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LWFA electron beams as injectors for PWFA: interesting but difficult to implement in reality, requires matured LWFA 

LWFA electron beams as drivers for PWFA: easier because spectral quality and matching is not critical 

Brightness transformer concept: generating higher brightness electron beams and light sources in a laser lab 

Complementary PWFA physics platform with optical tools from laser lab

Synergies between LWFA and PWFA - staging
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the witness beam in the LWFA stage (figure 2(c)), the PWFA stage shows a greatly improved265

steadiness on the accelerating conditions.

Table 2. Drive and witness beam properties before and after the PWFA stage, respectively.

Driver Witness

Charge 190 pC 10 pC

Average energy 2 GeV 5 GeV

Energy spread 10% 3%

Sliced energy spread 10% 0.1%

Normalized emittance 15 µm 0.1 µm

Duration (fwhm) 18 fs 0.8 fs

Current 10 kA 15 kA

Brightness 0.044 kA/µm2
1500 kA/µm2

266

The witness beam parameters can be extrapolated to an energy gain of ⇠ 5 GeV, when the267

process is initiated by a 2 GeV electron driver coming from a LWFA stage. We assume that268

the wakefields over the witness remain constant during the whole propagation length (confer269

figure 3(c)). This assumption is particularly good for PWFAs operating in the blowout regime.270

Therefore, assuming that the sliced energy spread does not change during the acceleration271

process, we expect the final sliced relative energy spread to scale as the inverse of the final witness272

bunch energy, yielding ⇠ 0.1% for a final energy of around 6 GeV.273

In summary, this simulation result strongly supports the concept that high-current electron274

beams produced in LWFAs can indeed drive strong plasma wakefields themselves, where a new275

witness of dramatically improved quality can be injected and accelerated to much higher energies.276

For the parameters here considered, table 2 summarizes the properties of the LWFA-produced277

drive beam against the newly PWFA-produced witness beam. In particular, the brightness of the278

witness beam, Bw = Iw/✏
2
n,w, is increased by more than five orders of magnitude.279

3. Simulation for the proof-of-concept experiment at HZDR280

Motivated by the promising simulations results shown in section 2, we are currently exploring281

the experimental feasibility of this concept. With this purpose, a proof-of-concept experiment has282

been implemented at HZDR [62], using the DRACO [63] laser system for the LWFA stage and the283

thereby produced electron beam as driver for a subsequent PWFA stage. As a proof-of-concept,284

the first goal of the experiment is to demonstrate the injection and acceleration of a new witness285

beam in the PWFA stage driven by the LWFA-beam. Ultimately, the resulting PWFA-beam is286

ought to feature a substantially higher energy and brightness than the initial LWFA-beam.287

The experimental setup consists of two consecutive supersonic gas-jets, one for the generation288

of high-current electron beams in a LWFA stage driven by the DRACO laser, and two for the289

injection of a new electron beam in a PWFA stage, driven by the previously produced electron290

beam (Figure 4). A thin ribbon made of kapton, of 15 µm thickness, is placed at the entrance of the291

second jet, aiming to reflect the main laser from the second stage, while letting the electron beam292

go through with a minimal impact on its transverse size and emittance. The first LWFA-stage has293

been already proven to provide electron beams of ⇠ 300 pC charge, ⇠ 10% energy spread and294

with average energies around 250 MeV, with an excellent shot-to-shot stability [44]. The second295

stage utilizes this LWFA-beam to subsequently drive a PWFA, wherein the final witness electron296

beam in this setup is generated by means of ionization injection.297

Recent measurements based on coherent transition radiation indicate that the LWFA-produced298

electron beams have a duration between 10� 20 fs, suggesting peak currents between 15� 30 kA.299

These high-currents are more than sufficient to enable a strong blowout wakefield in the second300

stage, that enables the trapping of electrons generated by field-ionization [17]. Due to the short301
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We present a conceptual design for a hybrid laser-
driven plasma wakefield accelerator (LWFA)
to beam-driven plasma wakefield accelerator
(PWFA). In this set-up, the output beams from
an LWFA stage are used as input beams of a
new PWFA stage. In the PWFA stage, a new
witness beam of largely increased quality can be
produced and accelerated to higher energies. The
feasibility and the potential of this concept is shown
through exemplary particle-in-cell simulations.
In addition, preliminary simulation results for
a proof-of-concept experiment in Helmholtz-
Zentrum Dresden-Rossendorf (Germany) are shown.

2019 The Author(s) Published by the Royal Society. All rights reserved.
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and highly compressed beams [44,45] with peak currents well above the minimal requirements53

for enabling internal injection techniques and efficient acceleration in PWFAs [17]. Moreover,54

although the state-of-the-art emittance and energy spread of the LWFA generated electron beams55

are as of yet insufficient for applications demanding a high beam quality (e.g. FELs), these56

properties, far from being detrimental for driving a PWFA, may offer improved stability [46,47].57

Using the output of a LWFA to perform a PWFA has been already proposed as a beam-58

energy afterburner, where two distinct electron bunches produced in a LWFA are used as a59

driver/witness pair in a PWFA stage [48]. Also a transition from a LWFA to PWFA in one60

single stage has been proposed as a way of boosting the energy of a fraction of the produced61

electron beams [49,50]. The concept developed here is fundamentally different, as the witness62

beam is produced in a PWFA stage in a controlled manner, and the LWFA | PWFA combination63

is conceived both as an energy and quality transformer. This possibility of using LWFA-produced64

electron beams to drive a PWFA for the production of superior quality beams has been also65

indicated in [15,17,20]. Recently, important experimental milestones such that LWFA-beams can66

be re-focused in a subsequent plasma stage [51] and drive wakefields on their own [52,53], have67

been demonstrated.68

In this work, we further discuss on the feasibility and the potential of a combined laser-to-69

beam driven plasma wakefield accelerator (LPWFA) by means of theoretical considerations and70

particle-in-cell (PIC) simulations with the code OSIRIS [54–56]. In the setup considered, the output71

beam from a LWFA stage is used as the drive beam of a PWFA stage, where a new witness beam of72

superior quality is generated and accelerated to higher energies. This scenario benefits from the73

advantages unique to each method, particularly exploiting the capability of PWFA schemes to74

provide energy-boosted and high-brightness witness beams, while the LWFA stage fulfills the75

demand for a compact source of relativistic high-current electron bunches required as PWFA76

drivers. In essence, the PWFA stage operates as a beam brightness and energy transformer of the77

LWFA output, aiming to reach the demanding beam quality requirements of accelerator-driven78

light sources [57–59], without sacrificing the small spatial footprint and the relatively low cost79

offered by LWFAs.80

2. Conceptual design and simulations81

PWFA stageGas jet (H2/N) Gas jet (H2/He)

Gas cell (H2)

LWFA stage
Gas cell (H2)

np ~ 1017 cm-3 np ~ 1019 cm-3

Laser  
pulse 

electron  
beam

10 cm 2 cm

1 PW, 88 J 5 GeV, 10 pC
Laser blocker

pre-ionization laser

Figure 1. Schematics for a LPWFA with ionization injection.

