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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

Photonics 2023, 10, 99. https:/ /doi.org/10.3390/photonics10020099

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10020099
https://doi.org/10.3390/photonics10020099
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-5827-0041
https://orcid.org/0000-0003-3440-7717
https://orcid.org/0000-0002-8258-3881
https://orcid.org/0000-0003-0459-6326
https://orcid.org/0000-0002-5015-0387
https://orcid.org/0000-0001-9129-4208
https://orcid.org/0000-0002-3844-3697
https://orcid.org/0000-0003-2913-5729
https://orcid.org/0000-0002-5886-0834
https://orcid.org/0000-0001-8297-0198
https://orcid.org/0000-0003-2108-8702
https://orcid.org/0000-0001-7747-1650
https://orcid.org/0000-0002-4626-0049
https://orcid.org/0000-0003-0746-0731
https://orcid.org/0000-0003-1757-0985
https://orcid.org/0000-0001-7289-9228
https://orcid.org/0000-0003-0340-9963
https://orcid.org/0000-0001-9759-1166
https://orcid.org/0000-0001-8158-0980
https://orcid.org/0000-0001-5460-5388
https://orcid.org/0000-0001-7990-9564
https://orcid.org/0000-0003-0390-7671
https://orcid.org/0000-0002-2769-4749
https://orcid.org/0000-0001-8965-1149
https://orcid.org/0000-0002-6463-5406
https://doi.org/10.3390/photonics10020099
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10020099?type=check_update&version=1

Photonics 2023, 10, 99

2 of 14

known as laser-driven plasma wakefield acceleration (LWFA). Using a “bunched relativistic
electron beam in a cold plasma” was proposed by Chen et al. [3] in 1985 and is today
known as particle beam-driven plasma wakefield acceleration (PWFA). Both schemes were
visionary and required technological advances that were achieved over recent decades.
For LWFA, a technological breakthrough came from the chirped pulse amplification (CPA)
technique proposed by Strickland and Mourou [4] (interestingly, published in the same
year as the seminal PWFA paper). CPA eventually made high-power, high intensity,
ultra-short laser pulses commercially available, which, in turn, enabled the realization
and exploitation of LWFA and the injection of electrons from background plasma wave-
breaking and quasi-monoenergetic electron beam production [5] even in university-scale
laboratories. For PWFA, the development was, perhaps, a little more gradual, with the first
driver/witness-type double-bunch acceleration experiment performed in 1988 [6]. This
was similar to the approach described in [3] as a driving/driven beam system, with two-
bunch acceleration remaining a key strategy [7] as a result of the ability of linacs to provide
such driver/witness beam systems.

2. Hybrid LWFA—PWFA

The LWFA and PWFA techniques have complementary advantages. Resulting from a
strength and weakness analysis of both approaches, the concept of “hybrid laser-plasma
accelerators” was established in 2010 [8]. The similarities, differences, and complementari-
ties of LWFA and PWFA, and the resulting opportunities, are discussed in detail elsewhere,
for example in [9-15]. As a top-level summary, the key complementary features are that
laser pulses are ideal for tailored plasma production and use of LWFA for compact gen-
eration of intense, high-current electron beams, but suffer from dephasing, diffraction,
and oscillatory electromagnetic field structures, whereas PWFA is ideal for dephasing-free,
i.e., phase-constant and quasi-static acceleration over naturally long distances, operation
in tailored pre-ionized plasma channels and ultracold electron beam production. Jointly,
they provide inherent laser synchronization of systems to PWFA, for example, for probing,
diagnostics and injection of high-brightness beams.

Figure 1 below illustrates the concept. In the LWFA stage, a laser pulse, with power of
the order of 100 TW, propagates with a group velocity vy < c through plasma and drives a
plasma wave with an elliptical “bubble” structure [16]. An electron beam is then injected by
capturing plasma electrons in the accelerating longitudinal electric field, indicated by the
blue profile. The electron beam is indicated in green and the transverse Lorentz-contracted
fields are shown in red and blue, respectively. In the PWFA stage, this electron beam is
used to drive the plasma wave in the “blowout” regime [17], with a velocity ¢ without
dephasing issues over long distances. A synchronized laser pulse(s) can then be used in
arbitrary geometry for PWFA wakefield imaging or for advanced injection mechanisms
and interaction experiments.
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Figure 1. Schematic visualization of hybrid plasma wakefield acceleration. A 100 TW-scale laser pulse

