
 

Physics of High-Charge Electron Beams in Laser-Plasma Wakefields

J. Götzfried,1,2 A. Döpp ,1,2,* M. F. Gilljohann,1,2 F. M. Foerster ,1 H. Ding ,1,2 S. Schindler,1,2

G. Schilling ,1 A. Buck,2 L. Veisz ,2,3 and S. Karsch 1,2,†

1Ludwig-Maximilians-Universität München, Am Coulombwall 1, 85748 Garching, Germany
2Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

3Department of Physics, Umeå University, SE-901 87, Umeå, Sweden

(Received 27 March 2020; revised 9 June 2020; accepted 1 September 2020; published 21 October 2020)

Laser wakefield acceleration (LWFA) and its particle-driven counterpart, particle or plasma wakefield
acceleration (PWFA), are commonly treated as separate, though related, branches of high-gradient plasma-
based acceleration. However, novel proposed schemes are increasingly residing at the interface of both
concepts where the understanding of their interplay becomes crucial. Here, we present a comprehensive
study of this regime, which we may term laser-plasma wakefields. Using datasets of hundreds of shots, we
demonstrate the influence of beam loading on the spectral shape of electron bunches. Similar results are
obtained using both 100-TW-class and few-cycle lasers, highlighting the scale invariance of the involved
physical processes. Furthermore, we probe the interplay of dual electron bunches in the same or in two
subsequent plasma periods under the influence of beam loading. We show that, with decreasing laser
intensity, beam loading transitions to a beam-dominated regime, where the first bunch acts as the main
driver of the wakefield. This transition is evidenced experimentally by a varying acceleration of a low-
energy witness beam with respect to the charge of a high-energy drive beam in a spatially separate gas
target. Our results also present an important step in the development of LWFA using controlled injection in
a shock front. The electron beams in this study reach record performance in terms of laser-to-beam energy
transfer efficiency (up to 10%), spectral charge density (regularly exceeding 10 pCMeV−1), and angular
charge density (beyond 300 pC μsr−1 at 220 MeV). We provide an experimental scaling for the accelerated
charge per terawatt (TW) of laser power, which approaches 2 nC at 300 TW. With the expanding
availability of petawatt-class (PW) lasers, these beam parameters will become widely accessible. Thus, the
physics of laser-plasma wakefields is expected to become increasingly relevant, as it provides new paths
toward low-emittance beam generation for future plasma-based colliders or light sources.
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I. INTRODUCTION

Plasma-based high-gradient wakefield accelerators have
attracted significant interest in recent years due to their
potential for a significant reduction in the size and cost of
future accelerators [1]. They seem particularly attractive as
drivers for compact high-brightness photon sources [2,3]
but may also play a role as building blocks for TeV-scale
high-energy physics machines [4]. Important milestones
include the generation of monoenergetic electron beams
[5–7] and sustained acceleration of more than a GeV

[8–13], as well as generation and application of spatially
coherent, ultrashort x-ray sources based on accelerated
particle beams [14–19]. So far, this novel generation of
accelerators has been used to drive applications such as
x-ray imaging [20–23] and tomography [24–26], as well as
femtosecond electron diffraction [27], femtochemistry [28],
and ultrafast spectroscopy [29,30].
The technology relies on an intense drive beam, either a

laser pulse or a particle bunch, plowing through a plasma
medium and pushing the electrons aside by their ponder-
omotive force or Coulomb repulsion, respectively. This sets
up charge separation fields that pull electrons back and
cause them to oscillate around their equilibrium position.
As the driver travels though the medium with a velocity
close to the speed of light, the field structure (“wakefield”)
follows at the same speed. Electrons injected into this
moving wakefield can be accelerated as a so-called witness
bunch. The accelerating field structure has a typical length
scale given by the plasma wavelength (λp), and both
accelerating and focusing gradients are several orders of
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magnitude larger than in radio-frequency (rf) accelerators,
leading to very dense and ultrashort accelerated particle
bunches (some tens of femtoseconds duration). Depending
on the driver type, the process is called either laser
wakefield acceleration (LWFA) [31] or particle wakefield
acceleration (PWFA) [32]. While the former can be studied
at many high-intensity laser laboratories at drive pulse
powers starting at the terawatt level, the latter typically
requires drive bunches that can be provided only by a
national-laboratory-scale rf accelerator.
Despite the fact that both types differ in certain details of

wakefield excitation, ionization, and propagation [33], they
begin to merge in the case of high-power LWFA. The
beam-loading effect [34], which describes the dependence
of the accelerating fields on the current of the accelerated
bunch, can be understood as the onset of a scarcely studied
intermediary regime between LWFA and PWFA. This
regimeoffers newpossibilities to produceultralow-emittance
beams as needed for next-generation compact free-electron
lasers [35,36]. For instance, Manahan et al. [37] show that
beam loading caused by a so-called “escort” bunch could
flatten the fields experienced by a subsequently injected
“witness” beam. Alternatively, Hidding et al. [38] propose to
use a high-charge electron beam fromLWFAas a “driver” for
a subsequent PWFA stage, giving access to schemes provid-
ing electrons with ultralow emittance [39–41] in a com-
pact setup.
In LWFA, thewakefield is created by a high-intensity laser

pulse [42–45]. Because of the oscillating nature of electro-
magnetic waves, lasers are relatively inefficient in setting up
a charge separation, and a net energy gain of electrons
between cycles is possible only by exploiting the gradient of
the electromagnetic field. The force responsible for settingup
the wakefield is thus the ponderomotive force [42]