We start describing a conceptual design for a LPWFA consisting on two quasi-identical plasma82

acceleration modules coupled to each other with a minimal distance in between (Figure 1). Each83

plasma module contains a gas-jet (supersonic gas nozzle) at the front, which is fed with a low84

ionization threshold (LIT) gas species (e.g. hydrogen), doped with a higher ionization threshold85

(HIT) gas species at variable concentration. The drive-wakefields system, either in a LWFA or86

PWFA fashion, will trigger ionization injection from the HIT species while it is passing through87

the doped section (the gas jet). Injection stops once the gas-jet column is over. Immediately after88

the gas-jet, a longer plasma cell composed only of the LIT gas species is used to further accelerate89

the generated witness beam.90
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An ultracompact laser-plasma-generated, fs-scale electron double bunch system can be injected into a

high-density driver/witness-type plasma wakefield accelerator afterburner stage to boost the witness

electrons monoenergetically to energies far beyond twice their initial energy on the GeV scale. The

combination of conservation of monoenergetic phase-space structure and fs duration with radial electric

plasma fields Er ! 100 GV=m leads to dramatic transversal witness compression and unprecedented

charge densities. It seems feasible to upscale and implement the scheme to future accelerator systems.

DOI: 10.1103/PhysRevLett.104.195002 PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw, 52.65.Rr

New strategies are sought after to increase fundamen-
tally the effectiveness of next-generation particle accelera-
tors. It might be desirable to implement new acceleration
schemes with accelerating fields orders of magnitude
higher than the current limit of state-of-the art radio-
frequency cavity-based accelerators of !100 MV=m.
One concept is the use of high-density, longitudinal plasma
waves which can provide accelerating electric fields Ez "
100 GV=m, the field scaling favorably with plasma density

ne as Ez / n1=2e . In the 1940s/50s, the particle accelerator
community had already suggested exploiting the enormous
collective fields in plasmas [1– 4]. Today, two methods of
how to excite and drive highly suitable plasma waves and
wakefields are available which both have unique features:
using high-intensity laser pulses [5,6] and using beams of
charged particles themselves [7,8], Ref. [8] being a prime
example of how rf-cavity accelerator technology is nowa-
days increasingly recoalescing with plasma-based
techniques.

Laser drivers with pulse durations !L & 30 fs allow for
extremely high plasma densities ne and wakefields Ez, and
the accelerating bubblelike structures are in turn extraordi-
narily small. The laser pulse group velocity vg in a plasma
being slightly lower than the velocity of accelerated rela-
tivistic electrons " c promotes monochromatization of
electrons in the bubble wakefield, but on the other hand,
this dephasing limits the energy gain. With relativistic
electron beam drivers, in contrast, virtually no phase slip-
page occurs, and thus accelerating distances can be much
longer. However, electron beams generated by rf-based
accelerators are usually orders of magnitude longer (ps-
range) than those obtainable by laser-plasma accelerators
(few-fs-range), which limits plasma density, blowout size,
and wakefield of a plasma post-accelerator.

To overcome this dilemma, we propose a hybrid accel-
eration scheme which combines the best of both worlds. In
the first stage, ultrashort (!L " 3 fs) quasimonoenergetic
electron bunches are generated in a laser wakefield accel-
erator (LWFA) or a self-modulated LWFA, the latter lead-

ing to especially short bunches due to the maximized
plasma densities involved. Both LWFA [9– 11] and
SMLWFA [12– 15] are known to be able to generate even
multiples of such bunches, which are accelerated in con-
secutive plasma wave buckets and therefore are separated
by few tens of fs only. Using such ultrashort bunch dura-
tions and distances allows for a driver/witness-type plasma
wakefield accelerator (PWFA) based on electron double
bunches in the second stage of acceleration.
The paramount desirability of ultrashort electron

bunches for plasma wakefield acceleration is well known
and has given rise to complex setups designed to compress
electron beams longitudinally. This enabled breakthroughs
such as energy-doubling of a fraction of bunch electrons
[8], where a single electron bunch extending over the
whole blowout region was used so that the head of the
pulse excites the wakefield and electrons at the tail are
accelerated. Since this inherently leads to large energy
spreads, instead trains [16] or pairs of electron bunches
are desirable. Recently, for the first time, an electron
double bunch with sub-ps distance (generated by splitting
an rf-cavity based electron beam) was used for driver/wit-
ness acceleration, albeit here the energy gain was limited to
" 1 MeV [17] due to the bunch durations and distance

FIG. 1 (color online). Schematic of the hybrid accelerator
scheme. (I) A focused high-power laser pulse generates quasi-
monoenergetic, electron double bunches via LWFA or SMLWFA
in a high-density gas jet (II), the witness/driver electron double
bunch system leaves the gas jet (III), and the witness bunch is
boosted by TV-scale electric fields in the afterburner (IV).
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Few-fs electron bunches from laser wakefield acceleration (LWFA) can efficiently drive plasma
wakefields (PWFs), as shown by their propagation through underdense plasma in two experiments. A
strong and density-insensitive deceleration of the bunches has been observed in 2 mm of 1018 cm−3 density
plasma with 5.1 GV=m average gradient, which is attributed to a self-driven PWF. This observation implies
that the physics of PWFs, usually relying on large-scale rf accelerators as drivers, can be studied by tabletop
LWFA electron sources.

DOI: 10.1103/PhysRevLett.117.144801

Laser and plasma wakefield accelerators (LWFA and
PWFA) are promising concepts to boost the acceleration
gradient from ≈ 100 MV=m in conventional rf accelerators
up to 10’s to 100’s GV=m [1]. Laser-driven (i.e., LWFA-
type) relativistic electron sources are routine and have
been demonstrated by many laboratories, e.g., Refs. [2–9],
delivering ≤ 5 fs FWHM and multi-kA bunches [10–12].
However, the electron energy from single-stage LWFA is
mainly limited by dephasing, since the highly relativistic
accelerated electrons eventually outrun the wakefield
whose phase velocity is subluminal (vph < c) [13]. In
contrast, PWFA driven by high-energy charged particle
beams is already moving at v ≈ c, and so suffers much less
from dephasing. Also, particle beams can stay focused over
much longer distances than optical laser beams. However,
PWFA requires high energy and current-density bunches
in order to drive high-gradient ultrarelativistic wakefields
[14,15]. These bunches are only provided by a few large-
scale facilities, such as, e.g., SLAC, CERN, and DESY,
where beam time for accelerator research and development
is usually limited [16–20]. LWFA bunches, widely avail-
able in university-scale laboratories around the world,
already possess most of the required parameters for driving
PWFAs: High charge density, ultrahigh current, and con-
trollable single or multiple bunch structure. Except for
final energy and average power, they are ideal for studying
beam-driven wakefield physics in a small-scale model, thus
complementing large facilities for detailed parameter stud-
ies. Even the typical spectral bandwidth of LWFA beams is
of low concern for that kind of application. Concerning
laser-driven acceleration, hybrid PWFA driven by LWFA
beams has also been proposed to double the achievable
electron energy for a given laser energy [21]. Therefore,
realizing a beam-driven wakefield with LWFA accelerated

beams would be a major step forward for studying future
high-gradient accelerators.
In this Letter, we present the first experimental evidence

of collective deceleration of LWFA electron beams inside
mm-scale plasma in two independent experiments, which
can only be explained by the generation of a strong beam-
driven wake. The first experimental setup is illustrated in
Fig. 1. The ATLAS 60 TW Ti:sapphire laser system was
used to drive the primary electron bunches. The laser pulses
of 870 mJ were focused by a parabolic mirror with f=13