p

drives a wakefield (the blue line shows the profile of the longitudinal electric field on-axis); an electron
beam is produced in the LWFA stage and then used as a driver for the attached PWFA stage. Here,
the inherent advantages of PWFA for acceleration and injection and the inherent synchronization can
be exploited.
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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 m.cw, 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 7,, 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
PWEFA [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
PWEFA, 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 LWEFA, 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—PWEFA. 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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matching. While, in this setup, the laser pulse diffracted sufficiently and did not drive a
plasma wave in the second gas jet, in a complementary setup produced earlier the laser
pulse still drove a wakefield in the second jet and generated a focusing laser-driven plasma
lens effect [35].
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Figure 2. Mode transition: (a—c) show a PIC simulation at plasma density of 2.5 x 1019 em—3,

in
(a) plasma density n, with the injected electron beam, in (b) the corresponding normalized transverse
force in the wakefield and in (c) the transverse wakefield force as generated from the laser pulse only.
This shows that, at this point, the wakefield is maintained primarily by the electron beam. In (d),
experimental results showing that the betatron emission length and, thus, the plasma interaction
length is increased with 7, at high values of n,, contrary to LWFA scalings and in agreement with
an LWFA-PWFA transition that allows for increased emission length at high plasma density (figure

adapted from [20]).
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Figure 3. Single and double electron bunches produced from LWFA due to dephasing and a regime
change from LWFA to PWFA, measured via coherent transition radiation (figure adapted from [22]).
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Figure 4. Hybrid setup with two separate gas targets used to show plasma-lensing of an electron

beam in a second gas jet (figure adapted from [34]).

The next level of interaction intensity is reached when the electron beam from the
LWEFA stage has sulfficient charge density and current that it begins to drive a plasma wave
in the PWFA stage and, thereby, decelerates. Figure 5 shows the degree of deceleration
observed when the second stage is placed at variable distances from the LWFA stage.
Larger deceleration and, perhaps, some re-acceleration of decelerated electrons is obtained
when the distance between both stages is shorter, consistent with the higher electron
beam density and, hence, stronger wake driven by the diverging electron beam when
the distance between the stages is reduced. Additionally, a steel tape was introduced in
between the stages to rule out the potential for the LWFA laser remnant to interact with
the PWFA stage. In this variation, the PWFA stage was self-ionized by the electric field of
the electron beam—an important milestone in its own right and an indication of the high
charge densities of electron beams obtainable from LWFA—and collective deceleration was
observed [36].
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Figure 5. Collective deceleration shown using two separate targets, with varied distance of the PWFA
to the LWFA jet (figure adapted from [36]).

The prospects of hybrid plasma wakefield accelerators, for example, as energy and
brightness transformers, as PWFA physics test-beds, and to boost the capacities and capa-
bilities of plasma wakefield accelerators, has increasingly fostered collaborative R&D in the
US [29] and, in particular, in Europe [37], where, from 2017, a dedicated experimental col-
laboration, involving teams from Germany, France and the UK, was set up to systematically
progress their development.

A first milestone of this collaboration was a demonstration that the capabilities of
hybrid LWFA—PWFA can complement, and even exceed, those of linac-driven PWFA.
In [11], a two-stage setup with a tape drive separation option was amended by a pre-ionizer
laser pulse. The ultra-high electron beam density, which is obtained quite naturally from
the LWFA stages, allowed driving of a plasma wave at densities of about 10! cm~3, about
two orders of magnitude higher than those achieved in experiments conducted in the
blowout regime at linac-driven PWFA facilities to date [7].

The inherent synchronization between electron beams and lasers was exploited for
high-precision imaging of the dynamics at the PWFA stage via few-cycle shadowgraphy as
used in LWFA [38]. Figure 6 shows that the strong, uni-polar electric field of the electron
beam generates significant ion motion and an emerging cone structure. Time-resolved
few-cycle shadowgrams of these dynamics are a powerful tool for PWFA research and
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optimization in general. For example, it was concluded in [11] that this type of directed ion
motion may have immediate implications for low-density PWFA as used at linac-based
facilities. Specifically, it was highlighted that bunch trains, where the plasma might not be
able to recover from the perturbation between two shots, should be investigated, a scenario
that was later confirmed in [39]. These results show that time-resolved shadowgraphy,
a technique that is standard in LWFA and was here introduced to (hybrid) PWFA, can
provide fundamental insights, for example, into the dissipation of plasma waves [40] and
energy transfer mechanisms [41] in PWFA.

