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We present experimental results on a plasma wakefield accelerator (PWFA) driven by high-current
electron beams from a laser wakefield accelerator (LWFA). In this staged setup stable and high qual-
ity (low divergence and low energy spread) electron beams are generated at an optically-generated
hydrodynamic shock in the PWFA. The energy stability of the beams produced by that arrange-
ment in the PWFA stage is comparable to both single-stage laser accelerators and plasma wakefield
accelerators driven by conventional accelerators. Simulations support that the intrinsic insensitivity
of PWFAs to driver energy fluctuations can be exploited to overcome stability limitations of state-
of-the-art laser wakefield accelerators when adding a PWFA stage. Furthermore, we demonstrate
the generation of electron bunches with energy spread and divergence superior to single-stage LW-
FAs, resulting in bunches with dense phase space and an angular-spectral charge density beyond
the initial drive beam parameters. These results unambiguously show that staged LWFA-PWFA
can help to tailor the electron-beam quality for certain applications and to reduce the influence of
fluctuating laser drivers on the electron-beam stability. This encourages further development of this
new class of staged wakefield acceleration as a viable scheme towards compact, high-quality electron
beam sources.

I. INTRODUCTION

Laser wakefield acceleration (LWFA) is a promising
high-gradient accelerator technology. It uses intense
beams of light to generate strong wakefields in a plasma
for the acceleration of electrons [1, 2]. In LWFA, the
ponderomotive force of the laser strongly displaces the
plasma electrons from their equilibrium position around
the much heavier ions. This displacement causes large
charge separation fields behind the laser as it traverses
the plasma with a velocity close to the speed of light.
The magnitude of these wakefields is of the order of the
cold wavebreaking field E0 = mecωp/e ≈ 96GVm−1 ×√
ne[1018 cm

−3]. Hereme denotes the electron rest mass,
c is the speed of light, ωp is the plasma frequency, e is
the elementary charge and ne is the plasma electron den-
sity. At densities around 1018 cm−3 the acceleration gra-
dient in these accelerators is thus several orders of mag-
nitude higher than the breakdown fields in conventional
radio-frequency (RF) accelerators (∼ 100MVm−1), al-
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lowing for a significant downsizing of the accelerator.
LWFA experiments are routinely performed at numerous
high-power laser facilities [3–11] and reach high charge
(∼ nC) [12, 13] combined with an ultra-short bunch du-
ration (∼ 10 fs) [14, 15], resulting in high peak currents
of tens of kA [13, 16]. Furthermore, the bunches typi-
cally have a few- micrometer source size at the exit of
the accelerator [17–19], which is paired with few-mrad
divergence [12, 20].

One of the most exciting prospective applications of
these accelerators is their use for driving a compact free
electron laser (FEL) [21]. Similarly, they may form
the basis for future compact particle colliders. How-
ever, some limitations of the technology has so far pre-
vented a real breakthrough in these and other applica-
tions. Firstly, as a consequence of the very high acceler-
ation gradients [22] and their reliance on non-linear laser
propagation [23, 24] small parameter jitters result in large
shot-to-shot fluctuations of the electron energy. Thus,
it is extremely challenging for LWFAs to reach an en-
ergy stability and energy spread comparable to conven-
tional RF accelerators. Secondly, the normalized emit-
tance of LWFA electron-beams appears to be limited to
around 0.1 − 1 mm mrad [25–27], likely due to heating
of plasma electrons by the intense drive laser, spatio-
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temporal asymmetries in the driver or the interactions
of electrons and the trailing laser fields during acceler-
ation. While significant progress has been made over
the past years, including the demonstration of first gain
in an LWFA-driven FEL [21] and stable long-term op-
eration by actively controlling laser parameters [28], it
will remain difficult to solve all of these problems simul-
taneously. The generation of low-emittance beams will
be particularly difficult in proposed multi-stage LWFA
concepts for high energy physics [29]. In such schemes,
the plasma mirrors needed for coupling in multiple laser
beams will cause the emittance to increase [30].

LWFA’s particle-driven counterpart, plasma wakefield
acceleration (PWFA), relies on the Coulomb field of a rel-
ativistic drive-beam and can potentially mitigate some of
these problems [31]. In particular, it has been suggested
that ultra-low emittance beams can be internally in-
jected into a beam-driven wakefield [32–34]. Nonetheless,
PWFA remains less common due to its reliance on high-
current drive-beams of electrons [35–37] or protons [38],
which were until now only available at a few large-scale
accelerator facilities. This situation has changed recently,
as we demonstrated that high-current LWFA electron
beams are also well-suited to drive strong plasma-waves,
even in high-density plasmas [39]. These in turn can
accelerate witness bunches at gradients of around 100
GeV/m [40]. This possibility opens up a new approach in
high-gradient accelerator research, namely using LWFA
electron beams to drive a PWFA and to internally inject
a high quality beam into the PWFA. While the staging of
two plasma-based acceleration methods may sound like
an unnecessarily complex approach, we will discuss in
this manuscript how the method can efficiently combine
the strengths and mitigate the weaknesses of each indi-
vidual schemes. In particular, our experimental results
validate the potential of employing an extra PWFA stage
with internal injection to improve the electron quality
over the output of a single LWFA.

The manuscript is structured as follows: First we intro-
duce a new all-optical injection scheme for density down-
ramp injection in the PWFA stage. In a first experi-
ment this new setup is used to investigate the stability
of the PWFA stage. We demonstrate stable production
of electron-beams from a staged LWFA-PWFA, with the
PWFA stage reaching an energy-stability comparable to
the drive beam produced in the LWFA stage. Simula-
tions indicate that the intrinsic insensitivity of PWFA to
the energy of the drive beam may even allow for using
the PWFA stage as a stability transformer, i.e. a sys-
tem that improves upon the energy stability of a single
LWFA stage. In a second experiment, we inject a witness
beam in an optically generated density downramp in the
PWFA stage to achieve a superior electron beam quality
(’quality transformer’). We demonstrate experimentally
that its energy spread and divergence beat the respective
quantities of its drive bunch, resulting in a net gain in
angular-spectral charge density [41].

II. EXPERIMENTAL SETUP

We have performed a series of closely related experi-
ments on staged LWFA-PWFA. The basic setup is illus-
trated in Fig. 1. To address various aspects of the staging
scheme the PWFA parameters are varied. A summary of
the PWFA setups presented in this article is given in
Table I.

Laser. The laser wakefield accelerator is driven by the
ATLAS laser system at the Centre for Advanced Laser
Applications in Garching, Germany. During the experi-
ment ATLAS delivered laser pulses with (5±1)J on target
[42] with 30 fs (FWHM) duration at a central wavelength
of 800 nm. The laser-beam is focused in an f/33 geome-
try, reaching a peak intensity of (1.3± 0.3) 1019 W/cm2,
which corresponds to a normalized vector potential of
a0 = 2.5.

Target. The laser is focused onto a target consisting of
a first and a second gas jets (see. Fig. 1a), doubling as the
LWFA and PWFA stages, respectively. Both jets are sep-
arated by a 10-mm-wide vacuum gap, where diffraction
reduces the driver intensity enough to prevent the excita-
tion of any significant wakefield in the PWFA stage. Ad-
ditionally, a tape drive can be inserted between the jets to
completely block the laser, which also prevents ionization
of the second jet. In this case, an additional low-energy
laser beam can be used to preionize the PWFA stage.
The LWFA stage uses a 5mm Laval nozzle fed with

a 96:4 (molecule-ratio) mixture of hydrogen and ni-
trogen gas. The 4-mm-long PWFA stage uses either
pure hydrogen or mixtures of hydrogen and helium, de-
pending on the specific setup. Both jets’ density pro-
files are discussed in the supplemental material [43].
The LWFA is operated at a plateau plasma density of
(1.4±0.1)1018cm−3, whereas the PWFA stage is operated
at peak densities between (1 − 2) 1018 cm−3 [44]. In the
LWFA stage, the hydrodynamic shock-front originating
from a silicon wafer edge obstructing the supersonic gas
flow triggers shock-front assisted ionization injection [45]
(see. Fig. 1e) to create the drive bunch for the subsequent
PWFA stage.

