exert a net focusing force to keep the positron beam
guided throughout the acceleration stage. Inboth cases, the trailing electron
(purple) or positron (red) trailing beam efficiently removes the energy from

the wake by beam loading as seen by the flattening of the longitudinal electric
field of the wake. Figure adapted with permission fromref. 15, AIP. Credit: insets,
Thamine Dalichaouch, UCLA Simulations of Plasmas Group.

in simulations—far larger than in conventional accelerators. The
high accelerating gradient implies a much smaller footprint and the
expected high efficiency of a plasma-based accelerator promises a
reduced operating cost. These two benefits are the principal motiva-
tors behind developing this technology.

Unfortunately, such high-gradient accelerating wakes come with
some major drawbacks. First, the wakes are transient and mesoscopic;
they have periods of about 100 fs, lifetimes of about 10 ps and have
submillimetre diameters. Second, the accelerating trailingbeamis on
the order of 20 fsin duration and hasadiameter of lessthan1 pum. These
ultrashortbunches necessitate an exquisite control over shot-to-shot
temporal variation between the separation, and the transverse align-
ment accuracy between the trailing beam and the drive beam. The
temporal variations called jitter will have to be reduced from the cur-
rent10 fslevel to about 1fstoensure that the trailing beamexperiences
the same electric field as the wake throughout all the stages of the
accelerator. Similarly, the transverse spatial alignment accuracy will
need to be reduced from the current 1 um level to be on the order of
10 nmin each module of a multi-stage plasma-based electron-positron
linear collider to minimize the growth of any transverse instabilities. A
schematic of the collider® isillustrated in Fig. 1.

The history of plasma accelerators goes back about four dec-
ades'. Between the first proposals for wakefield acceleration and
experimental demonstration of electron acceleration by more than
onegroup, it took two decades. This demonstration was achieved with
millimetre- to centimetre"-long plasma wakes with energy gains of less
than 1 MeV in a plasma wakefield accelerator™® to typically 100 MeV
in a laser wakefield accelerator' using approximately 100-fs-long

drivers. After these achievements, electron acceleration using plasma
wakes progressed rapidly. Energy gains on the order of 10 GeV with a
metre-scale plasma wake, required as a first step towards realizing a
multi-stage plasma-based collider, were achieved by using high-current
electron bunches less than 100 fs in duration from a conventional
particle accelerator®®?, This achievement brought the possibility of
realizing the electron arm of a plasma-based electron-positron linear
collider tothe attention of the accelerator community asacomplemen-
tary approach to using radiofrequency cavities***. Around the same
time, the development of lasers with petawatt peak power enabled
similar advances in laser wakefield acceleration®. There are many
excellentreview articles?*° that give a detailed overview of the status
of electron acceleration and associated diagnostic techniques using
bothlaser and plasma wakefield acceleration schemes.

Towards a plasma-based linear collider

In the first two decades of this century, experimental advances in
electron acceleration by plasmawakes led to preliminary designs of a
plasma-based electron-positron linear collider for high-energy par-
ticle physics®*? (see Fig. 1 for the layout and Table 1 for the key beam
parameters).

The designs for a plasma-based linear collider—as do other col-
lider designs*—typically work backwards from the luminosity and the
energy required at the collision point to achieve adesired reactionrate
foracertain process, such as the number of Higgs bosons produced per
year, while keeping the necessary wall plug power as small as possible.
Future electron-positron colliders at the energy frontier of particle
physics—taken here as a centre-of-mass energy exceeding 1 TeV ata
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Table 1| Key parameters of a conceptual plasma wakefield
acceleration-based electron-positron linear collider

Centre-of-mass energy 1,000GeV
Number of electrons/positrons per bunch 1.0x10™
Energy gain per stage 20GeV
Number of electron/positron stages 25

Repetition rate 15KHz

Peak accelerating gradient (2-20)GeVm™
Average accelerating gradient 1,000MVm™
Overall length of each arm 500m

Beam delivery system (total; both sides) 3,000m
Overall facility length 4,500m
Electron/positron bunch size (in two transverse (33.5nm,15.0nm)
directions)