d= 0-14 mm

Laser

Razor blade

Shock front

10 µm Al foil

Electrons

Scintillating screen

30 MeV

78 MeV

1.4 m

d=4 mm

Electron
spectrometer

He jets

Hydrogen cells

Steel tape

Electrons

FIG. 1. Experimental setup. Jet 1 (left), which had a 300 μm
exit aperture and 1000 μm FWHM density profile along the laser
propagation axis, was used to generate stable and tunable
monoenergetic electron bunches by shock-front injection. The
shock was generated by inserting a razor blade into the super-
sonic flow. Jet 2 had 1500 μm exit aperture and 1500 μm flattop
density profile, and its center was placed between d ¼ 0 and
14 mm behind the shock. Bottom left: electron density profile
based on interferometry and Rayleigh scattering. The density is
normalized to 1018 cm−3. The density of jet 1 without the shock
front was fixed at 1.7 × 1018 cm−3 while the density of jet 2 was
changed between ð1.2–4.8Þ × 1018 cm−3. Top left: setup of the
double gas cells.
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optical geometry to a 15.9 μm FWHM spot and delivered
550 mJ within the first Airy ring with 28 fs duration on
target. The peak intensity was 6.2× 1018 W=cm2, and the
energy stability is better than 5%. A permanent magnet
spectrometer with an absolutely charge-calibrated scintil-
lating screen was used as an electron detector [22], which
can resolve electron energies from 2 to 78 MeV with few
percent resolution [23], and has an angular aperture of
29.4 mrad. The targets were two supersonic helium jets
with adjustable separation and separately controlled den-
sities. The density fluctuation was < 0.8%. In jet 1, shock-
front injection resulted in tunable and stable electron
spectra (injection probability > 95%, rms peak energy
fluctuation < 2MeV at 36 MeV peak energy, standard
error of charge stability ≈1%) as observed in Ref. [2].
Typical spectra are shown in Fig. 2(a). These bunches first
propagated through a vacuum gap, before interacting with
jet 2. The gas profile of both jets plus the shock front were
characterized off-line by interferometry and Rayleigh
scattering [24]. These measurements confirmed that there
is no detectable interference between the two jets when
d > 2mm, where d is the distance between the shock front
in jet 1 and the middle of jet 2.
A consistent deceleration of the majority of electrons

was observed with jet 2. Figures 2(c)–2(d) show two sets of
spectra for different separations; since the shock-front
injection provides a highly stable LWFA electron source
[Fig. 2(b)], the observed broadening of the spectra after jet
2 was clearly not the shot-to-shot fluctuation of the injected
bunches. Although the spectra were found to be unstable
especially compared to the case without jet 2, a similar
pattern in the spectra was visible. Figure 3(a) shows the
average spectra after jet 2 as a function of separation.
As d decreased, the spectra became broader and skewed
towards the low energy side. In the closest cases, an

additional low-energy peak around 15 MeV was generated,
possibly due to re-acceleration as indicated by the simu-
lations. Since the decelerated spectra were not monoener-
getic, we define the remaining energy fraction (REF) to
characterize the total bunch energy after interaction,
REF≡ R

ESðEÞdE=
R
ES0ðEÞdE, where SðEÞ is the elec-

tron spectrum after jet 2, and S0ðEÞ is the spectrum after jet
1. Likewise, the remaining charge fraction (RCF) character-
izes the charge loss: RCF≡ R

SðEÞdE=
R
S0ðEÞdE.

The REFs and RCFs after jet 2 were found to be identical
to within 20% even for a fourfold change in jet 2’s density
and seemed to depend mainly on d as depicted in Figs. 4(a)
and 4(b), respectively. The results affected by gas turbu-
lence (d < 2mm) were left out of the analysis. REF and
RCF decreased monotonically with the distance between
the two jets. The highest loss of over 94% was observed at
d ¼ 3.5 mm before gas interference took effect. At this
distance, the peak number density of the electron beam is
slightly above 1.2× 1018 cm−3, exceeding the lowest
background electron density in jet 2. As it will be shown
later, the self-focusing of the electron beam increases the
peak density far above that of the background density even
for the densest case (4.8 × 1018 cm−3) in the experiment.
The estimated average stopping power from the first
momentum of the spectrum corresponds to a 5.1 GV=m
deceleration gradient, and the peak stopping power can be
estimated by the secondary peak around 15 MeV, which
shows a gradient> 14 GV=m. These values exceed regular
collisional and radiative energy loss [25] as well as betatron
radiation loss [26] by a factor of > 104. The only possible

FIG. 2. Electron spectra. (a) Average spectrum (solid line) and
root-mean-square (dashed line) from over 60 consecutive shots.
The shock-front configuration was used to generate 35.8$
0.3 MeV, 44.3$ 1.5 pC electrons with an average FWHM
divergence 6.9$0.17mrad. (b) Consecutive shots of stable
shock-front injected bunches without jet 2. (c) Decelerated
spectra with d ¼ 3.5 and 3.6× 1018 cm−3 electron density in
jet 2. (d) Decelerated spectra with d ¼ 6.5.

(a)

(b)

FIG. 3. Summary of spectra as a function of separation between
two jets. (a) Average spectra from the experimental results.
(b) Results from simulations where the solid lines show total
spectra, and dashed lines below them are the spectra of electrons
with divergence below 30 mrad.
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laser propagation at low plasma densities, where Ldeph is
higher. On the other hand, betatron emission is enhanced by
a strong transverse wiggling and a short oscillation period,
which preferentially happens in high-density plasmas.
Consequently, the density ne cannot be chosen to simulta-
neously optimize a high energy gain and a strong wiggling
in a single stage, which severely limits the performance of
the betatron source. To overcome this challenge, we
propose in this Letter an original two-stage hybrid scheme,
in which the acceleration process and the betatron emission
are decoupled in two successive steps (see Fig. 1). In the
first stage, the laser pulse is sent in a low-density plasma,
where the electron acceleration can be fully optimized.
The generated electron beam is then sent to a second
stage, which has a much higher plasma density. There,
betatron radiation is emitted in a plasma wakefield accel-
erator [17] (PWFA), where the electron beam is driving the
plasma wake [18,19]. No additional source of energy is
required, as the plasma wake is powered by the electron
beam. Moreover, a high density can be chosen because
there is no problem of dephasing in this regime. This
considerably enhances the emission in the beam-driven
stage, and the spectral range is then extended to the MeV
level. Our results show that a 140 mJ photon beam with a
critical energy of 9 MeV can be obtained from a 500 TW
laser pulse, together with a very high brilliance B >
4× 1023 photons=ðsmm2 mrad2 0.1%BWÞ.
The first stage is simulated using the quasicylindrical

