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๏ Driven by high peak-current beams 

๏ Stable witness/wakefield conditions:


- Immune to dephasing and diffraction.

- Witness chirp control and emittance preserv.


๏ Unique injection techniques for superior  
6D brightness witness beam production.


๏ So far constrained to large linac facilities.

Beam-driven plasma wakefield accelerator (PWFA)Laser-driven plasma wakefield accelerator (LWFA)

๏ Driven by high peak-power lasers.

๏ Greatly improved in control and stability.

๏ Provides high peak-current beams: 

GeV-class energy, >100 pC charge, ~10 fs duration, 
>10 kA peak current, μ-emittance, % energy spread.


๏ Widely accessible at high-power laser facilities 
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Beam-driven plasma wakefield accelerator (PWFA)Laser-driven plasma wakefield accelerator (LWFA)
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LWFA for the generation of 
GeV-class, high-current beams

PWFA for the production of  
superior brightness beams 

Combine both in a LWFA-driven PWFA

Exploit individual benefits of both schemes in a truly compact setup
to generate high-brightness beams on a university laboratory-scale
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Hybrid Laser-Electron-Beam Driven Acceleration
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B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012). A. M. de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013).

EuPraxia Working Package 14:  
Hybrid Laser-Electron-Beam Driven Acceleration 

B. Hidding and A. M. de la Ossa

Conceptual designs

Energy and brightness transformer  
for the production of multi-GeV FEL-capable beams

WP14: Hybrid LWFA ➜ PWFA

with Plasma Photocathode with Wakefield-induced ionization injection
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1. Ultrahigh 5D brightness witness beam 
release 

2. Witness beam is accelerated to high 
energy

3. Second high charge escort beam release 
using plasma photocathode laser

4. Escort beam is trapped and the 
wakefield is reversed locally 

2nd laser pulse
escort release

1st laser pulse
witness release

Proof-of-concept 3D Particle-In-Cell simulation 

No additional complexity compared 
to Trojan Horse injection 

G. G. Manahan, A. F. Habib, et.al., Nat. Commun. 8, 15705 (2017).

Experimental setup compatible with 
Trojan Horse injection 
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q Normalized emittance still at nm rad level 
q Residual energy spread Δ" = 2.56	MeV
q Relative energy spread of Δ" " = 0.3	%⁄ 	

Unprecedented ultrahigh 6D Brightness
-./ ≈ 1. 1×3435A/67	89:7/4. 3%;<

Habib / University of Strathclyde & SCAPA: Ultrahigh 6D brightness electron beams 7G. G. Manahan, A. F. Habib, et.al., Nat. Commun. 8, 15705 (2017).
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Hybrid LWFA ➜ PWFA staging: Conceptual design 
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PWFA stageGas jet (H2/N2) Gas jet (H2/He)

Gas cell (H2)

LWFA stage
Gas cell (H2)

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

Laser  
pulse 

electron  
beam

~10 cm ~2 cm

~1 PW 5 GeV

pre-ionization laser

Laser blocker

~30 μm

np ≈ 1018 cm-3 

~10 μm

np ≈ 1019 cm-3 

LWFA produces high-current e-beam PWFA produces high-brightness e-beam

A. Martinez de la Ossa, R. W. Assmann, M. Bussmann, S. Corde, A. Debus, A. Döpp, A. Ferran Pousa, M. F. Gilljohann, B. 
Hidding, A. Irman, O. Kononenko, T. Kurz, R. Pausch, and U. Schramm, Phil. Trans. R. Soc. A. 377, 20180175 (2019). 

http://www.doi.org/10.1098/rsta.2018.0175
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Hybrid LWFA ➜ PWFA staging: Brightness transformer 
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PWFA stageGas jet (H2/N2) Gas jet (H2/He)

Gas cell (H2)

LWFA stage
Gas cell (H2)

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

Laser  
pulse 

electron  
beam

~10 cm ~2 cm

~1 PW 5 GeV

pre-ionization laser

Laser blocker

Energy doubling 
Improved chirp control

Brightness x 105

PWFA witness beam 

0.5 % (fwhm)

B6D ≈ 3 × 1017 A / m2/ rad2 / 0.1% 
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Experimental realization of  Plasma Photocathodes at FACET
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Torch injection: 
downramp/shockfront

Trojan Horse: 
ionization in cavity 

Spectra (normalized by charge)
Imaging spectrometer focused at Efocus = 0.5 GeV

Filters:
Charge > 5 pC
Laser TOA > 0
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A. Deng, O. S. karger, T. Heinemann, […] B. Hidding, Nature Physics 2019

https://www.nature.com/articles/s41567-019-0610-9
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Proof-of-concept LPWFA experiment at HZDR
Horizon	2020
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Proof of concept experiment at HZDR 
➤ Demonstration of injection and acceleration  

in a PWFA stage driven by a LWFA beam. 
➤ Demonstration of energy and quality transformer.