F⃗pond ¼ −
mec2

2hγi ∇⃗ha⃗
2i ð1Þ

with me as the electron mass, c is the speed of light in
vacuum, hγi is the cycle-averaged Lorentz factor, and a⃗¼
eA⃗=ðmecÞ¼ E⃗0=ðmec2=eÞ×ðλ0=2πÞ≃0.31× E⃗0½TVm−1�×
λ0½μm� is the laser’s local normalized vector potential,
where λ0 denotes the wavelength of the laser pulse and E⃗0

stands for the electric field strength of the laser.
Just as the ponderomotive force for a laser driver in

LWFA, the space charge field of a particle driver in PWFA
is unipolar. However, the former is just a second-order
force that is proportional to the gradient of a spatially
inhomogeneous oscillating field and, therefore, will not be
as strong as the peak force of the laser field under typical
LWFA conditions. In that sense, a laser is relatively less
efficient in exciting a plasma wave. This difference can
lead to the somewhat counterintuitive result that for
many experimental parameters, despite its lower total

energy, the laser-generated electron bunch can drive a
similar wakefield as the laser pulse itself.
The relation between the two driver types can be quanti-

fied in the linear wakefield regime, where the plasma
perturbation introducedbya drivingpotential is givenby [46]

� ∂2

∂t2 þ ω2
p

�
δn
n0

¼ −ω2
p
nb
n0|fflfflffl{zfflfflffl}

∝ϕel

þ c2Δ
a⃗2

2|fflfflffl{zfflfflffl}
∝ϕpond

: ð2Þ

Here, ωp is the plasma frequency, nb is the electron bunch
density, and δn ¼ ne − n0, with the plasma density ne and n0
denotes the background plasma density. The right-hand side
of the equation is composed of terms proportional to the
electrostatic (ϕel) and ponderomotive potential (ϕpond).
Hence, both the space charge termnb=n0 and ponderomotive
force term Δa⃗2=2 can have similar influence on the plasma
wave formation with the limiting cases of pure LWFA
(nb ¼ 0) and pure PWFA (a⃗2 ¼ 0). While Eq. (2) is
instructive to distinguish the influence of laser and particles
on the plasma, it is valid only in the one-dimensional case and
for nb=n0 ≪ 1 and a0 ≪ 1, where a0 denotes the maximum
of the local normalized vector potential. For stronger drivers
(a0 ≫ 1, nb=n0 ≫ 1), the wakefield becomes nonlinear and
approaches the blow-out regime [47], where electrons form a
thin sheath around a near-spherical ion cavity (the so-called
“bubble”) behind the driver [48,49]. Note that beam loading
in this regime is actually entirely determined by the beam
current, which is proportional to the beam charge for a given
bunch duration [50]. Most experiments, however, operate in
an intermediary regime between perturbation and blow out,
which currently lacks a consistent theoretical description
[52]. To nevertheless illustrate the interplay between both
laser and particle beams which is central to this work, we use
self-consistent particle-in-cell simulations [53]. As shown in
Fig. 1, beam loading of electrons in LWFA affects the sheath
electron trajectories, which, in turn, reduces the longitudinal
electric fields [54]. With decreasing laser intensity, this
beam-loaded LWFA transitions into a regime that resembles
the pure PWFA regime. Here, we still observe a quasilinear
LWFA, but the plasma electron motion is dominated by the
electron beam, forming an ion cavity behind the elec-
tron bunch.
While being essential to the understanding and improve-

ment of LWFA, there exist only a few experimental results
on the transitional regimes indicated in green and orange in
Fig. 1. First systematic studies are presented by Rechatin
et al. [55,56] and establish the correlation between charge
and peak energy of an electron beam as a key signature of
beam loading in LWFA. Later experiments using ioniza-
tion-induced injection furthermore emphasize the impact of
beam loading on the amount of charge that can be trapped
inside a wakefield for a given laser power [57,58]. It has
been proposed to use beam loading to flatten the accel-
erating fields along the injected electron bunch and, thus,
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reduce the beam energy spread [59]. While this reduction is
mainly applicable in the dephasing-free case of electron-
beam-driven PWFAs, first evidence of such an optimal
loading regime has been observed in LWFA [58].
Furthermore, indicative signs for a so-called “self-mode
transition” [60] from beam-loaded LWFA to pure PWFA
have been reported [57,61–64]. In these experiments, the
drive laser either depletes in a long plasma target [61,62,64]
or diffracts due to ionization defocusing [57], leaving the
electron beam as sole driver of the wakefield.
Here, we provide a comprehensive study of wakefield

acceleration across different regimes of electron and laser
parameters (Secs. II and III). This study is followed by
results on beam loading in dual-bunch configurations,
which lie at the heart of escort-witness and driver-witness
schemes for high-brightness beam generation (Sec. IV). In
Sec. V, we present first results on the transition to the beam-
dominated regime using such dual-energy beams, showing
the correlation of the acceleration of a witness beam with
the charge of the drive beam. In Sec. VI, we provide an
outlook on the scalability of LWFA toward the use of

petawatt laser systems. Section VII finally summarizes our
findings. Information on simulations and additional exper-
imental data are given in Supplemental Material [51].