PIC code CALDER-CIRC [20]. Details on the numerical
parameters can be found in the Supplemental Material [21],
which includes Refs. [22–27]. A 15 J, 30 fs (FWHM)
Gaussian laser pulse linearly polarized along the x axis is
focused on a 23 μm (FWHM) spot size at the entrance of
the plasma, leading to a normalized peak vector potential
a0 ¼ 6. The laser wavelength is λ0 ¼ 800 nm, and the
plasma has a density ne ¼ 1.75 × 1018 cm−3 with a linear

entrance ramp of 200 μm. This density is chosen so as to
maximize the electron acceleration given the scaling
laws of the blowout regime [4,14], which is achieved
when the depletion length equals the dephasing length
Ldeph ¼ 15.3 mm. A maximum energy gain of ΔEmax ¼
1.96GeV can then be expected. With these parameters, the
high-intensity laser fields generate a strong and stable ion
cavity [Fig. 2(a)] in which electrons can be accelerated to
high energies. After about 15 mm of propagation, the drop
of the normalized peak vector potential a0 of the pulse
indicates that the laser energy is depleted [Fig. 2(b)], and
the laser can no longer drive the wakefield. The simulation
shows that a monoenergetic component peaked at about
1.8 GeV is reached after 15 mm of propagation, in good
agreement with the expected theoretical values. The cor-
responding injected charge is 5 nC above 350 MeV. After
this distance, the electron beam starts losing energy by
creating its own wakefield, as there is a natural transition to
a beam-driven regime [28–30]. We then extract the electron
bunch from the CALDER-CIRC simulation when its energy is
maximal after 15 mm of propagation.
In order to include nonsymmetrical effects such as

hosing instability, the second stage is simulated with
CALDER in a Cartesian 3D geometry [31], which is possible
with manageable numerical cost. The low energy part
(< 350 MeV) of the beam injected in the simulation box
is cut, which has negligible impact on the beam propaga-
tion and on the emitted radiation. Additional details on the
numerical parameters can be found in the Supplemental
Material [21]. In this simulation, the plasma density is
ne ¼ 1.1 × 1020 cm−3, about two orders of magnitude
higher than in the first stage in the LWFA regime, with
a very short entrance ramp of 25 μm. Note that in the
transition to the second stage simulation, the remaining
laser fields are not registered and are thus completely

FIG. 1. Two-stage hybrid scheme for the production of a MeV betatron source. A 15 J, 30 fs (FWHM) laser pulse is focused at the
entrance of a low-density gas cell. There, it excites a wakefield in the blowout regime and generates a high-energy electron bunch (laser
wakefield regime, LWFA). After this first cell, the laser pulse is depleted, and the electron bunch is sent on a second gas cell at a much
higher density. The electron bunch drives a strong wakefield and experience strong transverse oscillations (plasma wakefield regime,
PWFA), leading to the emission of an energetic photon beam in the γ-ray domain.
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Recent progress in laser-driven plasma acceleration now enables the acceleration of electrons to several
gigaelectronvolts. Taking advantage of these novel accelerators, ultrashort, compact, and spatially coherent
x-ray sources called betatron radiation have been developed and applied to high-resolution imaging.
However, the scope of the betatron sources is limited by a low energy efficiency and a photon energy in the
10 s of kiloelectronvolt range, which for example prohibits the use of these sources for probing dense
matter. Here, based on three-dimensional particle-in-cell simulations, we propose an original hybrid
scheme that combines a low-density laser-driven plasma accelerator with a high-density beam-driven
plasma radiator, thereby considerably increasing the photon energy and the radiated energy of the betatron
source. The energy efficiency is also greatly improved, with about 1% of the laser energy transferred to the
radiation, and the γ-ray photon energy exceeds the megaelectronvolt range when using a 15 J laser pulse.
This high-brilliance hybrid betatron source opens the way to a wide range of applications requiring MeV
photons, such as the production of medical isotopes with photonuclear reactions, radiography of dense
objects in the defense or industrial domains, and imaging in nuclear physics.

DOI: 10.1103/PhysRevLett.120.254802

In laser wakefield acceleration (LWFA), large accelerating
fields—above 100 GV=m—can be produced in the wake of
an ultrashort and intense laser pulse as it propagates in an
underdense plasma and can lead to the production of high-
energy electron beams in very short distances [1,2]. The
most efficient way to accelerate the electron beam is in the
blowout—also called bubble—regime [3,4]. In this regime,
the first period of the plasma wave driven by the laser pulse
takes the form of an ion cavity surrounded by plasma
electrons expelled by the ponderomotive force of the laser
pulse. The accelerating and focusing fields in the ion cavity
are ideal for the acceleration of electrons, and electron beams
are now routinely accelerated to multi-GeV energies in cm-
scale plasmas [5,6]. Besides, during their acceleration,
electrons wiggle transversely and naturally emit synchro-
tronlike x-rays, known as betatron radiation [7,8]. This
source has a broadband spectrum that quickly drops after
the critical photon energy E c ¼ ℏωc ∝ γ2nerβ, where ne is
the plasma density, γ is the Lorentz factor of the electrons,
and rβ is the amplitude of their transverse motion. Critical
energies of tens of keV have previously been reported from
betatron sources using laser energies of a few Joules to tens
of Joules [5,9]. In addition, betatron radiation benefits from a
micrometric size and a femtosecond duration, which makes
it very interesting for applications requiring high-resolution

diagnosis [10–13]. Being perfectly synchronized, such
femtosecond x-ray flashes are extremely well adapted
for pump-probe experiments such as ultrafast absorption
spectroscopy.
However, the photon energy range accessible with these

sources is limited to a few tens of keV, restraining its
applications. Additionally, the energy transfer efficiency
from the laser to the emitted radiation is so far of the order
of 10−6 and is still to be improved in the experiments. The
optimization of betatron sources in a laser wakefield
accelerator indeed faces a major issue. On the one hand,
in the blowout regime, the wakefield excited by the laser
pulse propagates at approximately the laser group velocity

vg ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω2

p=ω2
0

q
, close but substantially smaller than

the speed of light c, where ω0 and ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee2=ε0me

p
are,

respectively, the laser and plasma frequencies, e is the
electron charge, ε0 the vacuum permittivity, and me the
electron mass. The electron beam in the wakefield has a
velocity very close to c and, thus, quickly overtakes the
center of the ion cavity where it starts to experience a
decelerating electric field. This occurs after a propagation
distance called the dephasing length Ldeph ¼ ð2ω2

0=3ω
2
pÞw0

[14], where w0 is the laser spot size. For this reason,
accelerating electrons to high energies [15,16] requires
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Interaction of the electron beam with irradiated foil 
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Probing Ultrafast Magnetic-Field Generation by Current Filamentation Instability in
Femtosecond Relativistic Laser-Matter Interactions
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We present experimental measurements of the femtosecond time-scale generation of strong
magnetic-field fluctuations during the interaction of ultrashort, moderately relativistic laser pulses
with solid targets. These fields were probed using low-emittance, highly relativistic electron bunches
from a laser wakefield accelerator, and a line-integrated B-field of 2.70± 0.39 kTµm was measured.
Three-dimensional, fully relativistic particle-in-cell simulations indicate that such fluctuations origi-
nate from a Weibel-type current filamentation instability developing at submicron scales around the
irradiated target surface, and that they grow to amplitudes strong enough to broaden the angular
distribution of the probe electron bunch a few tens of femtoseconds after the laser pulse maximum.
Our results highlight the potential of wakefield-accelerated electron beams for ultrafast probing of
relativistic laser-driven phenomena.