Injector Beam. In contrary to previous works
using a wire-generated hydrodynamic density down-
ramp [46], we introduce hydrodynamic-optically field-
ionized (HOFI) plasma gradients [47, 48] to facilitate
electron injection in the PWFA stage. In this scheme
a transversely propagating laser locally ionizes and heats
the plasma, forming plasma channel associated with a
hydrodynamic shock structure. In contrast other groups’
work [49–51], which suffered from alignment sensitivity
and pointing jitter, our use of a strongly astigmatic fo-
cus (Fig. 1b) ensures the formation of two nearly planar
shocks perpendicular to the main laser axis. Their large
area makes this setup very insensitive to alignment errors
and ensures high stability [52]. Our optically induced
downramps for injection enable us to tailor the shape,
height and gradient of the plasma density down-ramp in-
dependently of the gas density or the nozzle geometry.
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Figure 1. Experimental setup for staged LWFA-PWFA with internal injection in the PWFA stage. Schematic of
the double-jet setup for staged LWFA-PWFA experiments. In the first plasma, the drive pulse propagating along the z-axis
generates LWFA electrons via shock-front-assisted ionization injection. A 25 µm-thick polyimide tape after the first jet prevents
the laser from ionizing the second jet for the first set of experiments. An astigmatic laser focus oriented perpendicular to the
wakefield axis (b) heats the plasma in the PWFA stage a few ns before the electron driver arrives. A pair of planar plasma
density shocks evolves. The second shock provides the downramp for the injection of witness electrons into the PWFA stage.
A few-cycle probe was used to image the laser-driven plasma-wave in the LWFA stage (c) and the electron-driven plasma-wave
in the PWFA stage (d). Typical spectra (e) of the electron beam from the LWFA stage, the spent drive beam after the PWFA
stage without injection and an internally injected witness beam are shown. Without injector laser beam only a broadband
background of decelerated LWFA electrons is formed in the PWFA stage. With injector beam the witness is the defined peak
on top of this background at around 70MeV.

The relative delay between the injector laser beam and
the arrival of the electron beam can be adjusted between
(0− 2) ns. Together with the energy of the injector laser
pulse this permits to adjust the parameters of the HOFI-
shock [47] and thus, the plasma-density down-ramp for
injection. In our experiment witness bunches are reli-
ably injected at 1.3 ns delay and a peak intensity of the
injector laser-beam of 2× 1016 W/cm2 (Fig. 1b). This
added flexibility decouples injection and acceleration in
the PWFA stage. In particular, by setting the correct
orientation of the astigmatic focus, the shock can be cre-
ated perpendicular to the beam axis, crucial for the gen-
eration of high quality witness beams [53, 54] and hard
to achieve with supersonic shock formation. In addition,
the position jitter of the HOFI injector is only a few µm
and smaller than typically achieved with wire-generated
shocks [43].

Diagnostics. The main diagnostic in this experiment
is a 0.8-m-long dipole spectrometer, placed 2.9m down-

stream of the target. Electrons are deflected onto a cali-
brated scintillator screen [55], whose emission is imaged
onto a 12-bit CMOS camera. The spectrometer covers
an energy range from 12MeV onward, with transverse
angular acceptance range of ±6mrad.

III. STABLE STAGED ACCELERATION

In a first experiment, we investigate the energy stabil-
ity of the witness injected in the PWFA stage. In this
experiment we operate the PWFA stage with a 1:1 mix-
ture of hydrogen and helium (molecule ratio). The laser
blocker tape was used to ensure a purely beam-driven
wakefield in the second stage.
The LWFA-generated drive bunches in this experiment

have a peak energy of (287± 18)MeV (std). Taking into
account all electrons with an energy above 200MeV, we
measure a charge of (340 ± 46) pC (14%, std), see also
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Figure 2. Experimental data on stable plasma wake-
field acceleration. Top: Output spectra of 20 consecutive
shots with the HOFI-generated shock and pre-ionized plasma
in the second jet. Bottom: Electron spectra with injector laser
beam (blue). This is compared to spectra without plasma (or-
ange) and with plasma, but no injector (green) in the PWFA
stage. The strong charge and energy loss of the driver in the
green case and the injection of a high-charge witness in the
blue case is evident. Dashed lines and red shaded areas in-
dicate the mean of the energy and its standard deviation of
driver and witness bunches respectively. For reference, angle-
resolved spectra of the drive beam alone and after the PWFA
stage but without injector can be found in Fig. 1.

Fig. 1e (left). Once the beam traverses the second jet
(preionizer on, but without injector) the electrons are
decelerated and we observe a broadband electron spec-
trum, see Fig. 1e (middle).
When the injector is activated, a witness bunch is in-

jected at the optically-generated shockfront in the PWFA
stage. The witness spectra exhibit a distinct energy peak.
Furthermore, we observe that the witness injection is
very reproducible and, as shown in Fig. 2, the energy
of the spectral peak fluctuates only within (65± 6)MeV
(9 %, std). Thus, the absolute fluctuation (red shaded
area in Fig.2) of the witness peak energy is only one
third of the drivers and they are comparable in terms

of their relative energy jitter. The charge of the witness
beam is (59 ± 19) pC (std). In terms of energy stability
we thus already achieve a performance that is compara-
ble [56] or even superior [57] to recent experiments on
all-optical density downramp (Torch)-injection at large-
scale RF-accelerator-driven PWFAs.
This high stability of the witness energy in our staged

LWFA-PWFA appears surprising at first because of the
much higher shot-to-shot fluctuations of the LWFA-
generated driver as compared to a drive beam from a
conventional accelerator. The insensitivity of the wit-
ness energy to the driver energy and energy spread can
be understood from the expression for the Coulomb field
of a highly relativistic (γ � 1), axially symmetric elec-
tron beam. Assuming that the beam is contained within
a radius r0, the field at a transverse distance r > r0 is
given by

~Eb(ζ, r) = − I(ζ)

2πε0c

~er
r
, (1)

with I(ζ) the current profile of the beam in the comov-
ing variable ζ = z − ct, ε0 the vacuum permittivity and
c the speed of light. We can see from Eq. (1) that the
electric field responsible for setting up the plasma-wave is
purely oriented in the transverse direction and does not
depend on the electron energy. For sufficiently narrow
and high-current beams (I & 1 kA), the Coulomb field
strongly expels all plasma electrons from its path leaving
behind a homogeneous and symmetric ion column. The
plasma electrons are attracted back by the space charge
field of the ion column, Eion(r) = −en0r/2ε0 and start
oscillating radially, forming a sheath around the ensuing
ion cavities. The maximal radial position of the sheath is
usually referred to as the blowout radius. A useful scaling
of the blowout radius rbo can be obtained by calculat-
ing the radial distance at which the electrostatic force of
the ion background cancels out that of the drive beam.
Evaluating Eq. (1) at the point of maximum current I0
we obtain

rbo '
√
I0/πecn0 ∝

√
I0/n0 . (2)

Note that by balancing electrostatic fields we implicitly
restrict the validity of the model to slow plasma elec-
trons in the sheath, for which the Lorentz force is es-
sentially given by the electric field [58]. To estimate the
accelerating field we use the notion that, in case of a
strong blowout, the plasma sheath approximates a sphere
and the longitudinal electric field inside the ion cavity
decreases linearly from the cavity center with a slope
∂ζEz ' en0/2ε0 [59]. Thus, evaluating Ez at a distance
rbo from the cavity center, we obtain for the maximum
accelerating field

Emax
z ' −en0rbo/2ε0 ∝ −

√
I0n0 . (3)

For small deviations the derived square-root scaling
(Eq. 3) predicts that the relative deviation of the longitu-
dinal electric field is half of the relative deviation of both
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beam current and plasma density. To compare the scal-
ing to our experiment it is assumed that the drive bunch
length is constant. Thus, the charge of the drive beam
is proportional to its beam current and the 14% driver
charge fluctuation translates into 7% variation of the wit-
ness beam energy. Furthermore, we observe an imperfect
regulation of the backing pressure for the PWFA stage
leading to a density jitter of ±4% (std). This translates
into 2% energy jitter of the witness beam energy. Further
assuming both error contributions to be independent and
normally distributed, we expect an energy jitter of 5MeV
for our current setup. Thus, the prediction of the simpli-
fied model on the stability of the staged LWFA-PWFA is
consistent with the measured energy of (65 ± 6) MeV.