II. HIGH-CHARGE ELECTRON BEAMS FROM
SHOCK-FRONT INJECTION

The results presented in this study are based on shock-
front injection, where a shock in a supersonic gas flow is
used to create a sharp density down ramp. The sudden
change in plasma density results in a localized injection of
electrons into a trapping region of the wakefield structure
[65,66]. While earlier studies on shock-front injection
[67–69] show only moderate beam charges of up to few
tens of pC, our recent experiments using the ATLAS-300
laser system provide unprecedented performance regarding
the stability, total charge, spectral charge density, and
divergence of the accelerated electron beams.
In this experiment, the system provides laser pulses with

2 J energy at 27 fs duration, corresponding to a peak power
of 75 TW. The laser pulses are focused by an f=25 off-axis
parabolic mirror reaching a peak normalized vector poten-
tial in vacuum of a0 ≈ 1.8 at focus. A supersonic hydrogen
gas jet [70] with a shock front is placed at the laser focal
spot position. The shock front is created by the sharp edge
of a silicon wafer which projects into the gas jet (cf. Fig. S4
in Supplemental Material [51]). The spectral distribution of
the laser-accelerated electron bunch is characterized using a
magnet spectrometer, and the spectral charge density is
measured by an absolutely calibrated scintillating screen
[71]. Further details on all experiments are given in
Supplemental Material [51] (cf. Sec. II B) including an
illustration of the general setup (Fig. S3).
Figure 2 shows 100 consecutive electron spectra using

the shock-front injector operated at a plateau plasma
density of n0 ¼ 3.0 × 1018 cm−3. The mean charge within
the peak is 338 pC and fluctuates by 11% (36 pC rms) at a
mean peak energy of 216 MeV with 4% shot-to-shot s.d.
with a rms divergence of ð0.36� 0.08Þ mrad. The peak
charge is defined as the integrated charge density around
the peak above a certain threshold relative to the maximum
charge density. This threshold is often set to 0.5, corre-
sponding to the full width at half maximum (FWHM).
However, to study beam-plasma interaction, we need a
measure that reflects the whole bunch charge more accu-
rately. We therefore use 20% of the peak charge density as
the threshold unless specified otherwise. This definition
contains most of the peak charge while omitting the low-
charge “dark current” (see, for instance, Fig. 6).
The FWHM absolute energy spread is ð33.0�7.2ÞMeV

(rms), corresponding to a relative energy spread of
15%. The maximal spectral charge density is ð11.7�
1.4Þ pC MeV−1, with up to 17 pC MeV−1 for some shots
(corresponding to peak angular charge densities of more
than 15 pC MeV−1 μsr−1 within the angular FWHM of the
beam). Note that the individual shots in Fig. 2(a) have a

FIG. 1. Schematic view of the different regimes of laser- and
beam-driven plasma wakefield acceleration studied in the scope
of this work. These plots are based on quasi-3D particle-in-cell
simulations, including the transitional regimes from beam-loaded
laser wakefields to beam-dominated wakefields with a weaker
laser contribution. The laser intensity is varied by changing the
focal spot size of a 100-TW laser pulse.
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distinct spectral shape, with many of them being skewed
toward lower energy. These features are lost when calcu-
lating the average spectrum, since shot-to-shot fluctuations
naturally lead to a normally distributed average. We have,
therefore, realigned all the spectra according to their central
energy (determined via a Gaussian fit) [72] to preserve such
features as depicted in Fig. 2(b).
Our results thus show that the amount of charge in the

spectral peak in shock-front injection can be comparable to

the total charge in self-injection [26], with the further
benefit of a clearly localized injection position. Given the
known length of the gas target, this benefit permits one to
calculate the average accelerating fields and makes this
configuration attractive for quantifying the effects of beam
loading. However, although the stability of the dataset
shown in Fig. 2 can be considered excellent for LWFAs, it
turns into a disadvantage when studying beam loading, as it
covers only a small range in charge. This result is why, in
the following, we deliberately concentrate on data with
higher shot-to-shot charge variations, which we attribute to
a less stable laser performance.

III. EFFECTS OF BEAM LOADING ON THE
ENERGY SPECTRUM

In this section, we discuss signatures of beam loading on
the spectral shape of laser-accelerated electron beams,
followed by a generalization of the results using scaling
theory, which is supported by experimental data from a
few-cycle laser. We begin our analysis with a dataset
containing 100 consecutive shots for shock-front injection
at a plateau plasma density of 3.5 × 1018 cm−3. The beam
spectra, binned by the peak charge, are shown in Fig. 3(c).
On average, these shots contain ð123� 35Þ pC charge
within the peak (28.5% relative charge fluctuation), span-
ning a range from approximately 60 to 180 pC. While the
average peak energy is ð232� 30Þ MeV, we observe that
the peak energy Epeak is clearly correlated to the beam
charge Q:

EpeakðATLAS − 300Þ
≈ ð358� 35Þ MeV − ð1.01� 0.06Þ MeV ×Q½pC�: ð3Þ

Additional to the reduction in beam energy at higher
charges, which is a well-studied effect of beam loading
[56,58], we also observe a distinctive spectral shape for
beams of different charge; cf. Fig. 3(d). More specifically,
there is a sharper cutoff on the low-energy side of the peak,
while the spectrum gradually rolls off at the high-energy
side, leading to an asymmetrically distributed charge
density around the peak. This effect is more pronounced
for high-charge bunches and similar to the average spec-
trum shown in Fig. 2(b). In contrast, low-charge shots show
a more symmetric spectrum and exhibit a quasi-Gaussian
energy distribution.
To understand how the accelerated electron bunch loads

the wake and affects its energy spectrum, the interaction
process is extensively simulated for parameters matching
the ATLAS-300 experiment using the quasi-3D particle-in-
cell code FBPIC [73]. To estimate the influence of different
effects that could cause the observed charge fluctuations,
various scans of the laser focus and power, as well as

(a)

(b)

FIG. 2. Optimal performance of the shock-front injector with a
75-TW laser (a quantitative analysis is given in the text below).
(a) Angle-integrated electron spectra of 100 consecutive shots.
(b) Average spectrum with and without alignment of the beams
according to their central energy. The error bar marks the
fluctuations in peak spectral charge density and energy.
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different shock heights and widths, are performed (see
Supplemental Material [51] for more details).
The analysis of these simulations reveals that a change in

the injected charge indeed leads to a variation of the bunch
spectrum due to beam loading which is similar to the
experiment. In particular, the simulations show significant
changes of both beam charge and energy for shifts of
the focus position, as depicted exemplarily in Figs. 3(e)
and 3(f). The sensitivity to the focus position is due to the
process of shock-front injection, which is closely related to
the intensity of the laser at the down ramp. This sensitivity
is because the area in the phase space where charge can be
trapped depends on the radius r of the ion cavity (“bubble
radius”), which scales as r ∝

ffiffiffiffiffiffiffiffiffiffiffiffi
a0=ne

p
; see Ref. [74].