Beam length 20pum

Overall drive to trailing bunch efficiency 40%

Peak luminosity 2.35x10%*cm™s™

To keep the overall power requirement around 150 MW and 200 MW, a wall plug efficiency

of more than 15% is needed. The 40% energy-transfer efficiency from the drive beam to the
trailing beam assumes that both the electron and positron arms have the same average
accelerating gradient. In the designs that have been put forward, a high degree of symmetry
is assumed between the two arms. The physical processes involved in the propagation of
high-current dense electron and positron bunches through plasmas, however, are different,
meaning that this is a simplistic assumption and more refined future designs will have to take
this into account. Data from ref. 31.

peak luminosity 0f2.35 x 10** cm™s™ (ref. 31)—will probably have to be
linear colliders®* because an unacceptable amount of energy is lost to
synchrotronradiation® when the high-energy electrons and positrons
arebent by dipole magnets. The downside of alinear collideris that the
average acceleration gradient must be large and that the two beams
collide with each another just once, increasing the repetition rate of
the machine to greater than1kHzto achieve the design luminosity.

Acceleration of positrons using plasma wakes

In general, one distinguishes between different regimes of plasma-
based wakefield acceleration using either linear or nonlinear wakes
excitedin either preformed (Fig. 2), self-ionized (top right in Fig. 1) or
hollow-channel (Fig. 2c,f) plasmas. Preformed plasmas are produced
either by ionizing a gas column by an auxiliary laser pulse or by using
anelectricdischarge before the arrival of the drive pulse. Self-ionized
plasmas are generated by the transverse electric field of the drive bunch
itself. Although linear plasma wakes excited by either an electron or
a positron drive beam can be used to accelerate both electron and
positron trailing beams (Fig. 2), the accelerating gradients of linear
wakes at afew gigaelectronvolts per metre or less are smaller compared
with tens of gigaelectronvolts per metre offered by nonlinear wakes.
Furthermore, the physics behind the energy extraction from the wakes
also differs for the electron and positron acceleration in nonlinear
wakes. In the next two paragraphs, we discuss the similarities and
differences in electron and positron acceleration using linear wakes
produced by charged particle beams.

Linear wakes

For driver beams that are wider than the skin depth of the plasma, which
is the characteristic thickness of a plasma that is penetrated by the
electricfield of the beam, alinear wake is aspace-charge density wave
produced by the longitudinal displacement of the plasma electrons
by the drive beam and their subsequent oscillation about the more
massive, and therefore less mobile, ions. Because the particles in the
drive beam are highly relativistic, the wake has a similarly relativistic
phase velocity, almost the speed of light. Linear wakes are produced

when the drive beam density is less than the plasma electron density.
The wake’s sinusoidal longitudinal electric field, illustrated by green
curves in Fig. 2, can therefore accelerate an appropriately placed or
phased trailing positron bunch in the positive field region, similar to
acceleration by thelongitudinal electric field of a transverse magnetic
wave in a conventional accelerator. Both accelerating and focusing
fields of the wake can be described by gradients of a single potential
whose phase differs by a factor of 1 for linear wakes produced by
electrons and positrons. This means that an individual accelerating
stage of electron and positron arms would look identical in the case
of alinear wake, except for the location of the accelerating trailing
beam within the wake. Anelectron trailing bunchwould be accelerated
over distances where the wakefield is negative and focusing whereas a
positron bunch would be accelerated where the wakefield is positive
andfocusing. The energy-extraction efficiency of alinear wake can be
calculated by linear superposition of the wakes generated by the drive
and the trailing beams®.

The main drawback of the linear wake is that the longitudinal field
varies notonly inthe direction of propagationbutalsointhe transverse
direction. This means that operatingin thelinear accelerationregime
requires precise shaping of the beams in both longitudinal and trans-
verse directions to flatten or load the wake. A flat wake accelerates all
particlesataconstantelectricfield, thereby minimizing the particles’
energy spread. Asmall-energy-spread beamis necessary for achieving
asmall focused beam spot size and thereby a high luminosity in the
collision volume. This, however, is extremely challenging to achieve
in practice. Because the accelerating gradient of a linear wake is typi-
cally one order of magnitude lower at a given plasma density than that
of anonlinear wake (Fig. 2), a trade-off between efficiency and beam
quality cannot be avoided. Inthelinear regime, it may be necessary to
use awide drive beam and a narrow trailing beam to meet the require-
ments for a collider. However, wider beams are more susceptible to
beam break-upinstabilities, whereas a narrow-but-dense trailingbeam
might generate its own nonlinear wake® that will affect the energy
spread and violate linear superposition, and make achieving high
efficiency challenging.

