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Abstract. Plasma wakefield acceleration using an electron filament offers

stable, high-gradient, high-quality acceleration of positron beams analogous

to the acceleration of electrons in the blowout regime. However, low energy-

transfer efficiency is currently a limiting factor for future collider applications.

We explore the addition of a secondary electron bunch in the electron filament

plasma wakefield acceleration scheme to recover additional energy from the wake.

Particle-in-cell simulations using HiPACE++ are used to demonstrate various

energy recovery schemes. In addition to confirming the energy efficiency gains

with a recovery electron beam, we also develop energy recovery schemes in the

context of future plasma colliders.
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1. Introduction

Plasma-based accelerators offer extremely high

accelerating gradients, which may enable a

compact future linear collider at the TeV

scale [1, 2, 3, 4, 5]. In recent decades, progress

in plasma wakefield acceleration (PWFA) [6, 7]

has addressed many challenges on the path

to a future plasma collider. For electron-

positron colliders, the ability to accelerate

both electrons and positrons is imperative. In

the non-linear blowout regime, high-efficiency

and high-quality PWFA can be achieved

for electrons [8] and has been demonstrated

experimentally [9]. However, high-efficiency

and high-quality positron acceleration remains

a challenge in the non-linear regime [10, 11, 12,

13, 14].

In the non-linear blowout case, the region

of the wakefield that is both accelerating

and focusing for positron bunches is relatively

small. Recently, new ideas have been proposed

to elongate the region of high plasma electron

density at the back of the bubble, enabling

better loading and acceleration of trailing

positron bunches [15, 16, 17]. Of these

approaches, the plasma column case has been

studied in the most detail [15]. The wake

formed in the plasma column regime not

only focuses and accelerates positrons, but it

also preserves beam quality [18] and stabilizes

under misalignment [19].

The plasma column regime is a promising

candidate for positron acceleration in a

future plasma collider, but the energy-transfer

efficiency from the drive beam to witness

beam is limited to roughly 5% due to

beam loading effects [18]. This indicates

that most of the energy in the wake is

not used to accelerate the witness beam.

In the ongoing efforts towards minimizing

the carbon footprint of particle accelerators,

energy efficiency remains a crucial factor

in determining the feasibility of a future

plasma collider [20, 21]. Therefore, efficiency

enhancements for positron acceleration in the

plasma column regime must be realized before

this scheme can be utilized as part of a future

plasma collider.

Other PWFA schemes that elongate the

electron filament at the back of the bubble

are currently under investigation, including the

elongated bubble regime [16] and the uniform

non-linear regime [17]. In the uniform non-

linear regime, the placement of a positron

beam just behind the bubble of a blowout

wake elongates the on-axis plasma electrons

into an electron-dense filament capable of

focusing, accelerating, and preserving the

positron beam. In an optimized drive-

witness configuration, efficiencies of up to

35% have been demonstrated in simulations,

which is comparable to the efficiency required

for future plasma colliders [2]. Once again,

minimizing energy losses is pertinent for a

sustainable future collider, and maximizing

energy efficiency remains an important step in

the realization of a future plasma collider.

Energy recovery from laser-driven plasma

wakefields using trailing laser pulses has been

proposed [22]. Extending this concept to

beam-driven plasma wakefields, we propose

the addition of a second electron beam to

absorb additional energy from the wakefield.

We use the 3D quasi-static particle-in-cell

(PIC) code HiPACE++ [23] to show that

the presence of an electron recovery beam

can result in a significant increase in energy

extraction from the wake. Additionally, we

develop future collider concepts with the

energy recovery electron filament schemes.



2. High efficiency in the linear regime

Before addressing energy recovery in the

plasma column and uniform non-linear regimes,

it is instructive to review energy recovery in the

linear regime [24]. Perturbatively solving for

the plasma response to an electron drive beam,

it is possible to tailor a witness beam profile

such that the fields are nearly zero behind the

trailing bunch [25]. Given a drive beam den-

sity ρ(ξ) and trailing bunch head at ξ = ξ0, the

requirement of a constant accelerating field Ea

across the witness beam is described by

Ea = E0 cos kpξ−4π

∫ ξ

ξ0

dξ′ρ(ξ′) cos kp(ξ−ξ′), (1)

where the relevant variables are defined in

Appendix A. As a result, for any positive

integer n, loading an identical electron witness

beam (2n − 1)π plasma skin depths behind

the drive beam results in near-100% energy-

transfer efficiency from the wake to the witness

beam. A positron beam can be loaded in a

similar fashion, with 2nπ plasma skin depth

separation leading to ideal energy transfer.

In HiPACE++, we simulate PWFA in the

linear regime with two identical bi-Gaussian

electron beams separated by 3πk−1

p in ξ.

The simulation consisted of a plasma electron

density of n0 = 8 × 1016 cm−3, Nb = 4 ×

107 macro particles per beam, and beam size

σx,y = 20 µm and σz = 15 µm. Beams are

injected at an energy of 10 GeV and a peak

density of 4.23× 1014 cm−3.