The Weibel-type current filamentation instability
(CFI) [1, 2] has been extensively investigated in past
decades owing to its recognized importance in an increas-
ing variety of plasma environments. Induced by temper-
ature anisotropies or relative drifts between the plasma
constituents [3–6], it gives rise to kinetic-scale, current fil-
aments surrounded by toroidal magnetic fields, through
which the charged particles are progressively isotropized
[3, 7, 8]. This instability is widely thought to underpin
the physics of relativistic outflows in powerful astrophys-
ical objects (e.g. gamma-ray bursts, pulsar winds, active
galactic nuclei), especially as the source of the collision-
less shock waves held responsible for generating nonther-
mal high-energy particles and radiations [9–13]. More-
over, it is expected to operate in magnetic reconnection
scenarios [14], and has been invoked as a possible gener-
ation mechanism for cosmological magnetic fields [15].
On the laboratory side, the CFI stands as a key pro-

cess in intense laser-plasma interactions. In the case of
overdense plasmas irradiated at relativistic laser inten-
sities (I0�2

0 & 1018 W cm�2 µm2, where I0 and �0 are
the laser intensity and wavelength, respectively), it arises
from the counterstreaming of the forward-directed, laser-
accelerated fast electrons and the current-neutralizing,
cold plasma electrons [16–19]. The resulting magnetic
fluctuations may grow fast enough to cause significant

scattering and deceleration of the fast electrons [20–
23]. These e↵ects are generally considered detrimen-
tal to fast-electron-based applications, e.g. the fast ig-
nition approach to inertial confinement fusion [19] or
target normal sheath ion acceleration [24–26]. Still,
they can also be triggered purposefully in laboratory
astrophysics experiments addressing the physics of col-
lisionless shocks, whether involving relativistic laser-
solid interactions [27, 28], laser-driven interpenetrating
plasma flows [29, 30], or electron beam-plasma interac-
tions [31, 32].
Experimental evidence for the development of the CFI

in relativistic laser-driven plasmas has been mainly pro-
vided through characterization of the spatial profiles of
the fast electron [33–36] or ion [24–26, 37, 38] beams ex-
iting the target. In situ measurements of the magnetic-
field fluctuations at the irradiated target surface have
been performed using optical polarimetry [39, 40], yet
this technique cannot access the volumetric distribution
of the fields, and the data obtained so far could not cap-
ture their femtosecond time-scale dynamics.
In this Letter, we demonstrate a novel method for diag-

nosing the kT-level, electromagnetic fluctuations induced
in femtosecond laser-solid interactions using an ultrarel-
ativistic probe electron bunch with energies above 100
MeV, produced by a laser wakefield accelerator (LWFA)
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For PWFA plasma wave: strong plasma wave ponderomotive force acts 
on plasma ions causing their transverse expansion and a cone feature

independently timed counterpropagating laser pulse (sim-
ilar to Ref. [42]) to ionize the second jet.

D. Laser wakefield accelerator

As a first jet, supersonic gas nozzles with 3- and 5-mm
diameter were used. To facilitate electron injection, a silicon
wafer was moved into the gas stream, leading to the
formation of a shock front [43–45]. The jet was operated
in a density range of 3 × 1018 cm−3 to 6 × 1018 cm−3,
which was in each specific configuration close to the
threshold for self-injection. Shock-front injectors are usually
operated at densities well below this threshold to generate
monochromatic electron beams. Increasing the density
leads to a higher energy spread but also substantially higher
injected charge. This resulted in beams with up to 900 pC
in the energy range of 25–400 MeV at 150 MeV central
energy and down to 0.6 mrad FWHM divergence (see the
Appendix for representative electron spectra and Ref. [46]
for details on the charge calibration). While the pulse
duration is not directly measured in this experiment, pre-
vious bunch-length measurements [27,38] suggest a duration
of about 5 fs, corresponding to peak currents of up
to 170 kA.

III. RESULTS

Here, we present the results of three experiments, each
with a different configuration.
In the first setup we observe two plasma waves in the

second jet (see Fig. 2), one of which has a distinct conelike
diffraction feature which we never observed for laser-driven
plasma waves. This leads to the assumption that this wave
is driven by the electron beam from the first jet. To verify
this hypothesis, we block the laser with a tape in the second
experimental configuration. When we preionize the gas in
the second jet we observed an unequivocally beam-driven
plasma wave. It is accompanied by the same conelike
diffraction feature as the supposed beam-driven wave in the
first experiment (see Fig. 3). In a third experiment we study

this cone feature (see Fig. 4), which turns out to be caused
by the ion motion of beam-driven plasma waves.
A summary of the target parameters in each experiment

can be found in Table I in the Appendix.

A. Observation of two plasma waves
in a second gas target

During LWFA, the electron beam is confined to the
vicinity of the optical axis due to the transverse electrostatic
wakefield [49]. In this situation, the electron beam does not
drive its own wave, but only affects the laser-driven wave
via beam loading [50] until the laser depletes or the electron
beam overtakes the laser. In both cases the laser will still
perturb the beam-driven wave to a degree that is difficult to
measure or predict. In order to observe a purely beam-
driven wave, one therefore needs to isolate the electron
beam, i.e., by blocking the laser with a foil [40]. However,
scattering in the foil increases the electron bunch emittance
and radius σr after further propagation, which reduces its
peak density nb ∝ σ−2r .
As an alternative, we exploit the fact that the electron-beam

pointing is not necessarily collinear to the laser axis. For
instance, a slight pulse-front tilt of the laser pulse can lead to
skewed plasma-wave fronts [51]. Hence, the laser and
electron beam propagate at different angles in the space
between both jets, leading to a spatial separation. In this first
experiment we generate a beam with 200 pC (about 40 kA),
0.6mrad FWHMdivergence, and amean energy of 150MeV
in the first jet. Indeed, as shown in Fig. 2, for most shots we
observe two distinct plasma waves in the second jet, which
is placed after a 3-mm vacuum gap behind the first jet. For
the upper plasma wave we measure a wavelength of
ð7.6 " 0.1Þ μm, for the lower one ð7.8 " 0.1Þ μm. The
difference of 2.6% can be caused either by a weak non-
linearity or a local difference of the plasma density
n0 ¼ ð1.9 " 0.1Þ × 1019 cm−3. Accordingly, any laser con-
tribution is expected to beweak,with a peak potential a0 ≲ 1.
In principle, it cannot be ruled out a priori that both of

these waves are driven by laser filaments. However, a

FIG. 2. Shadowgram of laser- and beam-driven plasma waves in the second gas jet. Left: Laser- and beam-driven plasma waves in the
second gas jet (propagating to the right) after a free drift and spatial separation. Note the conelike feature trailing only the upper plasma
wave. Right: Autocorrelation of each row of the signal in the interval of the marked plasma waves on the left. The red and white lineouts
show the respective periodic signal modulations caused by the plasma waves.
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Plasma wakefield acceleration (PWFA) is a novel acceleration technique with promising prospects for
both particle colliders and light sources. However, PWFA research has so far been limited to a few large-
scale accelerator facilities worldwide. Here, we present first results on plasma wakefield generation using
electron beams accelerated with a 100-TW-class Ti:sapphire laser. Because of their ultrashort duration and
high charge density, the laser-accelerated electron bunches are suitable to drive plasma waves at electron
densities in the order of 1019 cm−3. We capture the beam-induced plasma dynamics with femtosecond
resolution using few-cycle optical probing and, in addition to the plasma wave itself, we observe a
distinctive transverse ion motion in its trail. This previously unobserved phenomenon can be explained by
the ponderomotive force of the plasma wave acting on the ions, resulting in a modulation of the plasma
density over many picoseconds. Because of the scaling laws of plasma wakefield generation, results
obtained at high plasma density using high-current laser-accelerated electron beams can be readily scaled to
low-density systems. Laser-driven PWFA experiments can thus act as miniature models for their larger,
conventional counterparts. Furthermore, our results pave the way towards a novel generation of laser-driven
PWFA, which can potentially provide ultralow emittance beams within a compact setup.