Nonlinear wakes

Nonlinear wakes (Fig. 2d,e) can be produced by a narrow drive beam,
whose radius is small compared with the skin depth of the plasma but
whose beam density exceeds the plasma electron density®**. Unlikein
the case of linear wakes (Fig. 2a,b), nonlinear wakes produced by anelec-
tronorbyapositronbeam are very different from each other. Because
the magnitude of the electron and ion density of an undisturbed plasma
isthe same, inthe case of an electron drive beam shownin Figs.1and 2d,
the excess negative charge contained in the highly relativistic electron
drivebeamrepels and blows out the much lighter plasmaelectronsin
the transverse direction withrespect to the drive electronbeam. These
plasmaelectrons are then attracted back towards the beam axis by the
Coulomb force of the plasma ions forming a bubble-like accelerating
wake structure. This structure, often referred to as abucket, contains
plasmaions that are surrounded by a thin sheath of returning plasma
electrons forming a narrow localized high-density electron spike® at
theback of the bucket. In this ‘blowout regime’, the accelerating longi-
tudinal field is constantin the transverse direction inside the bucket”,
whichmeans that all the particlesin agivenslice of the trailing electron
beam gain energy at the same rate, thus minimizing the increase of
the energy spread of the trailing beam. The transverse focusing field
(not shown in Fig. 2), which results from the uniformly distributed
plasmaions, is zero on the wake axis and increases linearly with radial
distance”, and is constant in the longitudinal direction once the wake
is fully formed. Consequently, all particles contained in a given longi-
tudinal slice of the trailing beam oscillate about the wake axis, which
is the same as the drive beam’s axis, with almost the same frequency,
called the betatron frequency®.
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Fig. 2 |Linear and nonlinear wakes suitable for positron acceleration
produced in preformed plasmas. a-f, The plasma density (in the x-z plane) in
the region where the drive bunch produces a linear (a-c) or nonlinear (d-f) wake.
The wakefield’s longitudinal component E, accelerates or decelerates charged
particles co-moving with the wake. The right axis shows the magnitude of the
on-axis (atx = 0) E, field of the wake shown by the green curves in each panel.
The distance zis measured from the centre of the drive beam. The colour bars
show the local density of the plasma (p,), the density of the electron or positron
drive bunch (p,), and the density of the positron trailing bunch (p,,). The density
of'the plasma before the drive bunch excites the wake is denoted by n,. Electron
drive beams are shown in purple and the positron drive and trailing bunches
areshowninred. a, Linear wake produced by an electron drive beam. b, Linear
wake produced by a positron drive beam. ¢, Linear wake produced in a hollow-
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channel plasmaby an electron drive beam. d, Nonlinear wake produced by an
electron drive beam. e, Nonlinear wake produced by a positron drive beam that
ismuch shorter than the wake cavity. f, Nonlinear wake produced in a hollow-
channel plasma by an electron drive beam that disturbs the walls of the plasma
channel pulling some of the plasma electrons towards the axis. In all cases, the
trailing positrons are accelerated by a positive E, electric field. Nonlinear wakes
produced by either an electron or a positron beam driver (d-f) are promising for
high-gradient acceleration of a positron beam placed in the second wake cavity
or bucket, where a dense electron filament (see d and top-right inset of Fig. 1, for
example) provides a net focusing force to keep the positron beam focused on the
axis of the wake. The positron beam loads the wake as seen by the flattening of the
longitudinal £, field. Credit: Thamine Dalichaouch, UCLA Simulations of Plasmas
Group.

Inan optimally loaded wake, the betatron frequency is almost the
same for all particles contained in the beam, because their transverse
positions and momenta are highly correlated. This helps to preserve
thebeam’s transverse emittance, which refers to the area occupied by
thebeamin position-and-momentum phase space, evenifthe electron
beamhasasmallenergy spread. The smaller the transverse emittance,
the smaller will be the focused beam size and therefore the higher the
luminosity at the collision point of the two counterpropagating beams.
This, however, requires that the accelerating beam is injected such
that the focusing force of the plasmaions is balanced by the inherent
defocusing caused by the transverse emittance of the beam. This pro-
cess is known as beam matching® *. An additional advantage of the
blowout regime is that the focusing field arises from the plasmaions
and thus is not affected by beam loading, assuming that ions do not
move during the passage of the accelerated beam. Thereiis little phase
slippage between the drive and acceleration beams because both are
highly relativistic and thus moving almost at the speed of light. This
means that the first bucket of the wake is extremely robust and does
not change its shape® as the wake propagates until the drive bunch
is nearly fully depleted of its energy, thereby transferring much of its
energy to the wake.