The ratio of the relative fluctuations of witness en-
ergy δEwitness and driver charge δQdriver can be un-
derstood as a measure for the resilience of the PWFA
stage to variations of the driver. The measured value of
|δEwitness[%]| =≤ 0.68 |δQdriver[%]| [60] which is smaller
than 1 indicates a damping behaviour.

In future experiments, the intrinsic insensitivity of the
PWFA stage to the energy of the drive beam may even
permit to increase the energy stability of a staged LWFA-
PWFA beyond that of the LWFA alone. We have mod-
eled the scenario of density downramp injection in a
plasma wakefield accelerator stage using the quasi-3D
particle-in-cell code FBPIC [61]. As shown in Fig. 3a,
the input parameters are similar to our experiment (for
details see supplemental material [43]).

In a first set of 100 simulations we model the experi-
mentally observed drive bunch in terms of average charge
and energy and their random variations (mean and stan-
dard deviation as in the experiment). As shown in Fig. 3c
the mean energy of the witness bunch is 165±7MeV (std),
and |δEwitness[%]| ≤ 0.34 |δQdriver[%]|. Thus, the relative
energy variation of the simulated witness is smaller than
in the experiment.

We study the reason for this finding in independent
scans of driver energy and charge. First, we vary the
driver energy between half and eight times the value of
the experiment, while keeping the driver charge constant
at 340 pC. Beyond a certain energy level, which is on
the order of 200MeV for our simulation parameters, de-
pletion of the driver can be neglected (see Fig. 3d). As
follows from 1, the wakefield strength does not depend
on the driver’s electron energy and thus the witness en-
ergy stays constant. This finding holds for a broad driver
energy range that far exceeds the measured energy fluc-
tuations in our experiment (the latter are highlighted in
orange).

In a second set of simulations we scan the driver charge
between 240 − 440 pC while keeping the energy con-
stant at 287MeV. In these simulations the mean witness
energy slightly decreases with increasing driver charge
around the experimental working point (δEwitness[%] =
−0.35·δQdriver[%]). Furthermore, the spectrum broadens
towards stronger drivers. This downshift and broadening
of the spectra can be explained with beam loading of the

wakefield. In the simulations the injected charge is posi-
tively correlated to the driver charge (Fig. 3e). Thus, the
amount of injected charge can attenuate, or even over-
compensate the higher energy gain expected for stronger
drive beams in the PWFA via beam loading.
To quantify this effect we include a species of test-

particles in the PIC simulations to sample the longitu-
dinal phase space. We then compare the energy gain of
the witness in the case of a beam-loaded and an unloaded
wakefield (method described in the supplemental mate-
rial [43]). In Fig. 3f both cases are compared. The mean
witness energy in the hypothetical unloaded case roughly
follows the

√
Q-scaling for the longitudinal wakefield

strength as a function of the driver charge (δEwitness[%] =
+0.48 · δQdriver[%]). In the experiment the injected wit-
ness charge is expected to fluctuate not only as a function
of the driver charge, but also due to other parameters
that were kept constant in the simulations (e.g. gas den-
sity distribution, down-ramp gradient and height). Thus,
a random contribution to the witness energy, depending
on the magnitude of the additional witness charge varia-
tion, is added and |δEwitness/δQdriver| must be expected
to be higher than in the simulations. Note that the sign
of δEwitness/δQdriver is not experimentally observable be-
cause the PWFA stage deletes the information about the
initial driver charge. Thus, only mean and standard de-
viation of driver and witness charge (orange shade area
and blue bar in Fig. 3f) of similar runs can be compared
and correlations as in Fig. 3f can not be revealed in the
experiment.
The mean energy of the witness beam in the simula-

tions is 2.5 times higher as compared to the experiment.
While this experiment was not optimized for highest en-
ergy, but highest stability, the main reason for this dis-
crepancy might be that the wakefield strength is overes-
timated in our simulations. The drive bunch is initiated
without taking the interaction at the laser blocker tape
into account. Simulations showing the influence of the
driver emittance on the witness beam and a discussion
of the angular distribution of the witness beam can be
found in the supplemental material [43].
The beams presented in Fig. 2 do not only exhibit high

energy stability, but they also carry a significant fraction
of the energy of the LWFA-generated drive bunch. We
calculate the overall energy transfer efficiency as the ratio
of the integrated energy of the incident LWFA-generated
driver bunch (Edriver) and energy gain of the PWFA
witness bunch (∆Ewitness) according to following defini-
tion [62]

η =
∆Ewitness

Edriver
, (4)

For data from Fig. 2, we find Edriver = (102± 14)mJ and
∆Ewitness = (4± 1)mJ, which thus yields an overall effi-
ciency from incident driver to witness of η = 4% and, for
some experimental conditions [63], this efficiency reaches
up to 10 percent. This is at least a factor of 2 more than
shown in either experiments with external [36, 37, 64] or
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Figure 3. PIC simulations on stable staged acceleration. (a) Modelled density distribution and evolution of driver
and witness energy in the PWFA stage. (b) Angular resolved witness spectrum for the experimental driver parameters. (c)
Set of 100 simulations with randomized variation of driver charge and energy with standard deviation as in the experiment.
For comparison the spectra of an earlier simulation step (gray shaded in (a)) are shown where the energy gain resembles the
experimental outcome. (d) and (f) show the spectral charge density of the witness for parameter scans of the driver energy
and charge. Given that driver depletion can be neglected (here driver energy > 200MeV) the witness energy does barely
depend on the driver energy. (f) shows the spectral charge density of the witness bunch (color scale and black crosses) as a
function of the driver charge. With increasing driver charge the witness charge increases (e), the witness spectrum broadens
and its mean energy slightly decreases. For comparison the energy gain of a test bunch in an unloaded wakefield with equal
driver is plotted (gray scale and black dots). In both scans the experimental working point is indicated by the orange shaded
area. The simulation outcome in plots (d) and (f) is normalized to the experimental working point in (b). For comparison
the experimental standard deviation of the witness energy is plotted in blue. Note that the experimental result is normalized
independently.

internal [40, 56, 57] injection and, to our knowledge, the
highest total driver to witness energy transfer efficiency
observed for a PWFA to date.

As we will discuss in the following section, the hybrid
approach not only reaches a substantial energy transfer
efficiency, but can also lead to a net improvement of se-
lected beam-parameters.

IV. HIGH QUALITY ELECTRON BEAMS
FROM STAGED ACCELERATION

As discussed, a staged LWFA-PWFA helps to decouple
the electron energy from shot-to-shot fluctuations of the
driver bunch. The established stability of the wakefield
in combination with a controlled injection enables the
pursuit of a beam-quality transformer [65]. As a figure
of merit we use the angular-spectral charge density, i.e.
the charge per solid angle (”angular”) and energy inter-
val (”spectral”). We define it as the spectrally resolved
charge within the RMS-divergence divided by the solid
angle corresponding to this divergence [66]. To deduce
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the solid opening angle rotational symmetry of the wit-
ness bunches is assumed. Experimental evidence for an
overall improvement regarding the electron-beam density
is presented in the subsequent section.

For this demonstration, the laser blocker tape between
both acceleration stages was removed. By that we avoid
additional emittance growth of the drive beam due to the
Weibel instability [30]. The resulting lower emittance of
the driver results in a denser drive bunch in the PWFA
stage. These unperturbed drive beams are expected
to generate a stronger and more symmetric blowout,
which is crucial for the generation of high quality witness
beams [67]. Similar to previous experiments [12, 40], in
order to exclude the laser beam as the dominating driver
of the second stage a distance ≥ 1cm between both jets
is chosen. Figure 4a shows a typical drive bunch gener-
ated by our 150-TW-LWFA for this set of experiments.
The average charge in a set of 30 shots was (657±61)pC
(std) in the high energy feature at 250MeV. The shot
shown in Figure 4 has a charge of 640 pC in the high
energy feature and its average divergence is 0.41 mrad
(RMS of super-Gaussian fit, for details see supplemen-
tal material [43]). The angular-spectral charge density is
5 pC/(MeV µsr) [68].
In our experiment, we are able to modify the density

down-ramp for injection in the PWFA stage by tuning the
delay, intensity and position of the injector laser pulse
and thus independently of the gas density, gas species
and nozzle profile. With the mrad-level divergence of
the LWFA-generated bunch, the distance between LWFA
and PWFA stage serves as a parameter to adjust the den-
sity of the drive bunch when entering the second stage.
Thus, the drive beam evolution and consequently the
strength of the wakefield at the time of injection can be
controlled. This set of free parameters is used to optimize
the injected charge and in particular the angular-spectral
charge density of the witness bunches from the PWFA
stage.