DOI: 10.1103/PhysRevX.9.011046 Subject Areas: Photonics, Plasma Physics

I. INTRODUCTION

Over the past century, particle accelerators and colliders
have been an essential tool to discover new physics.
Electron accelerators based on radio frequency (rf) tech-
nology have pushed the frontier of high-energy physics to
the 100 GeV level. However, to reach the tera-electron-volt

frontier, the limited acceleration gradient (≲100 MV=m) of
rf technology means that tens of kilometers of acceleration
length are required and such accelerators will eventually
become too expensive to be built [1]. Accordingly, a
number of alternative accelerator concepts have been
explored over the last decades. One of the most promising
is wakefield acceleration in plasmas [2], which relies on
an intense particle or laser beam to excite a relativistic
plasma wave with field strengths exceeding hundreds of
gigavolts per meter [3].
The concept of beam-driven plasma wakefield acceler-

ation (PWFA) was developed in the 1980s [4,5]. First
experiments showing modest acceleration and the onset of
self-focusing were performed shortly later at the Argonne
National Laboratory [6,7]. A major breakthrough was the
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experimental observation window, we assume a symmetric
beam driver and perform simulations in cylindrical coordi-
nates. The drive-bunch parameters are deduced from refer-
ence shots with the second jet switched off, i.e., 520 pC at
150 MeVand 14-μm width at the second jet. The simulation
window has a size of ðr × zÞ ¼ ð45 × 440Þk −2p , at a reso-
lution of Δr ¼ Δz ¼ 0.033k −1p , with n0 ¼ 6 × 1018 cm−3

inferred from interferometry measurements. In each cell of
the mesh, four electron and four ion macroparticles are
initialized.
The simulations [see Figs. 4(b)–4(e)] indeed show a

conelike structure appearing in the ion distribution in the
trail of the wake. While our shadowgraphy diagnostic is
sensitive to diffraction caused by changes in the local
electron density, the ion distribution itself is not visible.
However, the plasma-wave decays after around 400 μm
behind the driver such that the large charge imbalance
vanishes and the plasma becomes quasineutral, leading to
approximately equal electron and ion distributions from
400 to 700 μm. As a result, also the electron distribution
exhibits the cone-shaped structure, which allows us to
observe this ion motion using shadowgraphy.
For better comparison with the experimental data,

we simulate the propagation of the probe through the
electron distribution calculated in the PIC simulation
(see the Appendix for more information). The synthetic

shadowgram, shown in Fig. 4(b), is in excellent agreement
with the experimental data and reproduces the same
diffraction features. The radial velocity of the ion momen-
tum mivsim⊥ ∼ 4 keV=c is also compatible with the mea-
sured miv

exp
⊥ ¼ 4.1þ 1.6

−1.4 keV=c.
However, our analysis shows that the mechanism caus-

ing the ion motion differs from common ion channel
formation due to Coulomb explosion [56,57]. While a
Coulomb explosion leads to a radial expulsion of ions,
and, hence, an annularly shaped distribution, the ion
density in our simulations also increases close to the
propagation axis. The reason for this is that the ions in a
plasma wave experience radial focusing and defocusing
fields in alternation. The net effect of such oscillating forces
can be calculated using the ponderomotive formalism.
In the nonrelativistic limit, which is justified since v⊥ ¼
0.0017 c ≪ c, the ponderomotive force exerted by the
plasma wave is [58]

F⃗pond;PW ¼ −
e2

4ω2
p
∇⃗jE⃗PWj2; ð4Þ

where E⃗PW is the local amplitude vector of the wakefield. In
contrast to the well-known ponderomotive force of a laser
pulse, the plasma-wave amplitude remains almost constant

(a1)

(a2)

(a3)

(a4)

(a5)

(b)

(c)

(d)

(e)

FIG. 4. Ion-channel formation from a plasma wakefield. Left: (a) Raw shadowgrams showing electron-driven plasma waves
(propagating to the right) and their trailing ion channels for five consecutive shots. The dashed lines in the lower shadowgram
exemplarily show the maxima of the ion distribution (via the electron distribution), the radial velocity of the maxima ṽ and the
momentum of an ion with p̃ ¼ miṽ. Right: Corresponding particle-in-cell simulations and synthetic shadowgram (b). The electron (c)
and ion densities (d) clearly show quasineutrality after several plasma-wave periods. The channel in the synthetic shadowgram is in
excellent agreement with the measured ones. The ion trajectories (e) on a radially scaled ion density from (d) show that ions close to the
symmetry axis are accelerated towards the axis, while ions with r0⪆2k −1p are accelerated away from it. Arrows along with the color scale
indicate the instantaneous momenta.
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Self truncated ionisation injection: 
Q = 220 ± 40 pC 
Epeak = 250 ± 23 MeV 
ΔE = 32 MeV (8%) 
Divergence ~ 7 mrad
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FIG. 1. Schematic overview of the experiment. Two consecutive gas jets form the basis of an LWFA-driven PWFA. From
left to right, a high-intensity laser pulse (red) drives an LWFA in the first stage (a), generating a high peak-current electron
beam (blue). The spent LWFA laser is reflected by a thin steel foil, whereas the electron beam propagates into the second stage,
acting as the PWFA driver. In the PWFA stage, a witness beam (yellow) is accelerated. Additionally, a counter-propagating
low-power laser pulse can be applied for generating a pre-formed plasma channel in the PWFA stage prior to the drive beam
arrival. Subfigure (b) and (c) show plasma wakefields obtained from simulations using the code OSIRIS considering only the
interaction of the drive beam with the second gas jet at the self-ionized and pre-ionized regime, respectively, with the purple
line representing the longitudinal electric field on axis.

the foil increases the divergence of the LWFA beam by 50% (see Supplementary Fig. 1) but does not significantly
compromise its ability to drive plasma waves, due to the close proximity between the foil and the PWFA stage.

With both jets turned on, the PWFA stage is first operated without pre-ionization. A clear signature of the drive
beam interaction with the second stage is observed, as exemplified in Fig. 2(b). The shot-averaged spectral charge
density decreases to one third of the value obtained for the LWFA reference shots, due to spectral broadening and
charge loss (see Supplementary Table 1), as also seen in [25]. This implies that the drive beam ionizes the ambient
gas and transfers a fraction of its energy into the plasma. This hypothesis is confirmed by the shadowgraphy images
recorded inside the PWFA stage, depicted in Fig. 2(e), which show a narrow plasma filament inside the otherwise
neutral gas along the drive beam propagation axis. A few oscillation periods of a plasma wave are observed, clearly
demonstrating that the space charge field of the drive beam is su�ciently high to not only ionize the gas but also
to excite wakefields. In this self-ionized regime only a fraction of the drive beam participates in plasma wakefield
formation, resulting in a comparatively weak accelerating gradient, as also confirmed by the simulation shown in
Fig. 1(b). Importantly, Fig. 2(b) shows a distinct signature of an accelerated witness beam at an energy of about 60
MeV.