Although nonlinear wakes have been shown to be extremely
successful for acceleration of a trailing electron bunch, its usefulness

for accelerating positrons was thought to be rather limited. This is
because a positrontrailingbeam must be accelerated inaregion of the
wake that is both positive and focusing** to ensure that there is no loss
of charge caused by defocusing induced by plasma ions. As shown in
thetop-leftinsetinFig.1, the longitudinal component of the wakefield
can be both positive and negative, but the transverse component of
the wakefield is strongly defocusing for the positron beam because
the first few buckets mostly contain positively charged plasmaions;
theregionsuitable for positron acceleration consists of a very narrow
region between the two buckets (Fig. 1, top-leftinset).

Instead, one can consider a nonlinear wake created by a positron
beam*, whichis qualitatively different fromthe one created by an elec-
tronbeam**. The reasonis that plasma electrons blown out by an elec-
tron drive beam are mostly attracted by the plasmaionsin the form of
athinsheath, whereas they are pulled inwards by a positron beam from
arange of radial locationsin the plasma. These electrons thus arrive on
the plasma axis at different times and in different locations. Thisin turn
produces a weaker accelerating field and a non-uniform net electron
plasma density, which leads to a highly nonlinear focusing field. The
latter is a potential showstopper for a collider application because
it causes rapid emittance growth of the accelerated positron beam.

To get around this issue, one approach is to use nonlinear wakes
produced by a much shorter positron beam* that attracts plasma
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electrons while reducing the spread in their arrival position on the
axis, thus forming a reasonably coherent wake, as shown in Fig. 2e.
If the positron beam is placed in the first half of the second bucket,
where the zcomponent of the electric field is positive, it can attract
and confine a substantial fraction of these plasmaelectrons on the axis
and produce a dense electron column that can exert a focusing force
onthe positronbeam. The netresultis that the nonlinear wake can now
both accelerate and focus the positron beam. Another is producing a
wake with a tightly focused electron beam in either a hollow-channel
plasma***¢ (Fig. 2f) orina preformed plasma (Fig. 2d and top-rightinset
in Fig. 1), and placing the positron beam in the second bucket. Using
electrondrive beamsinboth the positronand electron arms simplifies
the architecture of the plasma collider. In all these cases (Fig. 2d-f),
the produced nonlinear wake has a dense electron filament** result-
ing from confinement of some of the returning sheath electrons on
the wake axis by a trailing positron beam placed in the first half of the
second bucket. Ifthe filament density is axially varying so as to flatten
thelongitudinal accelerating field,abeam with anarrow energy spread
is obtained. Numerous other schemes to generate such an electron
filament have been explored using particle-in-cell codes*>*. However,
these approaches add further complicationsto the basicidea of creat-
ing an on-axis electron density filament and await proof-of-concept
demonstrations.

Hollow channels
Asdiscussed earlier, the main shortcomings of the linear regimeis that
the longitudinal field of the wake is smaller and it variesin the transverse
direction, which makes it necessary to use a precisely shaped trailing
beaminallthree dimensions to preserve the beam quality. In addition,
if there is phase slippage between the accelerating particles and the
drive beam asin alaser wakefield accelerator, then precise shaping of
the beam must account for variation of the accelerating and focusing
fields over the acceleration distance. However, this difficulty can be
bypassed altogether through the use of ahollow plasma channel. This
isbecause bothloaded and unloaded wakes in perfectly circular chan-
nels have aradially uniform, but longitudinally sinusoidal accelerating
field (Fig. 2c), and no transverse focusing field***. In the absence of a
transverse electric focusing field in the channel, conventional magnetic
lenses surrounding the hollow channel may be necessary to guide the
drive and trailing beams. Although it was considered impractical to
generate metre-scale hollow plasma channels for the propagation of
positron beams, there has been much progress in this area**~*°. This
advantage offered by a hollow plasma channel has given impetus to
theoretical and experimental studies of the use of such hollow channels
for positron acceleration. In the example in Fig. 2f, the intense elec-
trondrive beam perturbs the channel walland generates large surface
charge and current densities, leadingtoanonlinear wakefield inside the
channel that can support an extremely high accelerating field as well.
Therealization that ultrahigh gradient (tens of gigaelectronvolts
per metre) nonlinear wakes with an on-axis electron density filament in
thesecondbucket (Fig. 2f) canbe generatedin a hollow plasma channel
may turn out to be the needed breakthrough for the development of
the positron arm of a plasma-based electron-positronlinear collider.
There are, however, multiple challenges regarding the successfulimple-
mentation of this idea. First, such high gradients require metre-long
plasma channels with aradius less than 100 um (Fig. 2f) and substantial
wall plasmadensities. Second, off-axis propagation, asymmetriesinthe
beamand channel profiles, and wallimperfections canlead to the drive
and trailing beams being susceptible to the growth of the head-to-tail
instability, also known as the beam hosing instability®>®, inwhich any
transverse tilt along the beam grows exponentially with propagation.
This would cause an unacceptable increase of the beam emittance.
Insummary, placing apositronbeamin anonlinear wake produced
byanelectrondrive beameitherinapreformed plasmaorinside anar-
row hollow plasma channel, both with a density filament on the beam