For an injected witness charge of about 30 pC there is
a regime where a flattening of the longitudinal phase-
space is observed. This manifests itself in a reduced
energy spread and an increased spectral charge density
of the witness. The charge-dependent behaviour of the
witness’ spectral charge density hints at beamloading as
an explanation for this observation [69]. Witness elec-
tron bunches with low divergence, low energy spread and
high spectral charge density are produced in a fraction of
the shots. The reproducibility of such beams is limited
by the shot-to-shot fluctuations of the injected witness
charge. Fig. 4b depicts an example for an separation of
LWFA and PWFA of 19mm. The peak energy of this wit-
ness bunch is 162MeV. The bunch charge of the narrow-
band bunch is (31 ± 5) pC. Its FWHM and RMS (from
Gaussian fit to spectrum) energy spread is 5.6MeV and
2.4MeV respectively, approaching the energy resolution
of the non-imaging dipole spectrometer [70]. The beams
thus exhibit a very good, low energy-spread-to-gain ratio
of 3.5%, commonly defined as the FWHM-energy-spread

of the witness divided by its energy gain. This is 5 times
less than the relative energy spread of the driver in this
experiment (18%).

Furthermore, we observe that these witness bunches
have an average divergence of 0.28mrad (RMS of super-
Gaussian fit) (0.6mrad FWHM), only. Using pure
LWFA, similarly small divergences were only observed
for near-GeV beams [71]. Since the beam divergence
is given by the ratio of transverse to longitudinal mo-
mentum, this hints at a competitively small beam emit-
tance as we will elaborate on later. Combined with its
charge of 30 pC, this yields an angular-spectral charge
density of 7 pC/(MeV µsr), which is approximately 40%
denser than the drive beam. As seen both in simula-
tions and in first experimental results already a slight im-
provement in terms of electron beam quality can enable
further progress in realizing free electron lasers [21, 72–
75]. Thus, the beams generated in our PWFA are very
promising for various such applications. In particular,
with a divergence after extraction of well below 1mrad
in combination with %-level energy spread, the beams
can be coupled into a beamline and transported without
significant degradation [76].

Remarkably, the production of these dense, low-
divergence witness beams is not limited to highly op-
timized, sub-mrad drive beams such as the one shown in
Fig. 4a, but is also seen in experiments with significantly
more divergent LWFA-beams as driver. Figure 4c shows
a representative shot from a different data-set with the
drive bunch containing 400 pC, a divergence of 1.2mrad
(RMS of super-Gaussian fit) and thus with a much lower
angular-spectral charge density of 0.4 pC/(MeV µsr) at
270MeV. These beams can still drive a plasma wake-
field and, as shown in Fig. 4d, yield high-quality witness
bunches with a similarly small divergence of 0.22mrad
(RMS of super-Gaussian fit) and 2.3% (RMS of Gaus-
sian fit) energy spread. At a charge of 20 pC the angular-
spectral charge density of these witness bunches evaluates
to 6 pC/(MeV µsr) at 195MeV. This is an order of mag-
nitude denser than the driver. The witness properties,
in particular its angular-spectral charge density, thus ap-
pear to be largely insensitive to the driver divergence
in an interval spanning more than one order of magni-
tude [77]. The similar, small divergence of the witness
beams in both scenarios indicates that the injected elec-
trons mainly carry the intrinsic transverse momentum
spread of our injection method and are little affected by
either the electron driver or the remainder of the laser
pulse from the LWFA stage. In the following we will
establish reasonable upper and lower limits on the emit-
tance of the witness beam.

Shock-injected electrons originate from the bubble
sheath, and therefore have previously been transversely
displaced by the driver. An upper limit for the diver-
gence and emittance of the witness beam in this scheme
can thus be calculated by the transverse momentum of
the sheath electrons falling back onto axis at the rear of
the bubble.
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Figure 4. Increase of angular-spectral charge density in the PWFA stage. (a) Typical spectrum of a low divergence
LWFA-generated drive beam with 640 pC bunch charge in the high energy feature and an average divergence of 0.41mrad
(RMS of super-Gaussian fit), leading to an angular-spectral charge density of 5 pC/(MeV µsr). (b) Spectrum after the PWFA
stage with optimized beamloading for high charge density of the witness beam. Due to the lower divergence of 0.28mrad
(RMS of super-Gaussian fit) of the 30 pC witness beam its angular-spectral charge density is 40% higher than the driver
(7 pC/(MeV µsr)). (c) Typical LWFA driver spectrum for the high divergence case (1.2mrad, RMS of super-Gaussian fit).
Using this beam with a charge of 400 pC and an angular-spectral charge density of only 0.4 pC/(MeV µsr), a witness beam (d)
with 0.22mrad RMS divergence, 20 pC charge and an angular-spectral charge density of 6 pC/(MeV µsr) is generated.

Table I. Summary of experimental conditions.

Figure 1 and 2 4a-b and ?? 4c-d
Driver charge (340± 46) pC (657± 61) pC (461± 99) pC
Driver energy (287± 18) MeV (235± 14) MeV (284± 30) MeV
Driver divergence (FWHM, (1.1± 0.2) mrad (0.9± 0.1) mrad (4.4± 0.5) mrad
no laser blocker, no 2nd jet)

Gap between stages 1 cm (1− 1.9) cm 1.25 cm
Nozzle PWFA 4 mm 7 mm 4 mm
Gas PWFA 50% H2 + 50% He H2 H2

Density PWFA (2.0± 0.2)1018 cm−3 (1.1± 0.2))1018 cm−3 (2.0± 0.2)1018 cm−3

Down-ramp generation optically optically wire
Laser blocker tape 25 µm Kapton no no
Preionizer on off off

We estimate the order of magnitude of the intrinsic
transverse momentum in our implementation of density
down-ramp injection based on the simplified model de-
rived above. From the transverse momentum betatron
trajectories and the normalized emittance of the elec-
tron bunch are calculated [43]. For a driver current of
20 kA, a plasma density of n0 = 1 × 1018 cm−3 and a
Lorentz factor of γ = 300 the upper limit for the diver-
gence angle at the end of the longitudinal acceleration
is σθ = 4mrad. At this point the betatron amplitude
of the electrons defining the contour of the phase-space
ellipse is σx = σθc/ωβ = 0.5 µm. Here ωβ = ωp/

√
2γ is

the local betatron frequency and ωp =
√
e2n0/ε0me the

plasma frequency. This numbers yield an upper limit for
the normalized emittance of

εn < γσmax
θ σmax

x = 0.6 mmmrad. (5)

The estimated divergence value of 4mrad is more than 10
times larger than the measured divergence of the witness
beam. This observation indicates a considerably smaller
emittance due to less transverse momentum of the elec-
trons at the position and time of injection. A damping of
the transverse momentum can happen because of a trans-
versely defocusing field of the on-axis density spike at
the rear of the bubble [78] or because of the space-charge
field of the injected electrons themselves effectively low-
ering the focusing fields inside the bubble while being
injected [79].

A lower limit for the normalized emittance can be cal-
culated from the measured free-space divergence, assum-
ing that the transverse momentum is identical inside the
wakefield and after extraction to free-space. However,
adiabatic matching of the witness beam divergence may
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occur in the density down-ramp of the jet or in a possi-
ble transition from a blowout to a linear wakefield at the
end of the acceleration process [80–82]. Thus, just as-
suming the measured free-space divergence to be indica-
tive for the transverse momentum during the acceleration
will likely underestimate the emittance [83]. We can also
compare the theoretical estimates to high-resolution PIC
simulations of downramp injection from the previous sec-
tion, cf. Fig. 3b. While these simulations only roughly
approximate our experimental conditions, the emittance
of the high density part of the witness [43] fits well into
our estimates with εsimn ≈ 0.25mmmrad. While these
estimates hint at a small witness emittance that is in-
dependent from and lower than the driver’s, additional
diagnostics and measurements will be required to deter-
mine its actual value.