In contrast to the self-ionized regime, creating a pre-formed plasma environment allows the whole drive beam to
contribute to the plasma wakefield formation, thus transferring more energy to the plasma and driving a larger ampli-
tude wakefield, as illustrated in simulation Fig. 1(c). This increased interaction with the plasma consequently results

OSIRIS 3D PIC simulations demonstrating more 
pronounced PWFA in pre-ionized case

Controlled injection of plasma electrons into a 
beam-driven wakefield using the density downramp 

technique in the E-215 experiment at FACET

O. Kononenko, C. Behrens, J. Dale, J. Grebenyuk, V. Libov, A. Martinez de la Ossa, T. 
Mehrling, H. Olgun, C. A. J. Palmer, L. Schaper, M. J. V. Streeter, J. Osterhoff 

Deutsches Elektronen-Synchrotron

Accelerating gradient in PWFA stage 
can exceed 100 GeV/m

Acceleration of an electron beam in a PWFA 
powered by LWFA electron beams
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FIG. 2. Representative electron spectra and plasma wave shadowgrams. (a) Energy spectrum of LWFA electrons
transmitted through the steel foil without operating the PWFA stage and ◊ representing the divergence. (b) LPWFA spectrum
without pre-ionizing laser. (c) LPWFA spectrum with the PWFA stage ionized prior to the drive beam arrival. (d) Charge
distribution integrated over ±15 mrad divergence: green line corresponds to a, orange to b and blue to c. Additional spectra
used for determining the statistical parameters can be found in Supplementary Fig. 1, with the measured beam parameters from
all shots summarized in Supplementary Table 1. (e) Plasma wakefield shadowgram at the center of the PWFA stage, with the
drive beam propagating to the right and ionizing the gas by means of its electric field (self-ionized case). The ionized channel
(dark region) and several plasma wakefield oscillations directly behind the driver are visible. (f) Corresponding shadowgram
of a plasma wakefield in the pre-ionized case.

in a stronger drive beam degradation, as observed in Fig. 2(c) (see Supplementary Fig. 4 for supporting simulations).
The spectral charge density with respect to the LWFA reference remains about 17% on average, approximately half of
the value measured in the self-ionized case. The associated shadowgram shown in Fig. 2(f) reveals a more pronounced
plasma wakefield structure extending beyond 10 subsequent cavities, supporting observations reported in [26]. As
the primary finding, the witness beam energy is significantly increased up to about 130 MeV, about twice the energy
observed when operating without the pre-formed plasma channel (see Supplementary Fig. 2 and Fig. 3). Because the
pre-ionizing laser pulse only influences the second stage behind the foil, where no LWFA laser is present, this increase
in witness energy must therefore be attributed to the larger amplitude of the beam-driven plasma wakefield. Assum-
ing an acceleration distance of ≥1.5 mm, from the foil until the end of the plasma density plateau (see Methods),
we thus estimate an e�ective accelerating gradient ≥50 GV/m higher than in the self-ionized regime. Even without
precise knowledge of the witness injection energy, this di�erence represents a conservative lower limit for the true
accelerating gradient. Nevertheless, such field strength is already comparable to what has been previously achieved
at RF-based PWFA experiments [5, 17, 27]. In agreement with the observation of beam-driven plasma wakefields and
the consistent drive beam degradation, this finding provides a conclusive evidence of witness beam acceleration in an
LPWFA.

The origin of the witness beams can be addressed by quantitative start-to-end simulations. As illustrated in
Fig. 3, they suggest that the observed witness beams may consist of electrons generated at the density down-ramp
of the first gas jet, which get trapped and accelerated in the PWFA stage. Three-dimensional particle-in-cell (PIC)
simulations using the PIConGPU code were performed for the experimental conditions of the pre-ionized LPWFA
(see Methods). The simulation setup is shown in Fig. 3(a). At the end of the LWFA stage, the simulated electron
spectrum, depicted in Fig. 3(c), shows parameters consistent with the experiment and reproduces the generation of
the low-energy background electrons. At the region in front of the foil, the spent laser pulse is still strong enough to
drive a plasma wakefield which further accelerates the LWFA electrons. The resulting energy gain is visible in the
electron spectrum presented in Fig. 3(d). After the laser is reflected by the foil, the transition to purely beam-driven
acceleration occurs. Fig. 3(b) shows the nonlinear plasma wakefield driven by the LWFA electron beam behind the
foil. There, some of the low-energy background electrons are captured by the beam-driven wakefield and are further
accelerated to form a witness beam, as shown in Fig. 3(e). The simulations reveal that the witness beam experiences
accelerating gradients exceeding 100 GV/m at the electron density plateau in the PWFA stage.

Demonstrating the capabilities of LPWFAs to accelerate witness beams serves as the basis for various techniques
of controlled injection. Taken from established concepts developed in RF-based PWFA facilities [27], this control

Demonstration of a compact plasma accelerator powered by laser-accelerated electron
beams

T. Kurz,1, 2, ú T. Heinemann,3, 4, 5, ú M. F. Gilljohann,6, 7 Y. Y. Chang,1 J. P. Couperus Cabada�,1
A. Debus,1 O. Kononenko,8 R. Pausch,1 S. Schöbel,1, 2 R. W. Assmann,3 M. Bussmann,1 H.

Ding,6, 7 J. Götzfried,6, 7 A. Köhler,1 G. Raj,8 S. Schindler,6, 7 K. Steiniger,1 O. Zarini,1 S. Corde,8
A. Döpp,6, 7 B. Hidding,4, 5 S. Karsch,6, 7 U. Schramm,1, 2 A. Martinez de la Ossa,3 and A. Irman1

1Helmholtz-Zentrum Dresden–Rossendorf, Bautzner Landstrasse 400, 01328 Dresden, Germany
2Technische Universität Dresden, 01062 Dresden, Germany

3Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
4The Cockcroft Institute, Keckwick Lane, Warrington WA4 4AD, United Kingdom

5University of Strathclyde, 107 Rottenrow, Glasgow G4 0NG, United Kingdom
6Ludwig–Maximilians–Universität München, Am Coulombwall 1, 85748 Garching, Germany

7Max Planck Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching , Germany
8LOA, ENSTA Paris, CNRS, Ecole Polytechnique,

Institut Polytechnique de Paris, 91762 Palaiseau, France

ú These authors contributed equally to this work

ar
X

iv
:1

90
9.