axis, may be away to achieve high-gradient positron acceleration, while
obtaining a high energy-extraction efficiency

Status of electron-beam-driven plasma
acceleration

The highly nonlinear blowout regime’**” may simultaneously meetall
theneeds for asingle electron stage of a plasma-based electron-posi-
tron linear collider. We now briefly describe the experimental achieve-
ments that led to this realization.

By thelate1990s, the Stanford Linear Collider was able to provide
up to 50 GeV, highly compressed 100-fs-long electron and positron
beams for the development of advanced acceleration concepts. A
series of experiments on beam-driven plasma wakefield acceleration
in the nonlinear blowout regime?***%>%* culminated in demonstrating
acceleration by highly nonlinear wakefields of 50 GeV per metre in a
1-m-long beam ionized plasma. The predicted increase in the accele-
rating gradient® for short (20-30 um) drive bunches in high-density
(3 x10%-2 x 107 cm™) plasmas was verified in these experiments. These
accelerating fields ultimately doubled the energy of 42 GeV electrons
in the tail of the same drive beam—obtained from the 3-km-long
linear accelerator, over a distance of just 85 cm (ref. 20)—albeit with a
100% energy spread and a negligible energy-transfer efficiency.

This unacceptably high energy spread was remedied by sending
two appropriately spaced shorter bunches into the plasma—the first
produced the wakefield and the second extracted a significant frac-
tion of the energy from the wake?, as envisioned by theoretical and
computational predictions.

High-gradient, high-efficiency plasma wakefield acceleration
experiments have since demonstrated excellent beam loading that
increased the energy of the initial 20 GeV trailing beam by up to 9 GeV
in about 1 m while demonstrating that energy spreads of around 4%,
instead of the aforementioned 100%, were possible?* (Fig. 3a). These
experiments were carried out in a preformed plasma. Furthermore,
more than30% of the energy contained in the wake was transferred back
tothetrailing beamin this experiment™, confirming the wake flattening
suggested by the small energy spread. Subsequent experiments at the
FLASHForward facility at DESY (Deutsches Elektronen-Synchrotron)
in Germany demonstrated the possibility of achieving a high repeti-
tionrate®and optimalbeam loading of anonlinear plasma wakefield,
resulting in simultaneous preservation of energy spread and high
energy-transfer efficiency without loss of beam charge®’.

Status of positron-beam-driven plasma
acceleration

Before the year 2000, there were only a handful of theoretical works
on how high-current (>10 kA) positron bunches interacted with
plasmas, but no experiments. This changed when intense positron
bunches from the Stanford linear accelerator became available for
plasma acceleration experiments. Following the first experiment that
showed plasma focusing of a28 GeV positronbeamby ashort section of
plasma®, acceleration of positrons at the tail of a positron drive beam
inaquasilinear wake (bordering the linear and the nonlinear regimes)
was demonstratedina preformed plasma. A modest—butlarger thanin
radiofrequency cavities—accelerating gradient with a peak amplitude
of 80 MeV per metre was measured along a positron bunch®,