Hence, the normalized laser intensity directly influences
the injection process and the involved accelerating fields.
Notably, as shown in Fig. S10 [51], the injection is even
sensitive to focus position shifts on a scale of 0.2 mm. This

scale is well below the Rayleigh length of 1.1 mm, and the
equivalent amount of global wavefront curvature in the near
field is Δλ≲ λ=10. For a large beam and long beam path as
in ATLAS, these kind of shifts can easily result from shot-
to-shot wavefront fluctuations, and the results thus high-
light the need of wavefront stabilization to increase the
stability of this type of injector.
The simulations explain the observed asymmetry of the

electron spectrum by the positive chirp of the electron
phase space characteristic for localized injection mecha-
nisms such as shock-front injection. Here, the chirp of the
bunch is determined by the variation of the longitudinal
field across the wakefield phase, because the bunch is
injected into different phase positions at nearly the same
time. This positive chirp approximately maps the longi-
tudinal current profile to the energy axis [cf. Fig. 3(f)], even
though it is not completely linear. In the case of severe
beam loading, the chirp toward the front of the bunch

FIG. 3. Beam-loading effects on single laser-accelerated electron bunches. Change of the spectral shape with beam charge. (a) Binned
LWS-20 data including the location of the peak energy and peak charge for the individual shots. Lineouts for two bins of high and low
charge as marked in their respective colors in (a) are given in (b). (c) shows binned spectra of a dataset acquired using ATLAS-300. Two
individual lineouts are given in (d). Dashed black and gray lines indicate linear fits and standard deviations according to Eq. (4) and (3),
respectively. (e) and (f) summarize the results of particle-in-cell simulations for the ATLAS-300 parameters for different focus positions,
yielding either high beam charge (e) or low beam charge (f). The on-axis field is plotted in green, with dashed yellow lines as the linear
fit to the front of the wakefield to show the influence of beam loading. The beam current is plotted as a shaded blue area (bottom), while
the spectrum is shown on the left (shaded red). The gray background shows a map of the electron density, while the colored plot shows
the electron phase space.
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vanishes or even reverses. This result leads to a strong peak
in energy space and, in consequence, to the skewed
spectrum we observe in the experiment, as indicated in
Fig. 3(e). Hence, the signature of beam loading resulting in
a phase space chirp is a skewed energy spectrum (more
details and a quantitative analysis of the skewness for each
individual spectrum in Fig. 3 can be found in Supplemental
Material [51]).
As beam-loading effects increase with the total charge

contained in the accelerating cavity, we expect the asym-
metry to become more pronounced for higher total beam
charges, which clearly matches the measured data. Indeed,
for the ATLAS-300 data, the calculated skewness for
almost each electron spectrum is positive and increases
with charge, in accordance with simulations. The positive
skewness is a typical feature of beam loading in shock-front
injection. Our simulations suggest that its dependence on
the injected charge can be used as an indicator for the onset
of beam loading. It is important to notice that this signature
gets easily lost when a beam with large divergence and a
nonimaging spectrometer is used or if spectra frommultiple
shots are averaged without sorting them by charge. Future
studies including current measurements with coherent
transition radiation (CTR) diagnostics [63] may even allow
for quantitative measurements of beam loading or estima-
tion of the electron beam phase space, provided the time
ambiguity of the CTR measurement can be resolved.
So far, we have restricted our analysis to very specific

experimental parameters. However, it is an interesting
feature of plasma wakefields that they are scaling invariant
[75], and results from an experiment performed at a plasma
density n can be converted to another density n0 using a
scaling parameter α ¼ ðn=n0Þ1=2 ¼ ðλ0p=λpÞ. This feature is
true not only for PWFA [76], but also for laser wakefields.
Here, the driver pulse duration (τ0 ¼ ατ) and waist
(w0

0 ¼ αw0) scale with α, while the peak potential a0 is
invariant [77], as exemplified by the demonstration
of quasimonoenergetic electron acceleration with mJ,
few-cycle pulses (e.g., Schmid et al. [78] and Guénot
et al. [79]).
To show that this general scaling behavior also extends to

beam loading, we present an analysis of results from an
experiment performed at almost an order of magnitude
higher plasma density, i.e., at a plateau density of approxi-
mately 3.1 × 1019 cm−3. The scaling factor α ¼ 0.33
requires much shorter pulse lengths and tighter focusing,
which are provided by the LWS-20 laser at the Max-
Planck-Institute for Quantum Optics (MPQ). Both the laser
duration (8 fs) and waist (w0 ≈ 8 μm) are in fair accordance
with the scaling requirements. Furthermore, the estimated
normalized peak potential a0 ≈ 2.0 is close to the ATLAS-
300 value. The corresponding dataset consists of 490
electron beam spectra.
Indeed, the experimental results shown in Figs. 3(a)

and 3(b) show a very similar evolution of the spectral shape

with increasing charge. Furthermore, as for ATLAS data,
we measure a correlation between peak energy and charge,
in this case

