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Abstract: Plasma wakefield accelerators can be driven either by intense laser pulses (LWFA) or by

intense particle beams (PWFA). A third approach that combines the complementary advantages

of both types of plasma wakefield accelerator has been established with increasing success over

the last decade and is called hybrid LWFA→PWFA. Essentially, a compact LWFA is exploited to

produce an energetic, high-current electron beam as a driver for a subsequent PWFA stage, which, in

turn, is exploited for phase-constant, inherently laser-synchronized, quasi-static acceleration over

extended acceleration lengths. The sum is greater than its parts: the approach not only provides a

compact, cost-effective alternative to linac-driven PWFA for exploitation of PWFA and its advantages

for acceleration and high-brightness beam generation, but extends the parameter range accessible for

PWFA and, through the added benefit of co-location of inherently synchronized laser pulses, enables

high-precision pump/probing, injection, seeding and unique experimental constellations, e.g., for

beam coordination and collision experiments. We report on the accelerating progress of the approach

achieved in a series of collaborative experiments and discuss future prospects and potential impact.

Keywords: plasma wakefield acceleration; LWFA; PWFA; compact particle acceleration; radiation sources

1. Introduction: LWFA and PWFA

The need for collective acceleration mechanisms as a pathway to overcome the limita-
tions of conventional accelerators, such as the occurrence of voltage or structural break-
down, and to realize energy gains orders of magnitude larger than otherwise possible,
has been discussed since the 1950s [1]. The electric fields in collective plasma electron
oscillations increase with plasma density and were recognized to be suitable for achieving
orders of magnitude larger energy gains. Using ”lasers to accelerate electrons to high
energies in a short distance” was proposed by Tajima and Dawson [2] in 1979 and is today
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Due to dephasing and laser depletion, a transition from laser-driven to electron-beam-
driven regimes may occur quite naturally [18–24]. Figure 2a–c (adapted from [20]) shows
how such a transition looks in PIC-simulations (also see Figure 8). Figure 2a depicts the
plasma electron density distribution normalized by the critical density, which shows several
electron bunches that have a pronounced effect on the wakefield structure. Figure 2b shows
the corresponding transverse force normalized by mecω, and Figure 2c shows, in contrast
to this, the transverse force that would be produced by the laser pulse only, without the
electron bunch(es) present. Experimentally, this scenario manifests in enhanced betatron
emission (length), in particular, for higher electron densities ne, where dephasing and
depletion are stronger (see Figure 2d).

While, in PWFA, laser pulses are not required, electron beams are always present in
LWFA scenarios. Generally, the impact of injected electron beams is, therefore, inseparable
from the LWFA process. For example, beam-loading [25] has been observed in seminal
simulations that predicted mono-energetic electron bunch generation in LWFA [16], the in-
creasing influence of the injected beam on the LWFA process was observed in simulations
described in [18], beam-loading in LWFA experiments was observed in [26], and mode-
transition from LWFA to PWFA [19] was encountered experimentally [21]. Such a gradual
mode transition (also see Figure 8 and [15]) was suggested more recently to be responsible
for energy spread improvement [24], while, conversely, it was interpreted, by the same
group, for very similar beams from LWFA, that beam-driven acceleration was excluded [27]
in experiments that provided highest-quality electron beams from LWFA that were used for
the first demonstration of VUV-range free-electron lasing [28]. These examples underline
the relevance of PWFA-like regimes for LWFA and show that both regimes may be more
intertwined than is often appreciated. On the other hand, this also underlines the need for
clear disentanglement between LWFA and PWFA stages and the need for ’safety margins’
for purposeful, controlled injection processes, instead of sensitive at-threshold injection
mechanisms and dark current production.

Reminiscent of the first driver/witness bunch pair experiments in linac-driven PWFAs,
various mechanisms for the production of electron bunch trains from LWFA exist. The pur-
poseful generation of electron bunch pairs from LWFA, for example, for driver/witness-type
PWFA [7,8] was explored in [22] and measured via coherent transition radiation (CTR) of
generated bunches. Figure 3 shows reconstructed electron bunch temporal profiles based
on CTR signals for the cases of a short and long plasma cell, respectively. The longer plasma
cell is longer than the dephasing distance, which implies a regime change from LWFA to
PWFA, provided that the electron beam is strong enough when compared to the remaining
laser pulse, and the injection of an additional electron bunch.

Informed by general studies of PWFA physics and enhanced energy gains, the staged
combination of LWFA and PWFA become increasingly attractive as a result of the invention
of the plasma photocathode, an injection scheme for generation of beams with orders of
magnitude better emittance and brightness than state-of-the-art approaches. The plasma
photocathode can act as a beam brightness transformer [29], in which the generated electron
witness beam has much higher brightness than the incoming electron driver beam. While,
for the first time, a plasma photocathode was developed with linac-driven PWFA [30],
the inherent synchronization of plasma photocathode injection lasers with electron beams
from LWFA, using a split-off laser pulse [31], makes this injection scheme ideally suited for
hybrid LWFA→PWFA.

Plasma-lensing, a concept introduced in the context of high-energy physics [32],
whereby plasma ions provide a focusing force [33], represents one of the initial stages
in the quest to develop hybrid LWFA→PWFA. Figure 4 shows a setup used as a first
step towards the development of staged hybrid plasma wakefield accelerators involving
the use of two separated gas targets [34]. Here, the second gas target is pre-ionized
by the diffracting LWFA remnant laser pulse and produces a plasma just ahead of the
electron beam. The electron beam then undergoes plasma-lensing, which has a variety
of applications, including capture of diverging electron beams from LWFA or transverse-
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What is next for LWFA→PWFA? One key prospect and goal is improvement in the
quality of beams generated from these systems. In particular, plasma photocathodes
provide promising quality boosts of several orders of magnitude, beyond even the highest-
quality linac-generated electron beams and, at the same time, benefit from the inherent
synchronization between electron beams and laser pulses in LWFA→PWFA. If such beam
brightness transformers for laser-plasma accelerators can be realized, then this will have a
transformative impact for various applications. These may include, light sources profitting
from enhanced electron beam (phase space) density and brightness, creating prospects
for X-ray free-electron-lasers [31,55,56], betatron radiation-based sources in X-ray and
γ-ray [57] or ion channel laser regimes [55], or inverse-Compton-scattering-based γ-ray
sources [9,55] driven by hybrid LWFA→PWFA. First experimental indications of free-
electron-lasing in the VUV obtained from electron beams by LWFA [28] and in the IR from
PWFA [58] via SASE, and as a seeded free-electron laser in the UV [59] from LWFA, have
now been obtained. Start-to-end simulations show that, with high-brightness beams from
plasma photocathodes, even attosecond-Angstrom-class hard X-FEL may become possible
based on hybrid LWFA→PWFA systems [60]. Ultra-low emittance/ultra-high brightness
beams are also of significant interest for high-energy physics research, for example, as
test beams for staging and emittance preservation, and, in combination with co-located
photon beams, also for, for example, nuclear- and quantum-electrodynamics research. We
anticipate that, especially if the efforts that have been initiated for ultrabright electron beam
production are successful with linac-driven PWFA and/or hybrid LWFA→PWFA, there
will be a surge in laboratories engaging in hybrid LWFA→PWFA research as a gateway,
not only to PWFA physics exploration, but also to ultrabright beam production and the
myriad of resulting applications for next-generation experiments and science.
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