Experiment

T ———

Plasma wave

600 400 200 0
2.5 1.5 0.5

Position [pum] Time [ps]

Figure 6. Experimentally imaged plasma wave obtained by shadowgraphy (al) and corresponding
simulation (b), illuminating the induced cone-shaped ion motion evolution as a result of the unipolar
field kick of the PWFA (figure adapted from [11]).

The interaction of electron beams from LWFA with thin foils can involve filamentation
in addition to emittance-spoiling scattering and is relevant for tape drive laser blockers
between LWFA and PWFA stages, but also for staged LWFA schemes, where tape drives
are used as plasma mirrors [42]. Figure 7 illustrates the effect of the laser-driven plasma
instability in the foil on the LWFA electron beam, which was investigated in [43]. This re-
search also demonstrated that the inherent synchronization between wakefield-accelerated
electrons and laser pulses is very valuable for the probing and investigation of laser-plasma
driven instabilities.

In [23], it was pointed out that electron beam quality optimization in LWFA is generally
connected with operation at low charges (the same can be said about linacs, albeit for
different reasons), while high charge beams are also required for many other applications
than hybrid LWFA—PWFA. Ionization injection in LWFA [44] is naturally associated
with high injection rates and, therefore, is a promising candidate for the production of
heavily charged electron beams and exploitation of associated beam-loading [23]. Self-
truncated ionization injection [45] has been realized as a localized, beam-loaded injection
scheme with beam charges of hundreds of pC and currents of tens of kA [46], which are
excellent prerequisites for laboratory-sized beam-driven plasma wakefield acceleration.
Other schemes with high injection rates, such as density downramp injection, are also
excellent approaches for the generation of high-current electron beams for PWFA.
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Figure 7. Laser-driven plasma instability probed by an electron beam from LWFA as a result of
interaction between the laser pulse and the foil used as a laser blocker for separation of targets in
LWFA—PWFA setups (figure adapted from [43]).

The physics of the transition from LWFA to PWFA, and the role of increasingly high
charge, was further investigated in [15]. Figure 8 shows the different regimes and the
transition from LWFA to PWFA when the laser pulse intensity and the electron beam
charge, respectively, change. A pure unloaded LWFA regime is realized only when there is
no injected electron beam, whereas, in contrast, a pure PWFA regime is realized only when
the laser pulse vanishes. Different laser systems with different pulse durations and power
levels, and two injection schemes for the LWFA stage, namely shock-front induced density
downramp injection and colliding pulse injection, were used. By scanning across energies
and plasma densities in the different regimes and setups, a wide range of scenarios, such
as beam-loaded LWFA and beam-dominated wakefield scenarios, were experimentally
realized. This included controlled production of two electron beams, which, in the context
of hybrid LWFA—PWFA, are important for driver-witness-type acceleration [8] and the
escort-beam loading approach for extremely high 6D-brightness beams [47].
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Figure 8. Overview showing a classification of laser pulse vs. electron-beam-dominated wakefield
regimes (figure adapted from [15]). The electron beam charge density (x-axis) and the laser pulse
intensity (y-axis) are responsible for the wake excitation and are, hence, decisive for the type of
plasma wakefield that is generated.

3. Full Demonstration of Hybrid LWFA—PWFA

A breakthrough milestone was then passed that firmly established the LWFA—PWFA
approach as an experimentally viable approach and platform. In [48], it was shown, for
the first time, that driver/witness-type PWFA can be realized from an all-optical, laser-
powered plasma wakefield accelerator. In Figure 9, the interaction setup is illustrated,
along with plasma wave images of the LWFA stage, as well as the PWFA stage, in self-
ionized and pre-ionized modes, respectively. The driver/witness pairs were generated via
various mechanisms in the LWFA stage, separation between the two stages was realized
with or without a tape drive laser blocker, and the platform was realized at two different
laboratories. These results, with the feasibility as well as the variability demonstrated,
and the similarity of the setups to the way they were envisioned a decade earlier [§], is a
testament to the robustness and success of the approach, but also to its unique capabilities.

The inherently short duration and high charge density of electron beams from LWFA
enable operation of the PWFA stage at naturally high plasma densities. The demon-
strated energy gain gradient [48] of witness beams obtained in this first full-scale real-
ization of LWFA—PWFA amounted to over 100 GeV/m, a rate similar to the highest
ever achieved in linac-driven PWFA [49]. With regard to diagnostics, it is appropriate to
emphasize again that the naturally synchronized interplay of up to three laser arms in
these experiments [11,48], including a few-cycle optical probe beam, allows time-resolved
shadowgraphy and, hence, illumination of the interaction with femtosecond resolution.
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This capability is crucial for precision studies of plasma waves and dynamics and is also
enormously useful for injection studies.

a drive laser A Stage
< x4
LWFA beam Y
pre-ionization laser
drive laser e LWFA beam .
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Figure 9. Hybrid LWFA—PWFA platform and driver/witness-type PWFA, using two separate gas
jets and three laser arms to drive the LWFA stage and pre-ionize the PWFA stage for shadowgraphy
imaging (figure adapted from [48]). The insets show simulation representations of LWFA and self-
ionized and pre-ionized PWFA, respectively.