06
67

6v
1 

 [p
hy

sic
s.a

cc
-p

h]
  1

4 
Se

p 
20

19
arXiv:1909.06676 (2019)

Experimental data: electron spectra (a-c) and shadowgraphy (e-f) in hybrid accelerator
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Reproducible simultaneous deceleration of the 
drive bunch and acceleration of the witness bunch

6

FIG. 4. LPWFA using a drive-witness bunch pair. Light-blue shaded area: 197-shot-averaged LWFA reference spectra,
showing a dual-energy bunch distribution. The drive bunch possesses a higher energy than the witness. To identify the energy
peaks of such a bunch pair, a double Gaussian fit was performed on the electron spectrum for each shot. The solid blue line
represents the double Gaussian with the shot-averaged fit parameters for the reference set. The error bars indicate the standard
error of the average peak position. The Red-light shaded area: 165-shot-averaged electron spectra with both the LWFA and
PWFA stages turned on and the solid red line represents the corresponding double Gaussian fit. Note that the deviation of
the fits from the measured data is mainly caused by the broadening of the average spectra due to shot-to-shot fluctuations. A
systematic deceleration of the drive beam and an acceleration of the witness is clearly observed.

to position the witness at an accelerating phase of the wakefield and to reduce the spectral overlap between both
bunches after the PWFA stage, the second gas jet is operated at a relatively low density of approximately one third
of that of the LWFA stage (see Supplementary Fig. 5). In concordance with the experiment presented previously, a
degradation of the drive bunch in charge and energy spread is observed for shots with both jets active. Consequently,
the measured electron spectra show a clear signal of drive bunch deceleration with simultaneous acceleration of the
witness bunch to 133 ± 1 MeV. The energy gain of the witness together with the consistent drive bunch deceleration
conclusively demonstrate the onset of a dual-beam LPWFA.

In conclusion, acceleration of witness electron beams is demonstrated in a high-gradient PWFA driven by intense
laser-accelerated electron beams. Successful operation of this scheme is shown using controlled pairs of drive and
witness bunches prepared in the LWFA stage. Our results substantiate that the LPWFA scenario can be implemented
into typical LWFA facilities, which makes PWFA research and applications more accessible. This paves the way for a
wide range of novel hybrid plasma accelerator systems, such as a PWFA energy booster stage [15] based on controlled
and tunable drive-witness pair production in the LWFA stage [28]. Furthermore, the high wakefield amplitudes and
the inherent laser-to-beam synchronization, unique to the LPWFA scheme, will allow the implementation of advanced
internal injection schemes, specifically developed for generating ultra high-brightness beams with unprecedentedly low
emittance and energy spread [2–4]. Therefore future implementations of LPWFAs can be used as beam brightness
and energy transformers, delivering high-quality beams at multi-GeV energies while maintaining a compact setup [20].
Such electron beams would be compliant with beam-quality-demanding light sources such as compact free-electron
lasers [9] and the long-term goal of plasma-based colliders with high luminosity [30].

METHODS

A. Laser system

The high-gradient LPWFA experiment was performed at the DRACO Ti:Sa chirped pulse amplification laser system
at the Helmholtz-Zentrum Dresden–Rossendorf (HZDR) [31]. The system delivers pulses of 30 fs (FWHM) duration at
800 nm central wavelength. In this work, a pulse energy of 1.7 J was applied on target, after a small energy extraction
of about 21 mJ for the counter-propagating pre-ionization laser and the few-cycle probe pulse. The remaining part of
the pulse was focused by an F/20 o�-axis parabolic mirror onto the LWFA stage. The focal spot profile was optimized
to a nearly di�raction-limited far-field by performing a wavefront correction on the laser near-field with a wavefront

Witness

Dual drive-witness beam from LWFA by shock 
injection in two consecutive plasma buckets

Driver
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FIG. 2. Representative electron spectra and plasma wave shadowgrams for three di↵erent data sets. (a) shows
a spectrum of the LWFA performance without operating the PWFA stage, but with the presence of the laser blocker foil.
(b) shows the L|PWFA spectrum without the pre-ionizing laser. (c) depicts the L|PWFA spectrum with the PWFA stage
pre-ionized prior to the arrival of the LWFA beam. (d) shows the corresponding energy distribution integrated over ±15 mrad.
The green line corresponds to subfigure a, the orange line corresponds to subfigure b and the blue line corresponds to subfigure
c. Additional spectra used for determining the statistical parameters can be found in the Supplementary material. (e) shows a
plasma wave shadowgram obtained at the center of the PWFA stage. The drive beam propagates to the right and ionizes the
gas by means of its electric field (self-ionized case). The ionization channel is clearly visible with plasma wakefields observed
directly behind the driver. (f) shows the pre-ionized case where the ambient plasma is already established as the driver enters
the PWFA stage.

formation, thus transferring more energy into the plasma
and therefore driving larger amplitude wakefields. As
the pre-ionizing laser beam is released, the increased in-
teraction with the plasma results in stronger drive beam
degradation, as observed in figure 2(c). The mean energy
Ē� of the drive beam is diminished by ⇠ 10% to 237±5
MeV and its spectrum further broadened to 52± 3 MeV.
Meanwhile, the charge within the FWHM reduces slighly
to 41 ± 2 pC. This time, what remains of the spectral
brightness of the peaks with respect to the LWFA refer-
ence is just 17%, i.e., 1.9±0.2, approximately half of what
was measured for the self-ionized case. A summary of the
measured beam parameters from all shots is presented
in Supplementary Table 1. The complementary shad-
owgram shown in figure 2(f) reveals a more pronounced
plasma wave structure extending beyond 10 subsequent
cavities. As the primary finding, the witness beam energy
is further boosted up to 128MeV, about twice the en-
ergy of the witness observed when operating without the
pre-formed plasma channel. Note that the pre-ionizing
laser beam only influences the second stage behind the
foil, where no LWFA laser is present. The measured in-
crease in the witness beam energy must therefore be at-
tributed solely to the larger amplitude of the beam-driven
plasma wakefield. This finding, in concordance with the
observation of beam-driven plasma waves and the drive
beam degradation provide a conclusive evidence of wit-
ness beam acceleration in an L|PWFA. Assuming an ac-
celeration distance of ⇠ 1.4mm, the e↵ective accelerating
field gradient for the pre-ionized L|PWFA case can be es-

timated to be at least ⇠70GV/m, comparable to what
has been previously achieved at FACET-SLAC [3, 14, 23].

To further qualitatively support our results, we per-
formed 3D Particle-In-Cell (PIC) simulations using the
PIConGPU code (Methods) closely approximating the
experimental parameters of the pre-ionized L|PWFA.
Figure 3 shows the temporal evolution of di↵erent elec-
tron species in a front-to-end simulation. The simulation
shows that in the LWFA stage electrons are injected via
the STII mechanism and accelerated to form a narrow-
energy-band driver beam for the PWFA stage. In the
transfer region between both stages, down-ramp injec-
tion of background electrons occurs (green colorbar), the
laser diverges and is finally completely removed by the
blocker foil as a transition to beam-driven acceleration
occurs. Part of the electrons originating from the down-
ramp injection are captured within the accelerating phase
in the beam-driven wakefield and are further accelerated
to form a distinct witness beam.

In summary, the acceleration of distinct witness beams
was demonstrated in a high-gradient PWFA driven by in-
tense LWFA-generated beams, a scenario that can be eas-
ily implemented into typical LWFA facilities. Improved
injection control represents the obvious next step towards
high brightness beam generation. Several internal injec-
tion schemes specifically developed for this purpose can
directly benefit from the high wakefield amplitudes [9–
12]. A first approach for controlled external injection
can directly originate from the LWFA stage, where more
than the leading wake bucket can be filled and a bunch
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