V. CONCLUSION & OUTLOOK

In the present paper we provide first evidence that
combined LWFA-PWFA offers a path to generate witness
beams with improved quality parameters as compared
to a single-stage LWFA. We have investigated the en-
ergy stability of electron acceleration in a staged LWFA-
PWFA with an optically-induced density down-ramp in
the PWFA. The energy of the witness beam is largely in-
sensitive to the energy, energy spread, and emittance of
the drive bunch produced in the LWFA stage. Further-
more, the addition of a subsequent PWFA stage for injec-
tion and acceleration makes use of the intrinsic resilience
of beam-driven wakefields to shot-to-shot variations of
the drive beam charge. This behaviour is contrary to
LWFA, where the electron properties are strongly corre-
lated to variations of the driving laser pulse energy and
focus position [28]. In our staged scheme we observe
similar shot-to-shot stability as in PWFA experiments
driven by conventional RF accelerators, despite substan-
tially stronger fluctuations of the driver in terms of charge
and energy. Simulations show that in our hybrid scheme,
the PWFA stage can generate electron-beams with higher
stability than the driving LWFA itself. Our simulations
suggest that the stability of the witness energy can be
increased even beyond the stability of an unloaded wake-
field when controlling the amount of injected charge. For
this more stable targets (e.g. gas cells) should be em-
ployed. Furthermore, the injection and acceleration need
to be further decoupled to better control the amount of
injected charge (e.g in a plasma photo-cathode scheme).
The position of the optically-generated density down-

ramp in the PWFA stage is very stable and thus one
major source of witness energy fluctuations is eliminated.
Furthermore, injection at such planar optically-generated
shocks and acceleration in the PWFA stage is very robust
against pointing fluctuations of the laser driver and as a
result the LWFA electron-beam. This is because both the
jet dimension and the transverse extent of the astigmatic
focus of the injector laser beam in the PWFA stage are

much larger than the typical transverse jitter of the drive
laser. The presented laser blocker-free setup is essentially
self-aligning because the spent laser driver acting as an
ionizer for the PWFA stage always propagates sufficiently
collinearly with the electron-beam.

Without the laser blocker and by controlling the
amount of injected witness charge we achieve narrow-
band witness spectra via beam-loading. The angular-
spectral charge density of PWFA-beams injected at an
optically induced density down ramp exceeds the one of
the drive beam being used. We thus demonstrate that
an additional PWFA stage with internal injection driven
by a LWFA acts as a beam-quality transformer.

The energy transfer efficiency is higher than in pre-
vious PWFA-experiments. The ratio of the integrated
energy of the witness to the integrated energy of the in-
cident drive bunch is up to 10%. Furthermore, a high
beam quality of the witness beam and simultaneously a
high energy gain of 65 % of the initial electron-energy
of the driver has been shown. However, there are differ-
ent limiting factors for achieving a witness energy that
exceeds the driver energy in our specific experimental im-
plementation of the PWFA stage. As seen in Fig. 3a, the
effective acceleration length is limited to ∼ 1.5mm in
our first set of experiments, because of the long density
downramp and the associated dephasing of the witness
bunch in the PWFA target. Also, under our experimental
conditions the injected witness charge should be limited
to a few 10 pC to avoid strong beam loading, which lim-
its the energy gain in the PWFA. Furthermore, due to
the free space drift between LWFA and PWFA the drive
bunch is not matched into the PWFA plasma. Thus,
the emittance of the drive beam degraded when enter-
ing the PWFA [43] and its full ability to drive strong
wakefields is not exploited. This can be addressed by
implementing a low density passive plasma lens between
both stages. Or at least mitigated by a reduction in stage
separation, which in the case without blocker tape comes
at the expense of a stronger remaining laser driver from
the LWFA.

Due to the low free-space divergence and low energy-
spread of our witness beams their emittance growth dur-
ing propagation in free-space is smaller than for most
beams reported in previous wakefield accelerator exper-
iments. Thus, they are suited for applications involving
an electron beam transport line. In follow-up experi-
ments a careful and full assessment of the overall and
slice emittance has to be done to asses the suitability
of these beams for a free-electron laser. Furthermore,
we plan to implement advanced injection schemes such
as the plasma photocathode [32] or wake-induced ioniza-
tion injection [33, 34] that promise a further reduction of
the witness emittance.

The two-stage LWFA-PWFA scheme is particularly in-
teresting for facilities offering 100-TW to PW-scale laser
power that can generate electron beams with nC-class
beam charge and tens of kA peak current. Energy trans-
fer efficiency and electron-energy gain shown in this pa-
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per encourage to consider a final PWFA stage with in-
ternal witness injection as a beam quality and stability
booster after a single or multiple LWFA stages. In the
latter case this would relax the demands on emittance
preservation in the LWFAs by far. This scheme may
be a promising future research direction for high energy
physics applications of wakefield accelerators.
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SUPPLEMENTAL MATERIAL

A. Details on the experimental setup

1. ATLAS-3000 laser system

The experiment was performed at the ATLAS-3000 Ti:Sa chirped pulse amplification laser system at the Centre
for Advanced Laser Applications (CALA) in Garching, Germany. The pulse length is measured to be 30 fs (FWHM)
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Figure S1. Plasma density of the PWFA stage. Left: Lineout of the plasma density along the laser propagation axis for
the 4 mm-diameter (blue) and 7 mm-diameter (red) nozzle used in the experiment. The density measurements are taken under
experimental condition but with no density down-ramp for injection created. The position of the vertical lines corresponds to
the approximate positions of the injection down-ramp for the different experiments presented in the manuscript. The height
and downramp length of the density step is separately estimated from theoretical considerations. The density was measured
using a Nomarski interferometer. Right: Scaling of plasma density in the 4 mm-nozzle with backing pressure.

at a central wavelength of 800 nm. The pulse energy on target is on the order of 5 J for this experiment. The pulse is
focused by a F/33 off-axis parabolic mirror. A nearly diffraction-limited focus is achieved by the use of a home-built
Shack-Hartmann wavefront sensor in a closed loop with a commercial deformable mirror.

The energy on target has a large error margin of (5 ± 1) J. This is due to the fact that the transmission of
compressor and beamline is affected by a rapid blackening of the optics. The exact transmission at the time of the
different experiments was not recorded.

2. Double-jet target

The target setup for the staged hybrid LWFA-PWFA experiment consists of two Laval nozzles. Both nozzles are
round and have exit diameters of 5 mm (LWFA) and 4 mm or 7 mm (PWFA), respectively. They create supersonic
gas jets of adjustable gas density. The first nozzle is fed with a gas mixture of 96% H2 and 4% N2. A silicon wafer in
the supersonic gas flow creates a sharp density down-ramp to utilize shock-front assisted ionisation injection in the
LWFA stage. The LWFA stage is operated at a plateau plasma density of 1.3 × 1018 cm−3. The stage separation
can be varied between 0 and 5 cm and was, if not stated otherwise, 10 mm for the data presented in the article. This
gives enough space for a removable laser blocker tape between both jets. The distance between the end of the first
jet, the tape and the start of the second jet can be varied independently and was 7 mm and 3 mm respectively for the
data shown in the article. The tape consists of 25µm thick polyimide (Kapton®) and is automatically advanced after
every shot. To protect the laser from back reflection, the tape is tilted such that reflected light is not directed within
the opening angle of the focusing parabola. Data shown in Fig. ?? and Fig. S7 was taken with laser blocker tape,
while all other experiments were done without laser blocker. An auxiliary beam can be used to preionize the PWFA
stage. For this purpose, 50 mJ picked from the main-beam are focused under a shallow angle into the PWFA stage
using a 3 m (f/100) focal length spherical mirror. The relative arrival time of the electron driver and the preionizer
laser can be varied and is set to values on the order of 10 ps.

3. Measured density of PWFA stage

The density profile was retrieved using an Abel inversion of the phase information obtained with a Nomarski
interferometer. The measured density was confirmed by plasma-wave imaging. Due to spatial constraints the electron
propagation axis is aligned to be 5 mm from the nozzle exit. In particular for the 4 mm-diameter nozzle, this leads to
a bell-shaped density profile along the propagation axis. The vertical lines in Fig. S1 (left) correspond to the positions
of the injection down-ramp for the different experiments presented in the main part of the manuscript.