Gas-dynamic density downramp injection also represents a promising scheme for the
production of high-quality electron beams. While a standard method in LWFA for more than
a decade, its realization remained a long-harboured aspiration of the PWFA community
until recently. Based on the now-established hybrid LWFA—PWFA platform [48], this
milestone was reached in a straightforward manner. In [50], a thin wire was used to
generate a (double) shock in the PWFA gas jet, with an associated downramp that captured
plasma electrons and accelerated them at gradients beyond 120 GeV/m. Figure 10 shows
the wire-equipped hybrid platform and the resulting hydrodynamic shock and gas density
spike. The shadowgraphy was exploited to provide images of the shock(s) as well as
the PWFA. Control of the injection parameters and the resulting electron beams was also
demonstrated by changing the injection position as well as the plateau PWFA gas density.
These results underline the rapid advance of the approach and the contributions it can
make, for example, towards high-brightness electron beam generation.

The LWFA optimization priorities for electron beam generation for PWFA, such as
charge and current, are different from those for traditional LWFA, where energy spread
minimization is a key goal. While LWFA does not yet produce electron beams that can
compete with state-of-the-art linacs in terms of stability, the variability can be exploited for
passive parameter scans. In [51], an approximately inverse correlation between electron
beam charge and energy [15] obtained in the LWFA due to beam loading was investigated
through its impact on the PWFA stage. Jointly with PWFA shadowgraphy and other
diagnostics, this allowed precision studies of the PWFA wakes to be carried through in the
self-ionized and pre-ionized regimes, respectively. Relativistic plasma wave elongation, as
a result of increased driver beam charge and density, was observed and, by probing the
wake at different positions within the PWFA stage, the evolution of the decelerating driver
beam and its corresponding plasma wake were observed. This setup will enable further
in-depth studies of PWFA dynamics in the future.

In a recent study [52], for the first time, an all-optical injection scheme in hybrid
LWFA—PWFA was realized. Here, an optically triggered shock provided the down-
ramp; the approach thus complemented a first realization of the plasma photocathode [30]
and plasma torch [53,54] methods, which had been first realized in linac-driven PWFAs.
Moreover, Ref. [52] provided the first evidence that various aspects of stability, quality and
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energy transfer of the generated electron beam obtained from injection in the PWFA stage
can be improved. This represents a first step towards a beam brightness transformer based
on the hybrid LWFA—PWFA platform.
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Figure 10. Gas-dynamic density downramp injection, realized by wire-induced shocks in the PWFA
gas jet. Shadowgraphy reveals both the PWFA-driven plasma wave and the hydrodynamic shock
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4. Conclusions

Both LWFA and PWFA, invented in their modern forms approximately four decades
ago, have matured to become experimentally highly successful approaches. Each has
particular advantages. Hybrid plasma wakefield acceleration, or LWFA—PWFA, seeks to
exploit the best of both worlds and has been driven forward from innovation to realization
with an increasing success rate over the last decade. This is not only because of the viability
of the approach, but is also because of its capacities—there are only a small number of
linac-driven PWFA facilities in the world, with corresponding limitations of access and
accessible parameter ranges, constituting an R&D-capacity bottleneck. LWFA-driven PWFA
systems, in contrast, can be realized in university-scale laboratories and, hence, offer a
means of overcoming the capacity bottleneck that currently exists in PWFA. Moreover,
LWFA—PWFA has already demonstrated capabilities beyond those of existing linac-driven
PWFAs that can be exploited.

Figure 11 shows a timeline with experimental milestones passed over the last years as
summarized in this paper.
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Figure 11. Timeline of hybrid LWFA —PWFA research, with selected experimental highlights. Mile-
stones for the approach are being reached at an increasing rate based on the full experimental
establishment of the hybrid plasma accelerator platform at the beginning of the 2020s.
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What is next for LWFA—PWZFA? 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
y-ray [57] or ion channel laser regimes [55], or inverse-Compton-scattering-based y-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 LIWFA —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—PWEFA 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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