EpeakðLWS−20Þ
≈ð29.0�0.1ÞMeV−ð0.84�0.01ÞMeV×Q½pC�: ð4Þ

Notably, the beam energies are much lower than those
observed with ATLAS-300. This difference stems from the
fact that the LWS-20 experiment deviates from the ideal
scaling by using a similar central wavelength as ATLAS-
300 instead of λ00 ¼ αλ0. As a result of this deviation, the
ratio between the plasma density and critical density is
different in both experiments, leading to faster dephasing in
the case of LWS-20 and a lower overall energy gain
ΔE0 ¼ α2ΔE. The average peak energy of LWS-20 is
ð21� 6.4Þ MeV, leading to ΔE0=ΔE ¼ 0.09� 0.03,
which is close to the expected value of α2 ¼ 0.11.
While this remarkable agreement is quantitative, other
properties show only qualitative agreement. In order to
maintain the beam current, the scaling laws require a scaled
charge Q0 ¼ αQ. In the case of LWS-20, we do observe an
average charge of ð10.5� 6.0Þ pC, corresponding to
Q0=Q ¼ 0.09� 0.05, which is a factor of 3.5 lower than
the expectation. Such deviations are not entirely unex-
pected, as both experiments are only approximately similar,
and, for instance, the lack of wavelength adjustment also
changes the laser propagation and with it the laser wake-
field formation. Nonetheless, the data provide good exper-
imental evidence for scale invariance of laser-driven
wakefields.
The beam-loading features observed in this work can,

therefore, be generalized to different experimental con-
ditions. While the exact parameters may vary, a similar
behavior regarding the spectral shape is expected in all
kinds of laser wakefield accelerators with localized injec-
tion after entering beam loading, be they driven by few-
cycle or petawatt lasers. Furthermore, both experiments
exhibit strong charge-energy correlations [Eqs. (3) and (4)],
which shows that the electron peak energy fluctuations are
dominated by a charge-dependent component. This obser-
vation emphasizes the importance of reducing charge
fluctuations in LWFA, as shot-to-shot variations of the
beam charge will directly translate into peak energy
fluctuations. The latter are particularly detrimental to
applications relying on chromatic beam transport elements,
such as free-electron lasers [80]. Given the sensitivity of
shock-front injection on the laser intensity at the density
transition, this reduction will likely require the develop-
ment of active wavefront stabilization.

IV. BEAM LOADING WITH DUAL-ENERGY
ELECTRON BEAMS

So far, we have considered how a high-current electron
beam modifies its own accelerating field and, thus, its final
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energy spectrum. However, such a beam will not only affect
its direct vicinity, but also modify the wakefield formation
in its trail. Here, we discuss how beam loading of a first
injected electron beam affects secondary electron beams.
As discussed in the introduction, this kind of scenario is
particularly promising due to various proposed advanced
injection schemes relying on similar conditions. In the
following, we discuss two different schemes used for
injection of multiple electron beams, namely, combined
shock-front [81] and colliding-pulse injection [82] into the
same wakefield cavity [83], as well as shock-front injection
into subsequent wakefield periods [84]. Because of the
different location of the bunches in both schemes (intra-
cavity versus intercavity), these methods are complemen-
tary and can be used as a basis for studying escort-witness
and driver-witness configurations.
In the first case, we use a gas jet with shock-front

injection and split off a part of the main laser beam to obtain
a second pulse propagating in the opposite direction and
containing an energy of 0.3 J. This counterpropagating

pulse is then focused onto the gas target, reaching a
normalized peak intensity of up to a1 ≃ 0.9. When this
colliding pulse is active, we can inject a second bunch with
lower energy and charge into the same wakefield period via
optical injection. Both bunches’ peak energies are plotted in
Fig. 4.As in the previous section, the energyof the first bunch
depends on its own charge Q1 [E1 ≈ ð387� 4Þ MeV−
ð1.3� 0.1Þ MeV ×Q1½pC�]. In addition, we now observe
a similar trend for the optically injected beam whose energy
also correlates with the charge Q1 of the first bunch [E2 ≈
ð175�5ÞMeV− ð0.7�0.1ÞMeV×Q1½pC�]; cf. Fig. 4(a).
In contrast, no statistically significant correlationbetween the
charge of the second bunchQ2 and the energy of either bunch
E1 or E2 is found as can be seen if we now sort the dataset
from Fig. 4(a) by the second bunch’s charge [cf. Fig. 4(b)].
The first bunch, therefore, clearly influences the second
bunch, which in this case sits in the same plasma period.
Nevertheless, the data show that beam-loading effects of the
trailing low-energy bunch on itself are negligible.

(a)

(b) (e)

(c) (f)
(d)