The injection position can only be varied within an interval of 500µm. Otherwise no injection is observed. The bell-
shaped density profile might also explain the moderate energy gain since electrons injected at the density transition
will soon begin to dephase in the down-ramp of the density profile.
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Figure S2. Intensity distribution of the injector beam. (a) Intensity distribution in the focal plane of the injector beam
parallel to the wakefields propagation axis (red). (b) Intensity lineout along wakefield axis together with the assumed ionisation
threshold (blue line).

For the experiment demonstrating stable PWFA a 1:1 mixture of hydrogen and helium gas was used. Due to the
use of the laser blocker tape for the main laser the gas in the second jet can not be assumed to be fully ionized.
From a scan of the preionizer-beam intensity in pure helium it is confirmed that the first ionization level of helium
is accessed at the intensity used during the experiment. At the time of arrival of the LWFA-generated drive beam
we thus expect a mixture of fully ionized hydrogen and He+ and therefore essentially the same plasma density vs.
backing pressure scaling as in the pure hydrogen case.

B. Down-ramp generation in PWFA stage

1. Comparing wire and optically generated hydrodynamic density down-ramps

Two mechanisms to generate a hydrodynamic density down-ramp for injection in the PWFA stage have been
investigated. They are compared in terms of the stability of their shape and position.

In preparatory studies for this work we generated a density down-ramp by placing a 200-µm-wide wire just inside
the leading edge of the supersonic gas flow of the PWFA stage. The obstacle generates two hydrodynamic shocks, of
which only one is situated in the density plateau of the jet. The wire is supported by two brackets separated by as far
as 5 cm. This mounting was necessary due to geometrical constraints. In this configuration we notice strong shot-to-
shot fluctuations of charge and energy of an injected witness beam. In Fig. S3 (left) the phase contrast shadowgraphs
of the shock-front of 20 consecutive shots is presented. We observe fluctuations of the shape and the location of the
shock (Fig. S3, left) of ±28 µm (std), which most likely arise from mechanical vibrations of the wire in the supersonic
gas flow.

The alternative mechanism for the down-ramp generation, used in the main part of the this article, consists of an
optical injector beam for locally ionizing and heating the plasma. The hot electron population expands and quickly
diffuses. This leaves behind a positively charged ion-dominated region and thus, a radial electric field. Once both
populations reach equilibrium, they propagate away from the heated region at the speed of sound cs =

√
ZkbTe/mi,

which is of the order of ∼ 10 µm ns−1 (for hydrogen at Te = 20 000 K
∧≈ 2 eV [1]). This is higher than the speed of

sound in the surrounding cold, neutral gas (cs =
√
kbT0/mi) and therefore leads to a shock-wave.

For this setup 50 mJ from the main laser-beam are picked and individually delivered to the target. This beam
is perpendicularly focused onto the propagation axis of the electrons in the PWFA stage. The arrival time of the
injector laser beam can be varied between 0 and 2 ns and was 1.3 ns in the experiments presented here. To guarantee
perfect overlap of the injector and the electrons despite their non-negligible pointing jitter an astigmatic focusing
geometry is chosen. The focusing optic is a 15 cm focal length spherical mirror used under an angle of incidence of
15◦. The resulting intensity distribution in the plane of the electron-beam is shown in Fig. S2a. We deduce a peak
intensity of 2× 1016 W/cm2 of the (15×550)µm2 (FWHM) focal spot. An intensity lineout along the axis of wakefield
propagation (z) is given in Fig. S2b. Assuming the Hydrogen to be ionized for a laser intensity Ilaser > 2× 1014 W

cm2

(blue line), the ionized region is expected to be roughly 100µm wide. Thus after an expansion on a timescale of 1 ns
the distance between both shocks will also be on the order of 100µm.

The increased stability of the optically induced hydrodynamic shock is presented in Fig. S3 (right). The position
jitter of the optical injector beam is lower than the imaging resolution of 6µm. No shot-to-shot deformation of the
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600 µm

Figure S3. Comparison of wire generated (left) and optically generated (right) shock for down-ramp injection.
For both cases 20 consecutive shots imaged with a transverse probe-beam via phase-contrast shadowgraphy are shown. Both
position (±28 µm) and shape vary in the case of the wire generated shock. In particular the on-axis-angle between wakefield-
driver and shock is subject to strong-shot-to-shot fluctuations. For the optically generated shock the position varies by less
than the imaging resolution of 6 µm. In this depiction the driver propagates from left to right. The axis of the wakefield is
vertically centered in the images.

shock is observed.

C. PIC Simulations

1. Input parameters of PIC simulations

The simulations use a lab-frame resolution of ∆z = 50 nm, ∆r = 200 nm, m = 3 modes, a boosted frame [2]
with γboost = 10 and a particle density of nz × nr × nθ = 10 × 4 × 16 within the injection region. The drive beam
and plasma electrons making up the witness beam are initiated as two distinct species and can thus be separated in
post-processing. As input we assume an electron-beam with a normally-distributed phase space, with a bunch length
cσt = 3.5µm, a radius σr = 5µm and a normalized emittance of εn = 1 mm mrad. For our reference case we assume a
central beam-energy of E0 = 287 MeV, an energy spread σE/E0 = 10% and a beam-charge of Q0 = 340 pC modelling
the driver from the first experiment. These parameters are varied according to the charge and energy fluctuations
from the experiment by sampling a normal distribution centered around Q0 and E0, respectively.

The density profile used for the PIC simulations is shown in Fig. ??a of the main part. The density profile is
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Figure S4. Simulation results on a scan of the driver emittance. In (b) the x-ux phase space of the drive beam is
plotted as a function of its initial normalized emittance and its propagation distance z in the PWFA. For all initial emittance
values < 5 mm mrad the driver evolution (a) is very similar and the emittance saturates at a level of ∼ 10 mm mrad, given by
the fact that the beam is not matched to the local betatron oscillation when entering in the plasma. Both the amount of driver
charge refocused in the plasma to a spot smaller than the plasma skin depth (c) and the amount of injected witness charge (d)
are mostly constant as long as the initial driver emittance is < 5 mm mrad.

a simplified version of the experimental measurement shown in Fig. S1. A witness beam is injected in the final,
50 µm-long downramp of the density perturbation, placed on top of the density profile. The shape and size of the
density perturbation was chosen according to the theoretical considerations explained above.

Note that the parameters of the driver beam in our simulations are similar to our experiment and thus represent
realistic experimental conditions. However, we do not explicitly model the full conditions underlying the experimental
results presented in this article. The reasons for this are twofold. First, starting with the PWFA stage allows us to
directly study the driver’s influence on witness stability. Second, developing a ’digital twin’ of the experiment would
only be meaningful if it could produce additional insight, i.e. provide an accurate and quantitative representation of
the experiment. This would require start-to-end simulations of the two stages, because the experiment only provides
partial information about the 6-dimensional electron beam phase space, which is needed as initialization of the second
stage. At this point such simulations are however not possible for us, because we cannot accurately model neither
the blocking foil in FBPIC (because of the locally overdense plasma) nor the optically-generated density downramp.
Accurate simulation of the latter would require a code that takes into account both tunneling ionization of molecular
hydrogen and collision effects. We have therefore chosen a case of a more general density downramp, which will
qualitatively be similar to both optically and hydrodynamically generated downramps and thus, is adequate for the
subject of interest, namely the witness-stability variations with respect to the driver parameters.

2. Driver emittance scan in PIC simulations

The driver emittance scan mimics the influence of the laser blocker tape on the driver electron bunch. For the
simulations the drive beam radius was kept constant at σr = 5µm while the divergence and thus, the normalized
emittance (εn = 0.1 − 20 mm mrad) was varied. The size of the bunch is kept constant in the simulations because
it is mainly given by the free space propagation of a few mm between LWFA and laser blocker. By just varying
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Figure S5. Simulated example of a witness spectrum as observed in a dipole spectrometer. The beam has a FWHM
divergence of 1.5 mrad. In addition to the narrow divergence feature there is a high divergence background that is not observed
in the experiment. Evaluating the normalized emittance in an opening angle of 5 mrad as indicated by the black box yields
εn,x = 0.28 mm × mrad and εn,y = 0.26 mm × mrad.

the divergence higher order distortions of the phase space due to the current filamentation are neglected that might
dominate shortly after the interaction with the laser blocker tape. An estimate of the driver emittance in our
experiment can be made assuming that the interaction at the laser blocker tape completely disturbs the phase-space
correlation established during free space propagation. In this case the normalized emittance of the driver after the laser
blocker tape can be approximated as εn,max = γσθ, after tape × σx, at tape and is on the order of 500 × 2 mrad 5 µm =
5 mm mrad. Here σx, at tape is estimated from the distance between LWFA stage and the laser blocker tape and
the divergence of the drive beam from experiments without tape. σθ, after tape is the typical driver divergence from
reference shots with laser blocker tape but without PWFA stage.

