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WP14 - Experiments
Hybrid LWFA-PWFA for a 5 GeV FEL quality beam.



WP14: Hybrid Laser-Electron-Beam Driven Acceleration   |  Alberto Martinez de la Ossa  |  4th EuPRAXIA Collaboration Week   |  Frascati IT  |  November 20, 2018  |  Page 

Horizon 2020
Hybrid Laser-Electron-Beam Driven Acceleration
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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

Hybrid LWFA | PWFA
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Horizon 2020
Hybrid LWFA | PWFA as a beam quality transformer
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Why a LWFA-driven PWFA?   
➤Particularly compact setup. 
➤LWFA-beams can be excellent PWFA drivers:  

High current beams for strong blowout. 
Sizeable emittance and energy spread beneficial for stability. 

➤Energy gain: High transformer ratio in blowout regime. 
➤Low emittance: Novel injection techniques  

in PWFA for the generation of low emittance beams. 
➤High-current -> low energy spread:   

Optimal beam-loading requires high-current witness.

High-brightness (6D),  
GeV class electron beams 

for applications demanding  
high-quality e.g. FELs. 

In consonance with  
EuPRAXIA goals!! 
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Horizon 2020
Hybrid LWFA | PWFA design with WII injection: EuPRAXIA

�4

Brightness 
booster 

x 100000

‘Energy  
doubling’

P0 = 1000 TW  
λ0 = 800 nm 
w0 = 54 μm 
a0 = 3.18 
 τ = 85 fs 

Energy = 88 J

Laser beam
Charge = 11 pC  

I0 = 15 kA 
εn = 160 nm 
 τ = 800 as 

Υmc2= 5 GeV 
ΔΥ/Υ = 0.2 %

Electron beam
LWFA stage PWFA stage

LWFA with Ionisation injection PWFA with Wii injection

LASER driverLWFA witness PWFA witness PWFA driver
n0 = 2 x 1017 cm-3 n1 = 8 x 1018 cm-3Laser blocker 

Injection jet

Simulation study submitted to Phil Trans. Royal Society A
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Horizon 2020
Beams from LWFA with ionization injection in HZDR

Electron beams from LWFA at HZDR 
Average energy:  270 MeV ± 9%. 
Energy spread (rms):  20 MeV (7 %) 
Charge (fwhm): 250 pC ± 20 %. 
Duration (fwhm): 10 fs  
Estimated peak current: 30 kA 

J. Couperus et al., Nature Comm. 8, 487 (2017)

High-current (10 - 30 kA), relativistic electron beams from LWFA !!

LWFA with ionization injection

Excellent shot-to-shot stability 
with high-charge and low energy spread

10 - 20 fs beams drive (resonantly) PWFA at higher densities: 5 - 10 x 1018 cm-3 
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Horizon 2020
Beams from LWFA with ionization injection in HZDR
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LWFA beam

- Energy: 300 MeV 
- Energy spread: 12% 
- Charge: 220 pC 
- Current: 22 kA 
- Duration (fwhm): 13 fs 
- Norm. emittance: 3.6 μm 

a0 = 3.18

⌧ = 27 fs

P0 = 98 TW

w0 = 17 µm

E = 2.8 J

�0 = 800 nm

DRACO laser LWFA with ionization injection

PIC simulations
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Horizon 2020
LWFA-driven PWFA (LPWFA): Proof-of-concept experiment at HZDR

LWFA:  
High-current beam  

for PWFA

PWFA:  
High-brightness beam  
for applications

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.
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Horizon 2020
Simulations: LPWFA with ionization injection at HZDR
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Second jet: PWFA with LWFA beam 
3D PIC simulation (OSIRIS)



Simulations: LPWFA with ionization injection at HZDR
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Horizon 2020
Simulations: LPWFA with ionization injection
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di
v[

ra
d]

Energy [MeV] 

New witness from PWFA 
largely improves the one  

from LWFA



WP14: Hybrid Laser-Electron-Beam Driven Acceleration   |  Alberto Martinez de la Ossa  |  4th EuPRAXIA Collaboration Week   |  Frascati IT  |  November 20, 2018  |  Page 

Horizon 2020
Simulations: LPWFA with ionization injection
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Simulated spectrometer 
images for three 

different propagation 
distances
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Horizon 2020
Experiments: LPWFA. Beam dynamics.
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Experiment 
➤Transverse probe shadowgraphy. 
➤Self-ionized plasma filament. 
➤Explore beam dynamics and stability. 
➤PWFA physics! propagation direction

drive beam 
position 

Beam focusing? Hose instability? beam breakup?

Higher gas pressure
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Horizon 2020
Experiments: LPWFA signatures
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M. F. Gilljohann, et al., arXiv:1810.11813

New results with few cycle laser probe and pre-ionization

Without pre-ionization

Beam-driven plasma wave

propagation direction

propagation direction

Conic shapes in the shadowgraphs are  
a signature for PWFA-induced ion motion
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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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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.
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synthetic shadowgram is in excellent agreement with the measured ones. The ion trajectories (e) with arrows indicating the
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are accelerated in away from it.
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Horizon 2020
Experiments: Beam-driven plasma waves
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#354

#354

#354

Beam-driven plasma waves  
are clearly visible!

LPWFA proof-of-concept experiment

propagation direction

New results with few cycle laser probe and pre-ionization

~15 μm 
np  ~ 5 x 1018 cm-3
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Horizon 2020
Experiments: LPWFA Injection and acceleration.
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Spectrometer data: Observation of electron trapping and acceleration

witness driver

di
v[

ra
d]

Energy [MeV] 

Simulation

driverwitness

ExperimentShot #196 (November 2017)

Higher quality witness beam! 
Narrower energy spread 
and smaller divergence

driverwitness

Energy [MeV] 
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Horizon 2020

15025 450
Energy [MeV] 

Spectrometer data: Consecutive shots!

Experiments: LPWFA. Injection and acceleration.
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Stable injection and acceleration 
in a PWFA stage driven by a LWFA beam.

Preliminary results… 
- Data analysis going on. 
- Improving setup and diagnostics.  
- Next goal: Energy boost.

to be continued…

Low divergence 
LPWFA witness

150 MeV



WP14: Hybrid Laser-Electron-Beam Driven Acceleration   |  Alberto Martinez de la Ossa  |  4th EuPRAXIA Collaboration Week   |  Frascati IT  |  November 20, 2018  |  Page 

Horizon 2020
Hybrid LWFA | PWFA staging: Summary
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Conceptual designs for a LWFA-driven PWFA (LPWFA):  
For the production of multi-GeV, superior quality beams. 
Preliminary start-to-end simulations for the LPWFA experiment at HZDR: 
Low energy spread and low-emittance beams in PWFA stage.  
Proof-of-concept LPWFA experiment at HZDR:  
- Observation of PWFA physics in a Laser-lab:  
      Beam self-ionisation, transverse oscillations, beam breakup/filamentation.  
- Observation of beam-driven plasma waves.  
- First observation of stable injection and acceleration in a LPWFA 
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Horizon 2020
Hybrid LWFA | PWFA staging: Acknowledgments
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LWFA-driven PWFA (LPWFA) experiments in HZDR  
Thomas Heinemann, Thomas Kurz, Jurjen Couperus Cabadag,  
Olena Kononenko, Susanne Schoebel, Vincent Yen-Yu Chang and Arie Irman 

Thank you!
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Horizon 2020
Hybrid LWFA | PWFA staging: Acknowledgments
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