LWFA:  
High-current beam  

for PWFA

PWFA:  
High-brightness beam  
for applications



7

�25
0

25 a1 Cone

Plasma wave

Experiment

�25
0

25 a2

�25
0

25 a3

�25
0

25 a4

0200400600

Position [µm]

�25
0
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Figure 4: Ion-channel formation from a plasma wakefield. Left: (a) Raw shadowgrams showing electron-driven plasma
waves (propagating to the right) and their trailing ion channels for 5 consecutive shots. The dashed lines in the lower shad-
owgram exemplarily show the maxima of the ion distribution (via the electron distribution), the radial velocity of the maxima
ṽ and the momentum of an ion with p̃ = miṽ. Right: Corresponding particle-in-cell simulations and synthetic shadowgram
(b). The electron (c) and ion densities (d) clearly show quasi-neutrality after several plasma wave periods. The channel in the
synthetic shadowgram is in excellent agreement with the measured ones. The ion trajectories (e) with arrows indicating the
instantaneous momenta, show that ions close to the symmetry axis are accelerated towards the axis, while ions with r0 ' 2.5k�1

p

are accelerated in away from it.

plasma wave is66

~Fpond,PW = � e2

4!2
p

~r| ~EPW|2, (4)

where ~EPW is the local amplitude vector of the wake-
field. In contrast to the well-known ponderomotive force
of a laser pulse, the plasma wave amplitude remains al-
most constant over many periods (equivalent to a flat
envelope) so the ponderomotive force of the plasma wave
acts mainly radially. Since the radial electric fields of a
plasma wave vanish on axis, the intensity gradient points
towards r ! 0 for ions close to the symmetry axis, which
results in the formation of a density peak on axis and
an annular region of ions expanding outwards, as visu-
alized in Fig. 4e. This e↵ect was predicted in analytic
and numerical studies of laser-driven waves by Gorbunov
et al. 53,54 , for intense electron beam drivers by Rosen-
zweig et al. 55 and for self-modulated plasma wakefield
accelerators by Vieira et al. 56,57 .

However, despite the prediction of a similar pondero-
motive ion motion for laser-driven plasma waves, we only
observed the di↵raction pattern behind electron drivers.
This observation can be explained by the di↵erent field
gradients generated by both types of drivers. Elec-
tron bunches can self-focus to sizes of or below the skin
depth58, �r . k�1

p = �p/2⇡, which leads to strong trans-

verse gradients that in turn cause noticeable ion motion.
In contrast, Gorbunov et al. 53 found that the depth and
profile of the ion channel for laser-driven plasma waves
depends to a large degree on the laser pulse width w0.
For laser waist sizes w0 & �p/2 = ⇡k�1

p , the ion profile
resembles a shallow on-axis depression channel, while for
smaller laser waists the ion channel becomes deeper and
the shape similar to the electron-driven case with a max-
imum on axis. Only the latter will lead to an electron
distribution that can be detected using shadowgraphy,
because the di↵raction scales with the second deriva-
tive of the density. In our measurements the plasma
wavelength in the first and second jet was �p < 19 µm
(n0 & 3⇥ 1018 cm�3). Hence, the laser waist would need
to be smaller than ⇠ 9.5 µm, which is well below both
the Gaussian waist of 25 µm and the matched spot size
w0 = 2

p
a0k�1

p , explaining the missing di↵raction feature
for the laser-driven case.

We now concentrate on the motion of the outwards
expanding ions. The kinetic energy of an ion tends to-
wards the initial ponderomotive potential �pond, PW =

(e2/4mion!2
p) · | ~EPW|2. Hence, the terminal velocity de-

pends on the initial radial position r0 of the ion, cf. mo-
mentum vectors in Fig. 4. Ions located further away from
the wake’s center will only experience a weak pondero-
motive force and reach smaller velocities than ions with
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of a laser pulse, the plasma wave amplitude remains al-
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zweig et al. 55 and for self-modulated plasma wakefield
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motive ion motion for laser-driven plasma waves, we only
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This observation can be explained by the di↵erent field
gradients generated by both types of drivers. Elec-
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verse gradients that in turn cause noticeable ion motion.
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where ~EPW is the local amplitude vector of the wake-
field. In contrast to the well-known ponderomotive force
of a laser pulse, the plasma wave amplitude remains al-
most constant over many periods (equivalent to a flat
envelope) so the ponderomotive force of the plasma wave
acts mainly radially. Since the radial electric fields of a
plasma wave vanish on axis, the intensity gradient points
towards r ! 0 for ions close to the symmetry axis, which
results in the formation of a density peak on axis and
an annular region of ions expanding outwards, as visu-
alized in Fig. 4e. This e↵ect was predicted in analytic
and numerical studies of laser-driven waves by Gorbunov
et al. 53,54 , for intense electron beam drivers by Rosen-
zweig et al. 55 and for self-modulated plasma wakefield
accelerators by Vieira et al. 56,57 .