As seen in Fig. S4c, the amount of charged refocused to a diameter of less than one plasma skin depth is insensitive
to the driver emittance in a range between 0.1 and 5 mm mrad. For higher values of the driver emittance the amount
of captured charge drops very quickly and thus, the wakefield strength drops very quickly.

The amount of injected charge has a very similar scaling as the amount of driver charge contributing to setting up
the wakefield (Fig. S4d).

The drive beam is sent into the PWFA stage without using any refocusing device. Thus, after a free space drift of
several mm, the phase space distribution of the witness is not matched to the local plasma conditions when entering
the PWFA. Therefore the initial driver emittance is not conserved during the interaction with the plasma in the
PWFA stage. At our experimental conditions it quickly degrades to a value around 10 mm mrad (see Fig. S4a).
However, this level seems to be only given by the betatron motion inside the plasma and independent of the initial
driver emittance. Only for very large initial emittance of larger 10 mm.mrad the evolution in the plasma is drastically
different and the driver degrades even further. The evolution in x-ux phase space of the driver in the PWFA stage
for different levels of initial emittance is visualized in Fig. S4b.

Our simulations show the insensitivity of the PWFA on the driver emittance over a large range of realistic emittance
values of a LWFA-generated electron bunch. In particular this simulations can explain the equally high quality and
similar energy gain of the witness beams in Fig. ??b+d of the main part.

The lower energy gain in experiments with laser blocker tape might be interpreted as a drop of wakefield strength
as we observe in the simulations for > 5 mm mrad. However, due to the uncertainty about the exact driver phase
space after the laser blocker and the exact density distribution of the PWFA we can’t fully reproduce the low-energy
witness spectra in our simulations.

3. Emittance of witness beams in PIC simulations

A direct comparison of witness emittance in the experiment and in the PIC simulations is problematic. The
transverse properties of the witness as predicted by the simulations do not fully match our experimental observations.
In our experiments all witness charge is contained in one feature with a FWHM divergence of a few mrad (with laser
blocker tape), or well below one mrad (without laser blocker tape). In simulations there is a high density feature with
similarly small FWHM divergence of 1.5 mrad but there is also a much wider low charge density distribution with a
divergence of more than 10 mrad (see Fig. S5 and Fig. ??b in the main part).

If just picking the low divergence feature in the witness spectra for the analysis a normalized emittance of a few
0.1 mm mrad is obtained (e.g. 0.25 mm mrad if analyzing all electrons within an opening angle of 5 mrad, black box
in Fig. S5). Analyzing the full witness species this value increases to above 1 mm mrad.

Note, that in the experiment the injector properties can be easily adjusted by change of the injector beam position,
energy and timing. In PIC simulations on the other hand high-order parameter scans are computationally out of
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Figure S6. Hypothetical energy gain of the witness in an unloaded PWFA. Dotted lines in (a) represent the energy
gain of test particles as a function of its co-moving coordinate. The red dotted line corresponds to the simulation outcome
with density downramp for witness injection. The phase space of the witness bunch (solid black) follows the red curve. The
spectrum in (b) is calculated by projecting the witness current (gray in a.u.) on to the phase space of the test particles from
the simulation without injection (blue dotted).

reach. Since our plasma diagnostic can only insufficiently characterize the density downramp height and shape, a
generic plasma profile for injection based on theoretical considerations is simulated. We suspect that the transverse
witness properties are not reproduced to its full extend because of the uncertainty about these input parameters.

4. Modelling loaded and unloaded PWFA in PIC simulations

Simulations have been performed to quantify the influence of beam loading on the energy gain of the witness in
the PWFA stage. In addition to the driver and plasma electrons we initialize a further species of electrons in our
PIC simulations. These test particles have a negligible charge density and are initialized with a high electron energy
of 10 GeV. They are arranged to serve as a probe for the longitudinal phase space in our simulations. To calculate
the integrated energy gain as a function of the co-moving coordinate the difference in γz of this particles in the last
time step and the time step where witness injection occurs is calculated. As seen in Fig. S6a, for the simulations
shown in the main part of this work this energy gain (red dotted line) is identical with the one of the injected witness
(solid black). The blue dotted line corresponds to test particles from an identical simulation, but without the density
downramp for injection of a witness. A higher energy gain at positions behind the injected charge is clearly visible.
An artificial spectrum for the unloaded case is calculated by projecting the witness current (gray line) from the
simulations with injection onto the phase space of the test particles from the simulations without injection. Parts of
the phase space that interacted with the 2nd bucket of the wakefield during parts of the simulation (corresponding to
points beyond the kink at 4011.3µm in Fig. S6a) are discarded.

D. High energy transfer efficiency

Figure S7 shows an example for a driver-witness-pair with an energy transfer efficiency as high as 10%.

E. Experiments without laser blocker

1. Identifying electron driver

For the second set of experiments there is no laser blocker tape. Thus, there is an electron beam and an already
diffracted laser in the second jet. We analyze their relative contribution to the wakefield in the second jet. With a
measured vacuum divergence of 15 mrad (half opening angle), the laser intensity is expected to drop by two orders
of magnitude with respect to the first jet after 1 cm of propagation. This assumption neglects self-focusing in the
first jet, which would cause an even smaller spot at the first plasma exit with consequently even larger divergence. A
similar reduction in intensity has been observed for start-to-end PIC simulations [3]. Further assuming no laser-energy
loss in the LWFA stage this leads to an upper boundary for the normalized vector potential of a0 ≤ 0.34 and hence a
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Figure S7. Example spectra of a staged LWFA PWFA experiment with 10% energy transfer efficiency. (a) and
(c) The LWFA bunches have a charge of (300 ± 100) pC. (b) and (d) The charge of the shown witness bunch is 150 pC. The
dashed lines indicate the spectral features used to calculate the energy transfer efficiency.

well non-relativistic beam. The electron-beam divergence is typically one order of magnitude smaller than the one of
the laser. Furthermore, the electrons can self-focus at lower plasma densities than the laser leading to a high-density
electron driver for the PWFA stage [4].

To identify the LWFA-generated electron beam as the dominant driver of the wakefield in the PWFA stage plasma-
wave images are analysed. Fig. S8a and b show the few-cycle shadowgraph of a plasma-wave in the first and in the
second jet. In both cases the driver propagates from left to right. Also in both cases the respective density down-ramp
for injection is visible. In the laser driven wakefield in the first jet a grainy feature leads the wave train (Fig. S8a), a
typical observation for the case of a highly relativistic laser driver. Also the wakefield is flanked by off-axis striations
extending further downstream than the peak of the laser driver. This is attributed to the laser being intense enough
to ionise plasma already early in the leading edge and in off-axis intensity maxima. In the second jet a distinct
bubble like feature leads the wave train (Fig. S8b), while a grainy feature as above is not present. In contrast, when
the LWFA-generated drive bunch is switched off by removing the blade for shock-front injection in the LWFA stage
at otherwise identical conditions, the plasma-wave in the second jet vanishes (Fig. S8c), indicating no observable
laser-driven wakefield.

2. Spectral features of driver and witness beam

The spectra of our LWFA electron-bunches typically have additional low energy features. We note that spectral
components below 100 MeV in Fig. S9a are most likely the result of a secondary injection event in the LWFA stage.
This component is usually not visible in experiments with laser blocker (cf. first section of main part) because low-
energy electrons are strongly scattered at the tape and thus produce only a weak signal on the spectrometer. When
switching on the second gas jet without shock for down-ramp creation there is a continuous electron background due
to decelerated charge of the driver, see Fig. S9b.