FIG. 4. Effect of beam loading on dual-energy electron beams injected into either the first or second wakefield cavity. First column:
Experimental data for electron injection into the first wakefield period via shock and optical injection. The data are sorted either by the
charge in the high-energy beam (denoted with chargeQ1) (a) or by the charge in the low-energy beam (Q2) (b). Dotted lines show linear
fits, and the shaded areas indicate the corresponding confidence interval. The data show a clear correlation between the charge of the
shock-injected beamQ1 with the energy of the optically injected beam E2 (a). (c) Results from particle-in-cell simulations showing both
the phase space and the longitudinal on-axis fields. Beams of different charge are injected by changing the absolute focus position zf
relative to the density transition zshock ¼ 0.8 mm. Higher chargesQ1 decrease the accelerating fields in the wakefield via beam loading,
leading to a lower energy of the trailing optically injected electron bunch. Third column: Experimental data for electron injection into the
first and second wakefield periods via shock injection. The high-energy beam seems to have no influence on the particle energies in the
second wakefield period (d). In contrast to (b), the charge of the second bunch (Q2) is correlated to the energy of the first electron bunch
(e). (f) Particle-in-cell simulations with the same color coding as in the aforementioned plot, showing the same behavior as in (d). The
energy of the second beam is uncorrelated to the charge in the first beam, which matches the experimental data.
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In the second experiment, we just use a single laser pulse
with shock-front injection but optimize the laser and target
parameters (focus and shock position, etc.) to yield a
second beam at lower energies. Such trailing beams have
already been observed previously (see, for instance,
Refs. [81,83]) but usually with a much lower charge than
the main beam. These trailing beams stem from shock
injection into the second plasma period and are, therefore,
intrinsically separated from the leading beam. This bunch
distance is approximately given by the plasma wavelength
λp. Again, the energy of the leading beam correlates with its
own charge, even though weaker than in the previous case
[E1≈ð259�3ÞMeV−ð0.11�0.03ÞMeV×Q1½pC�], because
the target parameters are slightly different from the pre-
vious experiment. However, in contrast to previous studies
[56], the second beam shows no correlation beyond the
statistical error [E2≈ð113�3ÞMeV−ð0.02�0.02ÞMeV×
Q1½pC�] [Fig. 4(d)]. Furthermore, we now observe that the
energy of the second beam correlates with its own charge
[E2 ≈ ð113 � 3Þ MeV − ð0.18 � 0.06Þ MeV × Q2½pC�]
[Fig. 4(e) is again the same dataset as in Fig. 4(d), but here
the peak energies are plotted against the charge of the
second bunch). Higher energy of the first bunch, corre-
sponding to less beam loading and a higher remaining
wakefield, leads to more charge injected at the shock into
the second bucket, and a positive correlation between
first bunch energy and second bunch charge is established:
E1 ≈ ð231� 4Þ MeVþ ð0.28� 0.07Þ MeV ×Q2½pC�.
To understand this behavior, we simulate the two

scenarios using particle-in-cell simulations. For better
comparison, the parameters of these simulations are mod-
eled on the experiment with shock-front injection into two
buckets. This way, injection into the second bucket can be
switched on and off by adjusting the simulation window
length while keeping the evolution of the plasma wave
identical. Based on our previous findings, we use the focus
position to adjust the injected charge while keeping the
wakefields similar. This adjustment results in electron
spectra with decreasing charge and increasing energy the
further away the focus position lies from the shock at
zshock ¼ 0.8 mm. For colliding-pulse injection, we initial-
ize a second counterpropagating laser beam with a1 ¼ 0.5
at a distance Δz ¼ 1.1 mm behind the shock on the density
plateau. The phase space of the electrons injected due to
this optical injection process shows a clear dependence on
the scanned focus positions zf and, hence, charge of the
first beam [cf. Fig. 4(c)]. Looking at the longitudinal on-
axis wakefield Ez, we can identify the cause of this
correlation to be the different amount of beam loading
induced by the first beam, i.e., the differing amplitude of Ez
for each case. This difference changes the threshold for
optical injection and modifies the bunch charge and energy.
This result confirms the hypothesis deduced from the
experimental findings, namely, that the second bunch is

a direct witness of beam loading induced by the first. The
simulations also indicate that the charge injected via
colliding-pulse injection is reduced due to beam loading
of the first bunch.
For the second case, we use a longer simulation window

to observe also injection into the second wakefield period
[cf. Fig. 4(f)]. As in the experiment, the energy of the
second injected bunch does not seem to be determined by
the charge and beam loading induced by the first bunch,
even though it clearly perturbs the first wakefield. In fact,
for all different cases, the slope of the wakefield in the
second period appears to be nearly independent of beam
loading from the first bunch and changes only due to beam
loading of the second bunch itself [explaining the corre-
lation E2jQ2; cf. Fig. 4(f)].
The simulations also help us to understand the E1jQ2

correlation, which is actually caused by a relation between
Q1jQ2 and Q1jE1: During any down-ramp injection proc-
ess, electrons are more likely to be injected into subsequent
wakefield periods due to the progressively slower phase
velocity. This result means that, as fewer electrons are
captured by the first wakefield period, more electrons can
be trapped in the second period and vice versa. We have
already established how the charge of the first beam affects
its energy, hence explaining the observed correlation.
In accordance with quasi-3D particle-in-cell (PIC) sim-

ulations, our results therefore demonstrate how charge and
energy of multiple electron bunches are correlated. In
particular, our experimental measurements on bunches in
subsequent wakefield periods show an unexpectedly weak
correlation between the charge of the first bunch and the
energy of the second, an effect which could be reproduced
in PIC simulations for our conditions. In future experi-
ments, this method could be extended to measure energy
and longitudinal charge distributions of multiple pulses as a
function of, e.g., the acceleration distance to probe local
fields and effects of beam loading across subsequent
wakefield cavities and, hence, yield quantitative properties
of laser wakefields under different conditions.
Moreover, optical injection can provide an electron beam

that witnesses the effect of self-fields of another beam inside
the same cavity. This configuration can beused for producing
a witness-escort pair as proposed by Manahan et al. [37] in
the context of PWFA. Here, the shock-injected beam could
potentially act as an escort and flatten the LWFA field that is
experienced by an independently injected witness bunch in
order to reduce its energy spread. Indeed, this effect is clearly
visible in the simulations. For instance, if the laser is focused
onto the shock at zf ¼ 0.8 mm, shown in Fig. 4(c), a higher-
charge Q1 is injected, which leads to smaller energy spread
in the phase space of the optically injected bunch. So far,
the experimental data are not conclusive about this effect, but
it is planned to study this configuration further in future
campaigns.
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V. TRANSITION TO THE BEAM-DOMINATED
REGIME