However, despite the prediction of a similar pondero-
motive ion motion for laser-driven plasma waves, we only
observed the di↵raction pattern behind electron drivers.
This observation can be explained by the di↵erent field
gradients generated by both types of drivers. Elec-
tron bunches can self-focus to sizes of or below the skin
depth58, �r . k�1

p = �p/2⇡, which leads to strong trans-

verse gradients that in turn cause noticeable ion motion.
In contrast, Gorbunov et al. 53 found that the depth and
profile of the ion channel for laser-driven plasma waves
depends to a large degree on the laser pulse width w0.
For laser waist sizes w0 & �p/2 = ⇡k�1

p , the ion profile
resembles a shallow on-axis depression channel, while for
smaller laser waists the ion channel becomes deeper and
the shape similar to the electron-driven case with a max-
imum on axis. Only the latter will lead to an electron
distribution that can be detected using shadowgraphy,
because the di↵raction scales with the second deriva-
tive of the density. In our measurements the plasma
wavelength in the first and second jet was �p < 19 µm
(n0 & 3⇥ 1018 cm�3). Hence, the laser waist would need
to be smaller than ⇠ 9.5 µm, which is well below both
the Gaussian waist of 25 µm and the matched spot size
w0 = 2

p
a0k�1

p , explaining the missing di↵raction feature
for the laser-driven case.

We now concentrate on the motion of the outwards
expanding ions. The kinetic energy of an ion tends to-
wards the initial ponderomotive potential �pond, PW =

(e2/4mion!2
p) · | ~EPW|2. Hence, the terminal velocity de-

pends on the initial radial position r0 of the ion, cf. mo-
mentum vectors in Fig. 4. Ions located further away from
the wake’s center will only experience a weak pondero-
motive force and reach smaller velocities than ions with
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LPWFA experiment: Beam-driven plasma waves
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Results from LPWFA experiment in HZDR

propagation direction

Results from “double-jet” experiment in LMU (Munich)

Conic shapes in the shadowgraphs are  
a signature for PWFA-induced ion motion
M.  F. Gilljohann, H. Ding, A. Döpp, J. Götzfried, S. Schindler, G. 
Schilling, S. Corde, A. Debus, T. Heinemann, B. Hidding, S. M. Hooker, 
A. Irman, O. Kononenko, T. Kurz, A. Martinez de la Ossa, U. Schramm, 
and S. Karsch, Phys. Rev. X 9, 011046 (2019)

Experimental demonstration:  
LWFA-beams can drive 

self-ionized case

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.011046
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Experiments: Beam-driven plasma waves
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Shadow near

Shadow mid

Shadow far

With pre-ionizer Without pre-ionizer

LPWFA proof-of-concept experiment
New results with few cycle laser probe and pre-ionization
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Proof-of-concept LPWFA experiment at HZDR
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Signatures of witness beams in PWFA stage: 
- Self-ionized case: weaker driver’s deceleration,  

lower witness energy gain, dumped plasma waves 
- Pre-ionized case: stronger driver’s deceleration, 

higher witness energy gain, sustained plasma waves.

Demonstration of a compact plasma accelerator powered by laser-accelerated electron beams  
T. Kurz, T. Heinemann et al., Nature Physics (on review) 2019. arXiv.

https://arxiv.org/abs/1909.06676
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Hybrid LWFA ➜ PWFA: Summary
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Conceptual designs for hybrid LWFA ➜ PWFA for superior quality beams. 
- Hybrid staging with WII injection. 
- Energy chirp compensation in a single TH-PWFA stage. 

Experimental realization of  Plasma Photocathodes at FACET: 
- Torch and Trojan injection demonstrated experimentally.  

Proof-of-concept hybrid LWFA ➜ PWFA experiment at HZDR:  
- Observation of beam-driven plasma waves in pre/self-ionized regimes.  
- Experimental demonstration of a PWFA driven by LWFA beams 

Steep R&D trajectory (including experiments)  
International partners: The Hybrid Collaboration 
"Additional Innovation Pathways” talk by Bernhard Hidding on Thursday.
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Hybrid LWFA ➜ PWFA staging: Acknowledgments
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LWFA-driven PWFA (LPWFA) experiments at HZDR:  
Thomas Heinemann, Thomas Kurz, Jurjen Couperus Cabadağ,  
Olena Kononenko, Susanne Schoebel, Vincent Yen-Yu Chang and Arie Irman 

Thank you!

Hybrid Collaboration (representatives):  
Bernhard Hidding (Strathclyde), Stefan Karsch (LMU), Sebastien Corde (LOA),  
Ulrich Schramm (HZDR), Alberto de la Ossa (DESY), and many others…

EuPRAXIA:  
Ralph Aβmann and MPY1 team at DESY.

EuPraxia Working Package 14:  
Hybrid Laser-Electron-Beam Driven Acceleration 

B. Hidding and A. M. de la Ossa