For an injector laser beam with a peak intensity of 2× 1016 W/cm2 and 10 mm gap between the jets, broad-band
witness bunches are produced on every shot (representative: Fig. S10d). To unambiguously identify the witness
bunch and its origin the injector-beam is switched off and the distinct and dense feature on top of the broad-band
background vanishes (as in Fig. S9b). We thus conclude that the additional electron bunch visible after the PWFA
stage is injected at the optically injected down-ramp in the PWFA stage. The charge of these broadband witness

22



9

50µm

a) shock

laser driver

b) shock

electron driver
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Figure S8. Plasma-waves in the LWFA and the PWFA stage. a: Laser driven plasma-wave in the LWFA stage after
crossing through the shock-front. b: In the PWFA stage both the electrons from the LWFA stage and the diffracted and
depleted laser are present. The wave train exhibits a distinct bubble-like feature at the position of the drive beam. c: The
current of the driver in the PWFA stage is reduced by removing the blade for shock-front injection in the LWFA stage. Under
else identical conditions no plasma wave is observed in this setup. Thus, we conclude the wakefield in the second stage is
predominantly driven by the electrons. In all images the respective driver propagates from left to right.

bunches is (120 ± 50) pC. The large error margin is mainly given by the uncertainty about the decelerated driver
charge because the witness spectrally overlaps with the decelerated part of the driver. As seen in Fig. S10d+e these
witness bunches feature sub-millirad divergence over their whole spectrum and have a distinct high-energy cut-off
energy at (178± 9) MeV (5%, std in a set of 30 consecutive shots).

3. Increasing angular-spectral charge density

The energy spread of the witness bunches can be controlled by adjusting the injected charge. For a certain amount
of injected charge (≈ 30 pC) witness bunches with few % energy spread are generated (Fig.S10b). At the same time
their spectral charge density is 3 times higher than in the case of the higher charge but broadband beams (Fig.S10d).

As a measure for the quality of the electron beams we introduce the angular-spectral charge density. We define
it as the average charge density per energy interval within its FWHM energy spread and spatially within the RMS
solid angle taken by the beam. Spectra obtained with a dipole spectrometer (as in Fig. S10a+b+d) are spectrally
resolved projections of the electron distribution along one spatial transverse dimension. We calculate the radial
charge distribution of the electron bunches using an inverse Abel transformation (Fig. S10c+e) and by that assuming
radial symmetry of the bunches. It is a typical feature of our high angular-spectral charge density PWFA-beams
that all charge is contained within a single dense feature with a divergence of ∼ 0.5 mrad (FWHM). Some LWFA-
generated drive beams may exhibit a similar FWHM divergence. However, this is due to dense and little divergent
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Figure S9. Spectral Features of LWFA and PWFA electron-bunches. (a) Typical spectrum of a drive beam from
Fig. ?? of the main part. The low-energy feature at 50 MeV is attributed to a second injection event. (b) Spectrum after
the PWFA stage without down-ramp for injection. In addition to the driver features there is a broadband background due
to decelerated driver charge. (c) Spectrum after the PWFA stage with injector (Data from Fig. ?? of the main part.). The
witness bunch injected at the density down-ramp is visible at 162 MeV on top of the spectral features from (b).

sub-features on top of a lower density and more divergent (few mrad FWHM) charge distribution (compare Fig. S10a-
c). To better reflect these different transverse shapes of LWFA and PWFA beams, we deduce the divergence of
the beams from the standard deviation of a super-Gaussian fit to the radial charge distribution (Fitting function:

f(x) ∼ exp
([
−x2/(2σ2)

]p)
, with p < 1).

4. Emittance of witness beams injected via density down-ramp injection

We first estimate the order of magnitude of the transverse momentum of injected electrons. From the transverse
momentum an upper bound for the normalized emittance is calculated. According to our simplified model the potential
energy V of sheath electrons (Fig. S11a (1)) in the field of the ion-bubble at maximum transverse displacement rb
(Eq.??) is V =

∫ rb
0
Fion(r)dr = e2n0/4ε0

∫ rb
0
rdr = 30 eV × I0/A.

To estimate an upper boundary for the transverse momentum we neglect that plasma electrons forming the sheath
also acquire substantial velocities in longitudinal direction. In a full model a electrostatic description would not
be accurate. In particular, transverse momentum can be transferred to longitudinal one via the B-field. Assuming
the potential energy is fully transferred into kinetic energy by falling back on axis (Fig. S11a (2)), we calculate the

corresponding transverse momentum and beam divergence. From the sum of energies V +m0c
2 =

√
c2p2⊥ + (m0c2)2 a

transverse momentum of p⊥ = mc
√

(V/mc2 + 1)2 − 1 is calculated. Electrons carrying the full transverse momentum
can be assumed to be the most divergent ones after exiting the plasma. Assuming a uniform continuous distribution
of the transverse momenta among the bunch-electrons the RMS-momentum of p⊥,RMS = p⊥/

√
3 can be calculated.

Thus, at the end of the longitudinal acceleration the RMS divergence angle is σθ = p⊥,RMS/p‖ = p⊥,RMS/(300mc) =

4×10−3, where we set γ = 300 as in the experiment presented in Fig. ??b and a driver current of I0 = 20 kA. Inside the
bubble the transverse motion of an electron of the witness bunch is a harmonic oscillation at the betatron-frequency
ωβ = ωp/

√
2γ. The trace-space orbit of a trapped electron is schematically shown in Fig. S11b (solid blue line). The

trajectory of a given electron is determined by its transverse momentum. According to the theory of a harmonic
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Figure S10. Angular-spectral charge density in the PWFA stage. (a) Typical spectrum of a low-divergence drive beam
from LWFA. (b) Spectrum after the PWFA stage with charge of the witness optimized for high charge density. (c) Divergence
deduced from the radial charge distribution of the beams from a and b evaluated in the shaded energy intervals (FWHM) from
a and b. While the drive beam exhibits a narrow-width core and high-divergence wings the charge of the witness beam is almost
fully concentrated in one low-divergence feature. The thin dotted lines are super-Gaussian fits to deduce the RMS-divergence.
(d) Broad-band spectrum after the PWFA stage with injection at the optically generated density down-ramp. (e) Divergence
of the broad-band witness at two energy slices (overlapping). No modulation of the divergence along the energy spectrum is
observed.

oscillator the amplitude of the betatron oscillation is rbetatron,RMS = σθc
√

2γ/ωp. For γ = 300 and n0 = 1×1018 cm−3

the RMS betatron radius is 500 nm. Electrons on the RMS betatron trajectory are moving on the phase space orbit
that defines the contour of the phase space ellipse (Fig. S11b blue shaded area). Thus, we calculate an upper limit
for the normalized emittance of εn,max = γσθσx = 300× 4 mrad 0.5 µm = 0.6 mm mrad.

To preserve the emittance of an electron-bunch both during its acceleration and extraction from the plasma its
trace-space distribution should be matched to the local betatron oscillation [5]. The witness spectra with broad
energy spread (Fig. S10d+e) can be understood as a probe for the longitudinal phase-space. Other than in previous
experiments [6] there is no modulation of the beam divergence along the spectrum observed. This observation hints to
a witness beam-size well matched to the local betatron-frequency throughout the acceleration and in particular during
extraction from the plasma. Otherwise a situation as in Fig. S11b (black dotted lines) is expected. Here the envelope
of the unmatched trace-space distribution rotates while the betatron phase advances. This rotation depends on the
local betatron frequency, i.e. on the electron energy and the local plasma frequency. Thus, for different longitudinal
slices a different betatron phase advance is expected. This in turn would be visible as a modulation of the divergence
along the spectrum of the electron-bunch.
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Figure S11. Transverse momentum of trapped electrons and their betatron trajectories. a: Electrons forming the
sheath of the bubble (1) have been displaced against the Coulomb force of the ion-background. Falling back on axis (2) this
potential energy is transferred into kinetic energy and thus a transverse momentum. b: The blue-shaded area is the (matched)
distribution in transverse trace-space of an exemplary electron bunch. The solid blue line indicates the trace-space orbit of
a single particle due to its betatron oscillation. The magnitude of both semi-axes is given by the particles initial transverse
momentum. The black dotted lines are an exemplary unmatched trace-space distribution of same emittance plotted at different
betatron phases.
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