By increasing the product of the plasma density and length by
two orders of magnitude and by using a high-current positron beam
to generate the wake, another regime for positron acceleration
was discovered®. When a dense positron bunch enters the plasma,
it self-bifurcates into two distinct populations of positrons, which
quickly settle into near equilibrium as the bunch propagates through
the remaining part of the plasma. Roughly speaking, the front half
of the beam attracts plasma electrons towards the axis, creating a
wake, and thus loses energy to the wake. However, the back half of the
beamtogether with the plasmaions attracts and confines a significant
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Fig. 3| Multi-gigaelectronvolt energy gain and relative charge in electron- and
positron-beam-driven plasma wakefield acceleration. a, A 20 GeV electron
drivebunchis used toaccelerate a20 GeV externally injected electron trailing
bunch; the latter gains around 9 GeV energy. b, Energy gained by a self-generated
trailing bunch by splitting of a single positron drive bunchinto two using a
plasmawake. The drive beam energy in both cases was approximately 20 GeV
and the plasma wake was 1 m scale. The first half of the beam is decelerated as

it transfers energy to the wake whereas the charge contained in the back half of
the positron beamis accelerated and gains more than 4 GeV energy. The black
curveis the charge density and the red curve is the asymmetric Gaussian fit to
the peak seenin the accelerated positron charge. The horizontal axis in both
cases represents energy in gigaelectronvolts and the vertical axis represents

the transverse dimension on the energy spectrometer. Panels adapted with
permission from: a, ref. 16, I0P; b, ref. 43, Springer Nature Limited.

fraction of the plasma electrons that are drawn in by the front half of
the beam close to the axis. These electrons act like a dense electron
filament that flattens the wakefield and simultaneously confines and
accelerates this second group of positronsin the back half of the origi-
nalbunch. This unexpected result was followed by an explosion of ideas
for positron acceleration in nonlinear wakes. This experiment also
was the first example of self-loading of the wake by a positron beam.
This second group of positrons are now accelerated by the flattened,
uniformwakefield at a high accelerating gradient (exceeding 3 GeV per
metre). Theaccelerated positronbeamhad about 5% energy spread and
asmall divergence angle of around 100 prad (ref. 43; Fig. 3b).

This experiment showed that creating a high-density electron
region within the nonlinear wake was the key to successfully employing
the high-gradient nonlinear wake regime for positronacceleration. How-
ever, theamount of theaccelerated charge was one order of magnitude
andtherepetitionrateand emittance of the accelerated beam were three
orders of magnitude away from whatis needed for a future high-energy
linear collider. Nevertheless, this experiment* was key to the realization
thatadense cylindrical electron filament was necessary for keeping the
positrons confined on the nonlinear wake axis where they could alsobe
accelerated using either a positron or an electron drive beam***7-5%¢8,

Hollow-channel plasmas have recently been created by ionizinga
lithium vapour columnwith a high-order Bessel laser beam that hasan
intensity minimum on-axis. Longitudinal and transverse fields within
the channel have been characterized by measuring the energy loss of
apositron drive and energy gain as well as transverse deflections of a
slightly off-axis high-energy positron trailing beam®. In this case, the
plasmachannel was roughly 20 cmlong—short enough not to require

auxiliary external focusing to keep the positronbeam focused during
its passage through the channel. For a more complete description of
these and other experiments, as well as a complete list of references,
thereaderisreferred toref. 69.

Prospects for positron arm of a plasma collider

Any credible proposal for a future electron-positron linear collider
based on novel technology will have to demonstrate successful serial
linking of at least two stages® without loss of charge, high-gradient
acceleration at high energy-transfer efficiency between the drive and
accelerated beams, as well as preservation of the beam energy spread
and emittance® of both the electron and positron stages. The rationale
behindthisisthatif we can demonstrate linking of two stages, we have
a chance to serially link many more stages that are needed to reach
the final design energy. One of the principle objectives of the BELLA
facility at Lawrence Berkeley National Laboratory® is to show serial
linking of two laser-driven electron acceleration stages. In this
context, our understanding of how to design the electron arm is
more advanced than the positron arm based on ongoing experiments
and computer simulations. Inthe following, we surmise what progress
we can expect ifadequate positron facilities are made available in the
next decade and how simulations can help this progress. We also
describe alternative approaches to construct a future collider.