Both simulation and numerical analysis

show a full depletion of the wakefield at 100%

efficiency when properly loaded, as illustrated

in Figure 1. Unfortunately, the linear regime is

not suitable for collider applications, because

the low-emittance, high-charge, and high-

energy beams are extremely dense and will

drive non-linear wakes [24, 26].

3. Energy recovery in the Plasma

Column regime

As thoroughly studied in [15, 18, 19, 27],

a plasma column that is radially smaller

than the blowout radius causes a spread

in the plasma electron trajectories near the

boundary of the ion bubble. The plasma

wake forms a high-density plasma electron

filament that is elongated on-axis. The

filament region not only contains the necessary

focusing and accelerating fields for positrons,

but it also preserves beam quality and provides

stability. To study energy recovery in the

plasma column regime, we first simulate

positron PWFA in the plasma column without

energy recovery modifications to establish a

baseline efficiency. Next, we explore increasing

the energy efficiency by placing an electron

recovery bunch either in front of or behind the

positron witness bunch. There are focusing

and accelerating fields for a second electron

bunch in both regions of the wake. We note

that the parameter space for energy recovery

is large, with bunch charge, bunch length,

and transverse emittance all free parameters.

The goal of this study is to maximize energy

extraction from the wake with a triple-beam

configuration, without addressing all beam

quality considerations.

Helium plasma is simulated with 400

electron and 16 ion macro particles per

cell with a column radius of 2.5 k−1

p and

background density n0 = 1017 cm−3. A

plasma temperature of kBT = 15 eV is used,

where kB is the Boltzmann constant. All

three simulations use a -3.38 nC bi-Gaussian

electron drive beam with 106 macro particles,

an initial energy of 5.11 GeV, and a β-

matched normalized transverse emittance of

ǫx,y = 2.96 µm rad. The drive beam is

centered at ξ = 0 with σx,y = 0.05 k−1

p and





configuration. The trailing bunch profiles were

optimized to flatten the average accelerating

fields with the SALAME algorithm as part of

the HiPACE++ code [18]. Figure 2(c) shows

large variation of the on-axis Ez field for the

trailing recovery bunch, but this variation is

minimized by averaging Ez transversely across

the bunch. According to our simulations,

transverse witness beam properties did not

significantly affect energy-transfer efficiency

for the initial particle injection. However,

efficiency losses are expected to occur when

propagating the beams with inappropriate

transverse characteristics, such as when using

a positron bunch transversely larger than the

electron filament.

We note that our recovery beam param-

eter search was non-exhaustive, but initial re-

sults from our simulations indicate that the ef-

ficiency of the three-bunch scheme is unlikely

to improve far beyond what we have demon-

strated here.

4. Energy recovery in the Uniform

Nonlinear regime

Generating an electron filament in uniform

plasma involves a slightly different procedure

than in the plasma column case. In a

traditional blowout wake, a region of highly

dense plasma electrons appears behind the ion

bubble, but is longitudinally short. Similar to

the elongated bubble scheme [16], a method

was studied in [17] in which the presence

of a high-intensity positron beam causes an

electron filament to form in the region behind

the bubble of the blowout wake. The forces

induced by the positron beam bring sheath

electrons back on-axis to produce the desired

electron filament.

As before, there are three situations

that we explore. First, we simulate this

Table 2. Trailing beam parameters for uniform

plasma simulations. Subscripts p and r correspond

to the positron and electron (recovery) beam, respec-

tively.

Simulation (a) (b) (c)

kpξp,head −5.1 −5.1 −5.3

kpξr,head – −8.7 −3.5

Qp [pC] 102 102 63

Qr [pC] – −310 −177

η [%] 25.9 45.0 73.5

scheme without the use of an energy recovery

beam to obtain a baseline in energy-transfer

efficiency. Next, we add an electron recovery

beam behind the positron beam. Finally, we

simulate an electron recovery beam ahead of

the positron beam.

In the cases presented in Figure 3, we

use a helium plasma with background density

n0 = 7.8 × 1015cm−3 and with 25 macro

particles per cell for both plasma electrons

and ions. All beams were simulated with

106 macro particles and at 2.5 GeV. The

beam parameters were chosen to match the

parameters used in Ref. [17]. The drive beam

follows a bi-Gaussian profile with σx,y = 5 µm

and σz = 40 µm. Both the positron beam

and recovery beam are radially Gaussian with

σx,y = 2 µm and σx,y = 3 µm, respectively.

The total charge of the drive beam is Qd =

−534 pC. The drive beam is simulated with

a normalized transverse emittance of 6 µm

rad, the positron beam with 2.5 µm rad, and

the recovery beam with 7.5 µm rad. See

Table 2 for trailing beam placements and the

corresponding energy-transfer efficiency.

As before, the presence of a wakefield

behind the trailing beam in Figure 3 indicates

that the wake energy is not fully transferred to

the witness beams. Nevertheless, the addition
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