In the preceding sections, we establish that shock-
injected electron beams have a sufficiently high charge
density to modify the electric fields of the laser wakefield
and, thus, influence both their own spectrum and the
spectrum of other beams. The underlying force is funda-
mentally the same that is responsible for the excitation of
plasma wakefields, and, as visible in Fig. 1, even in the
laser-dominated regime the electron beam generates its own
wake, i.e., expelling any electrons that are not blown out
from the bubble by the ponderomotive force of the laser. As
the laser gets weaker in intensity, e.g., due to energy
depletion or diffraction, the electron beam becomes the
dominant driver of the wakefield; see the lower part of
Fig. 1. Indeed, it was recently observed that a laser-
generated electron beam can drive plasma waves in a pure
PWFA regime [76].
While this effect can occur naturally in form of a self-

mode transition, it is not easy to control and offers little
insight into this transition process. The most systematic
studies in this regard use gas targets of variable lengths
[63,64], but their interpretation relies heavily on simula-
tions, because the laser intensity cannot be controlled
independently of the electron beam energy in this case.
In particular, due to self-guiding of the laser pulse, the self-
mode transition occurs close to laser depletion at a distance

Ldepl ∼ ðncr=neÞcτ, with cτ being the pulse length [74]. For
resonant wakefield excitation, this value is close to the
dephasing length Ldeph ∼ ðncr=neÞð2=3ÞRbubble, where
Rbubble is the bubble radius [74]. This result means that
the first electron beam also loses energy due to dephasing,
which is both inefficient and makes it difficult to distinguish
the LWFA- and PWFA-dominated cases in this situation.
To circumvent these problems, we follow another

approach here. Instead of extending the gas target toward
self-mode transition, we use the different divergences of
both the electron and laser beam, i.e., θelec ∼ 1 mrad for the
former versus θlaser ≳ 40 mrad for the latter [85], to
strongly reduce the laser intensity after a vacuum gap.
We can then place a second gas target behind the first one
such that the electron beam takes over as the primary
wakefield driver. Importantly, in this setup the electron
beam energy remains unchanged during the transition from
the beam-loaded LWFA to the beam-dominated regime in
the second stage.
A distinctive sign for the transition to the beam-

dominated regime is that a second witness bunch with
the correct delay experiences a positive correlation of its
energy with the first bunch’s charge due to the increasing
wakefield amplitude induced by a higher driver bunch
charge. As discussed before, dual-bunch shock injection
intrinsically provides a driver-witness pair with a bunch
separation of approximately λp. The leading 200–300 MeV
bunch serves as driver of the wakefield in the second

FIG. 5. Electron acceleration in the beam-dominated regime. Left: Energy from the driving electron bunch (high energy) is transferred
to the witness bunch (low energy) in the second stage. The higher the drive bunch charge, the higher the witness energy gain. The driver
itself, therefore, loses energy and charge. Top right: Results of a start-to-end simulation showing both the laser and beam evolution
(upper part) as well as the plasma density (gray, lower part) and energy spectrum at each position (red). The leading electron beam
contains a charge of 105 pC. It gets decelerated in the second jet, while a part of the second bunch is accelerated, just as observed in the
experiment. The energy spectrum before the jet at z ¼ 8 mm and after the jet at z ¼ 10 mm is shown on the right. Bottom right:
Snapshots for three different positions, i.e., inside the laser wakefield accelerator, during propagation in the near vacuum between both
jets, and inside the beam-dominated second jet. The respective plasma densities and electric fields are color coded.
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nozzle, whereas the subsequent 75–125 MeV bunch probes
these fields. Please recall that the energy of the low-energy
beam is essentially independent of the charge of the
high-energy beam in this case. We interferometrically
measure a peak plasma density of 1.4 × 1018 cm−3 (i.e.,
ρ ≃ 0.225 pC μm−3) in the second plasma from a nozzle
with an opening diameter of 1 mm. For this density, we
expect the second bunch to be situated in the accelerating
phase of the beam-dominated wakefield.
As presented in Fig. 5, the beam parameters are

significantly altered by the second stage. Similar to
Chou et al. [86], we also observe that the average beam
charge is reduced by about 20% and the high-energy beam
is decelerated. While this observation alone could be
explained with dephasing in a laser-driven wakefield, we
also observe a charge-dependent acceleration of the wit-
ness by 10–20 MeV, translating into an acceleration
gradient of 10–20 GeVm−1 (see Fig. 5). As mentioned
earlier, this result is the opposite of what would be expected
in the laser-dominated case.
We simulate the entire target setup in start-to-end

simulations using a boosted frame [87,88]. The results
are depicted in Fig. 5. According to simulations, the
normalized vector potential of the laser drops from a0 ≃
3.2 at the exit of the first gas jet to below a0 < 0.6 when
entering the second jet due to diffraction. There is no beam
collapse due to self-focusing in the second jet, and, hence,
the laser drives only a weak linear plasma wave.
In contrast, the small divergence of approximately 1mrad

keeps the density of the electron bunch high and allows
them to become the primary driving force of the wakefield.
The simulations clearly show deceleration of the high-
energy bunch in the second jet, combined with acceleration
of the low-energy particle beam. As in the experiment, this
effect depends on the charge of the first beam. In simu-
lations, we mimic this effect by adjusting the focus position
(cf. Sec. IV), where the case displayed in Fig. 5 corre-
sponds to a focus at zf ¼ 1.0 mm with a total charge of
105 pC in the driver. Here, the observed acceleration and
deceleration is comparable to the experiment. An example
for the case with higher charge in the driver (125 pC) is
given in Supplemental Material [51]. In this scenario, the
spectra of high- and low-energy beams almost overlap after
leaving the second gas target.
While the electron beam clearly dominates the wakefield

formation, the head of the bunch still experiences the linear
wakefield driven by the laser. With appropriate timing, a
weak laser pulse could therefore, for instance, be used to
mitigate head erosion in laboratory-scale PWFA experi-
ments. Expanding on this idea, the laser can also be used
for guiding of the electron beam in a configuration similar
to a laser-plasma lens [89], and some aspects of the setup
could be analyzed with models developed in this context
[90]. In the limit of negligible laser intensity, this setup
becomes equivalent to a compact externally seeded PWFA

stage such as presented by Kurz et al. [84]. However, even
for low laser intensity, the configuration discussed here has
the advantage that no plasma mirror is necessary to block
the laser and that the laser preionizes the plasma.