Need for a positron beam capability at plasma acceleration
research facilities
As far as experiments are concerned, the SLAC National Accele-
rator Laboratory had been the only facility worldwide with both
gigaelectronvolt-class electron and positron beams where research on
plasma-based acceleration of electrons and positrons could be carried
out. With the repurposing of the SLAC linear accelerator from powering
the Stanford Linear Collider to the laboratory’s two X-ray free-electron
lasers, the positron damping ring of the Stanford Linear Collider, which
collects and cools the positrons, was decommissioned around 2015.
The central one-third of its accelerator has been augmented with a
low-emittance photo-injector electron source for continued studies
of plasma-based acceleration at the FACET-II National User Facility with
a10 GeV electron beam. Plans to restore the positron capability have
been developed (Fig. 4), including new features such as the ability
to study positron acceleration in the wake of an electron beam. For a
timely progress of the positronarm of both abeam-and alaser-driven
plasma-based linear collider, more such facilities are needed in the
nextdecade, for the production of collider-quality positron bunches.
The availability of collider-quality positron beamsis also anissue
of some urgency for the laser-wakefield-acceleration community. The
EuPRAXIA facility, which is currently under construction in Europe,
plans to deliver gigaelectronvolt-class positron beams to users as a
test-bed facility for experimental studies of acceleration of positrons
using plasma wakefields”. There are now around a dozen petawatt-class
laser facilities all having laser wakefield acceleration of electrons as one
of the centrepieces of their research programme, but none of them
have accesstoagigaelectronvolt-class positron facility to meaningfully
participatein the development of the positron arm of a plasma-based
linear collider. Therefore, it is important that one or more such laser
facilities are equipped with a suitable positron source. In the mean-
time, experimental and computational research on the generation of
apositrontestbeam derived from a100-MeV-class electron beam from
alaser-plasma wakefield accelerator is beginning. Although these
positron beams are unlikely to contain a sufficient charge to load the
wake to study critical collider issues, such as beam quality, they may
provetobe useful for understandingissues, such as positroninjection,
acceleration and extraction from laser-produced wakes’>”. In this
context, we point out that a recent proof-of-concept experiment has
shown energy gain of a witness positron beam using laser-produced
wakes™ for both positron generation and acceleration.
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Fig.4|Schematiclayout of the10 GeV FACET-IIfacility with the proposed
10 GeV positron beam capability. The electron beam produced by a
radiofrequency gunis subsequently accelerated first by a linear accelerator
(injector) and then by three sections of the SLAC linear accelerator structures
(purple ‘disk-loaded’ cavities). Between the accelerator structures, the beam is
compressed by bunch compressors (green). In addition, electron bunches are
compressed in the W-chicane before being delivered to the experimental area.
The electron beam energy is around 10 GeV at the end of the third accelerating
section. The positrons are produced by sending the 10 GeV electron beam
through a thick target with high atomic number. The positrons are collected,

pre-accelerated and sent through a positron return line (purple) to the positron
damping ring, where they are cooled and form a high-quality, high-charge
bunch. After the damping ring, the positrons enter a conventional accelerating
cavity, where they acquire a correlated energy spread. Positrons are compressed
once using amagnetic bunch compressor before injection into the second
accelerating section of the electron beam line with similar energy, bunch length
and charge as the electron bunches. Afterwards, they pass through the ‘sailboat’
chicane, which delivers them to the interaction point on the same trajectory as
the electrons, but with a variable time delay. Figure adapted with permission
fromref. 70 under a Creative Commons license CC BY 3.0.

Role of computer simulations in developing positron
acceleration, transport and focusing concepts

Currently, few facilities can provide multi-gigaelectronvolt posi-
tron beams together with either a 10-20 GeV electron beam or a
petawatt-class laser to conduct plasma-based positron acceleration
experiments withafuturelinear colliderinmind. Therefore, research-
ersmustrely on high-fidelity particle-in-cell simulations (refs.15,75-79
and references therein) to develop new acceleration or collider con-
cepts. The successful validation of many plasma wakefield accelera-
tion experiments have made such simulations an indispensable tool
for simulating a single electron and positron stage of a plasma-based
linear collider without any approximations. Such a design can then
be continuously improved based on the latest experimental data.
Furthermore, novel concepts for matching positron beams into
and out of one and possibly two stages will need to be tested. Issues,
such asemittance preservation, are likely to be qualitatively different
betweenthe electron and positron arms and will need to be addressed
with simulations. Fortunately, computer resources and software
capability have kept up with the needs of the field and the trend is
likely to continue for the foreseeable future.

Polarized positrons. In proposed future colliders, high-charge, spin-
polarized positron bunches are derived from multi-gigaelectronvolt
electronbunches®®. In one concept, the multi-gigaelectronvolt electron
bunch producescircularly polarized photons in amagnetic helical undu-
lator. The photons with energies of tens of megaelectronvolts produce
spin-polarized positronsinatarget with a high atomic number®2, The posi-
trons are then collected, cooled in adamping ring and then accelerated
to produce a spin-polarized, high-energy positron beam. Methods for
producing polarized electrons in situ for the electron arm of a plasma-
based linear collider have been proposed®*®*, but creating a polarized
positron beam within the plasma wake is an unsolved problem®*®, Cur-
rent plasma collider designs assume (Fig. 1) that the existing accelerator-
based technology can be adapted for injecting spin-polarized posi-
tron bunches into a plasma accelerator and that the subsequent high-
gradient acceleration will not significantly depolarize the positrons.
However, this assumption will need to be verified in experiments.

Interim role for plasmas in a future collider. In comparison with
electrons, plasma-based positron acceleration is at the present time
muchless advanced. Although high-gradient acceleration of positrons
hasbeen achieved by positron-beam-produced plasma wakes, we are
onetothree orders of magnitude away from delivering the high-quality
positron beams that are needed for a future teraelectronvolt-class
linear collider. Despite the many proposals for the high-gradient accel-
eration of positrons in plasmawakes, it remains uncertain whether any
oftheseideas will be realized intime to ascertain whether amulti-stage
positron arm of a plasma-based linear collider (as shownin Fig.1) with
the requirements regarding beam energy, charge, emittance, energy
spread, efficiency and repetition rate (Table 1) will be possible. Never-
theless, plasmaacceleration can play multiple roles in future colliders.

Analternative approach to a multi-stage plasma-based linear col-
lideris the so-called plasma afterburner®’, where asingle plasma-based
acceleration stage is added at the end of the electron and positron
arms of an existing, conventional, linear collider to roughly double the
energy of both beams. Inthis concept, each arm produces two closely
separated bunches. The first beam has a high charge andis used to pro-
duce atens-of-metres-long wake. The wake then accelerates atrailing
spin-polarized beam with alower charge but extremely high brightness
with an average gradient of tens of gigaelectronvolts per metre.

Inthis scenario, the acceleration of atrailing positronbeam could
be achieved by a wake generated by either an electron or a positron
drivebeam propagating ina preformed, uniform plasma orinahollow
channel, as discussed earlier. The idea is attractive because it elimi-
nates the complexity of a multi-stage plasma-based linear collider.
In addition, it offers a potential path to extend the energy reach of a
conventional linear collider by roughly afactor of two. It isimportant
to demonstrate a prototype of this concept onafuture <1 TeV conven-
tional linear collider by boosting its beams’ centre-of-mass energy
by a factor of 2 or so because it sets the stage for increasing the
energy ofa5 TeVelectron-positronlinear collider to10 TeV as called for
inthe recent 2023 Particle Physics Project Prioritization Panel report
(https://www.usparticlephysics.org/2023-p5-report/).

Another example is a plasma-radiofrequency cavity hybrid
scheme foranasymmetric Higgs factory®*. Here, abeam-driven plasma
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wakefield accelerator generates a higher-energy electronbeamthat is
collided against alower-energy positron beam produced by a conven-
tional radiofrequency-powered accelerator.

Other proposals focus on capitalizing on the already demon-
strated success of plasma-based electron acceleration. These include
anelectron-electron collider®, aphoton-photon collider®*®, or doing
fixed-target experiments with an electron beam or colliding an elec-
tron beam with a high-energy proton beam®. Electron beams from
a plasma-based accelerator could also find application in creating
coherentorincoherent X-ray beams. Plasma-based free-electron lasers
have recently attracted attention”*inlight of their successful demon-
stration, albeit at much lower photon energies’*”*, Another proposal
uses a short plasma section as a very thin lens for strongly focusing a
teraelectronvolt-class beam right before the collision point® or tolin-
earize the longitudinal phase of ultrashort, ultrahigh-energy beams’”.

There is no lack of creative ideas to solve the problem of effi-
cient high-gradient positron acceleration. With concerted experi-
mental effort, we are perhaps one decade away from reaching the
same level of preparedness with solving the issues of acceleration of a
high-quality positron beam as we already have for the electron arm of
aplasma-based electron-positron linear collider.
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