VI. TOWARD JOULE-CLASS ELECTRON BEAMS

The results presented so far are obtained with sub-100-
TW lasers. With higher laser power, the accelerated charge
is also increasing, and the energy contained in the relativ-
istic electron beam is approaching the joule energy level.
To quantify the scaling behavior, we perform shock-front

injection with various laser energies and a pulse duration
of approximately 27 fs. In a first scaling test from 10 to
70 TW, we find that the charge in the peak follows an
approximately linear trend:

Qpeak ≈ 5.5 pC × ðP½TW� − Pinj½TW�Þ; ð5Þ

where Pinj ¼ 15 TW is the power threshold for injection.
The laser power in these experiments is adjusted by
detuning the pump lasers and is generally limited by the
damage threshold of the compressor gratings to below
70 TW. Nevertheless, in a separate campaign, a few shots
are taken with 110 TW (3 J) on target. Here, we observe
even more charge with up to 1.2 nC in the energy range
above 80 MeVand a peak charge of 602 pC, corresponding
to 50% of the total charge, at a maximal peak charge
density of 15 pCMeV−1 (see Fig. 6). The FWHM diver-
gence is found to be 3.1 mrad. These data are still in
agreement with the above linear scaling. The total energy of
the electron beam observed on the spectrometer is 288 mJ,
corresponding to an energy transfer rate from the laser
pulse to the electron beam of almost 10%.
As part of the commissioning of the new ATLAS-3000

multipetawatt laser, we also perform first tests with an
energy on target of up to 10 J and a peak power reaching
330 TW [91]. A typical shot from these experiments is
shown in Fig. 6. It also displays the skewed spectral
shape established in Sec. III. Over a series of 50 shots,
we measure a charge in the peak of ð1.4� 0.2Þ nC,
ð1.1� 0.2Þ nC in FWHM, with an average peak charge
density of ð22� 4Þ pCMeV−1 and an average energy of
ð334� 39Þ MeV. The average energy spread is 60 MeVor
18%, respectively. Please note that this experiment is not
optimized for high energy, but just high spectral charge
density. The measured divergence is ð2.5� 0.7Þ mrad.
Assuming a round electron beam, peak angular charge
densities of approximately 5 pCMeV−1 μsr−1 are estimated
within the angular FWHM of the beam. Integrating over the
entire spectrum, we measure a total transferred energy to
the relativistic electrons of ð0.6� 0.1Þ J. Also, since the
scintillation screen is saturated in some shots, these values
are lower limits, which may partially explain why the
measured beam charge remains slightly below the predic-
tion of the scaling [1.7 nC; cf. Eq. (5)].
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In order to extrapolate toward the petawatt level, we
therefore perform PIC simulations for different laser powers.
The simulations are in agreement with the experimental data
and show a transition from a linear scaling Qpeak ∝ P to
Qpeak ∝

ffiffiffiffi
P

p
for P≳ 200 TW; see Supplemental Fig. S5

[51]. We interpret this behavior as a transition from the
partially loaded to the fully loaded laser wakefield regime
[57], with the latter having a well-established

ffiffiffiffi
P

p
scaling

[74]. Based on our analysis, we estimate a peak charge of the
order of 2.5 nC and more than 100 kA peak current for a
one-petawatt laser driver, which is more than twice the
value predicted by the scaling for self-truncated ionization
injection [58].

VII. CONCLUSIONS AND OUTLOOK

We have presented results on high-charge electron beams
produced via LWFA, which feature exceptionally high
spectral charge densities and low divergence. While the
beam parameters are promising for demonstrating a laser-
based free-electron laser in the near-optical regime [92],

many other applications require even better beam quality
in terms of emittance and, more generally, brightness.
Because of their high charge density, the laser-accelerated
beams can be used to access new regimes of beam-loaded
and beam-dominated wakefield acceleration. This inter-
mediate regime of LWFA and PWFA holds promise for the
generation of ultralow-emittance beams in a compact setup
in the future.
Our analysis clearly shows that we are capable of

reaching different regimes of beam loading, evidenced
by a dependence of both the final beam energy as well as
the spectral shape of laser-accelerated electron beams on
the beam charge. This effect is scale invariant and was
consistently observed in different regimes of LWFA, i.e., in
the few-cycle regime using the 100-mJ-class LWS-20 laser
and in the joule-class regime with the ATLAS-300 laser.
When combined with not a single, but two electron

bunches, beam loading can become a powerful tool to
optimize LWFA. In a proof-of-principle experiment, we
have obtained first results on beam loading for electron
beams injected into the same wakefield period as well as
subsequent wakefields. The former serves as precursor for a
escort-witness configuration [37], while the latter was used
to study beam-dominated LWFA in a driver-witness con-
figuration [38]. Here, we demonstrated a charge depend-
ence of the witness acceleration in a second wakefield
stage, which is a clear signature for the transition to the
beam-dominated regime. The observable energy gain in
this setup was mainly limited by the energy separation
between both bunches, which will be increased in future
experiments. Furthermore, bunch duration and separation
measurements via coherent transition radiation are
expected to yield more quantitative information on both
dual-beam configurations.
As an outlook, the scalability of the shock-injection

scheme was studied by means of experiments and simu-
lations in the ranges up to 330 TW and 1 PW, respectively.
Based on these studies it is likely that laser wakefield
accelerators driven by petawatt lasers will very soon deliver
joule-class electron beams with 100-kA-class currents,
which will give access to new regimes of laser-beam
interaction and radiation generation.
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