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LEX Photonics CALA
~100 m

CALA - Building layout

ATLAS 3000
3 PW Ti:Sa

Ion acceleration ZEUS
5TW Ti:Sa

VUV undulator

electron acceleration

Thomson scattering

nuclear physics

PFS/PFS-pro
10-100 TW

• 75 M€ infrastructure to explore laser applications for medical research:
• 2 pillars:

• molecular fingerprinting by infrared ringdown spectroscopy for cancer detection (F. Krausz)
• Laser-driven X-rays for tumour localization and ion beams for radiation oncology

(J.Schreiber, S. Karsch)
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ATLAS-3000

A. Döpp, L. Doyle, M. Förster, K. v. Grafenstein, F. Haberstroh, J. Hartmann, C. 
Lin, T. Rösch, G. Schilling, E. Travac:
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ATLAS-3000 Schematic system layout

ATLAS-300 homebuilt system:
up to 300 TW, 25 fs, 5 Hz Ti:Sa laser
2 frontends: 
• ps booster, sat. absorber + Amplitude stretcher & regen
• double CPA, XPW + fs-OPA + Amplitude stretcher & regen

ATLAS-3000 main amplifier
byTHALES LAS

90 J, 1 Hz, 
14 x 16J GAIA HP pump lasers

Homebuilt beam 
expander & compressor
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ATLAS-3000 amplifier performance
1.3 J (before AMP1) 28 J (after AMP1) 90 J (after AMP2)
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Even at 90J, the gain narrowing/redshift is well under control!
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Compression (9 J,  full-size 30 cm diameter beam) 
FROG retrieval

Passive Amp2 + Compressor + beamline throughput ~ 50 – 55 %

tFWHM �28 f	

Wizzler (SRSI) retrieval

Current energy level : 3 Gaias out of 14: 18 J after Amp 1

Energy on target: 9-10 J (estimate), 280 – 330 TW
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Contrast
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Laser pulse temporal contrast – comparison with old ATLAS

-> got rid of the pre-pulses, contrast is quite good
-> try to start laser-driven ion acceleration
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Focal spot quality on target: 3 deformable mirrors
Mirror 1: flat wavefront at frontend output for good near field 
propagation in main amp. 
Mirror 2: flat wavefront before compression
Mirror 3: corrects aberrations in compressor and beamline, wavefront
sensor at target position

Remaining issues: Pointing and focus “breathing“ due to air turbulence.

Nice focus, isn‘t it?

Jumps around, so we have to average…
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After registration and averaging over 10 shots: foci with seven different filter settings:
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Scattering in optics leads to pedestal of high frequency noise, 
containing a significant amount of energy
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Scattering in optics leads to pedestal of high frequency noise, 
containing a significant amount of energy

Speckles outside focus… … lead to striations in probe image (non-uniform 
plasma density)
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Encircled energy fraction (fractional energy
within radius x) reveals real Strehl ratio

Strehl 79%
𝜹Irms=3.8%

Strehl 37%
𝜹Irms=20%

In focus, good WF correction

Slightly out of focus, ok WF correction

Slightly out-of-focus, the intensity fluctuations increase
drastically! Stable laser-plasma interaction requires a 
high degree of focus correction and a Rayleigh length
exceeding the plasma gradient.

New approach: Measure wavelength-dependent focus
or wavelength dependent spatial phase to reveal full
field distribution (Andreas Döpp & Univ. Oxford)
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Focusability: Key quantity for good experiment performance

• Focusability determines intensity
• Under random phase fluctuations (air turbulence) the intensity stability is better in focus than

close to it.
• Outside of focus, near-field intensity variations cause random self-focusing and pointing

fluctuations: Rayleigh length should be longer than plasma density gradient.

Maier et al., PRX 10, 031039 (2020) identifies the influence of laser energy, focus position and
laser direction on electron peak energy.

We investigate the influence of one parameter (focus quality at shock position) on stability
(energy, pointing jitter, monochromaticity)
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20 Shots with aperture=125mm
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Aperture in the beam (3.1 m before target) leads to longer Rayleigh length: 

~f/22 ~f/27 ~f/31

Dramatic improvement in pointing stability!
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Focal spot position has strong influence on stability and pointing: 
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Further study with different apertures / best Strehl ratios planned
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LASER-WAKEFIELD
ACCELERATION: INJECTION AND
BEAM LOADING

H. Ding, A. Döpp, M. Förster, M. Gilljohann, J. Götzfried, K. v. Grafenstein, F. 
Haberstroh, F. Irshad, G. Schilling, E. Travac, J. Wenz:
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3 recent
publications:

 

Direct Observation of Plasma Waves and Dynamics Induced
by Laser-Accelerated Electron Beams
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(Received 26 October 2018; published 12 March 2019)

Plasma wakefield acceleration (PWFA) is a novel acceleration technique with promising prospects for
both particle colliders and light sources. However, PWFA research has so far been limited to a few large-
scale accelerator facilities worldwide. Here, we present first results on plasma wakefield generation using
electron beams accelerated with a 100-TW-class Ti:sapphire laser. Because of their ultrashort duration and
high charge density, the laser-accelerated electron bunches are suitable to drive plasma waves at electron
densities in the order of 1019 cm−3. We capture the beam-induced plasma dynamics with femtosecond
resolution using few-cycle optical probing and, in addition to the plasma wave itself, we observe a
distinctive transverse ion motion in its trail. This previously unobserved phenomenon can be explained by
the ponderomotive force of the plasma wave acting on the ions, resulting in a modulation of the plasma
density over many picoseconds. Because of the scaling laws of plasma wakefield generation, results
obtained at high plasma density using high-current laser-accelerated electron beams can be readily scaled to
low-density systems. Laser-driven PWFA experiments can thus act as miniature models for their larger,
conventional counterparts. Furthermore, our results pave the way towards a novel generation of laser-driven
PWFA, which can potentially provide ultralow emittance beams within a compact setup.

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

I. INTRODUCTION

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

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

ation (PWFA) was developed in the 1980s [4,5]. First
experiments showing modest acceleration and the onset of
self-focusing were performed shortly later at the Argonne
National Laboratory [6,7]. A major breakthrough was the
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Understanding the dynamics of materials on the timescale of 
electronic, atomic and molecular motion is one of the grand 
challenges of contemporary physics, chemistry and biology1. 

A particularly useful tool to study these phenomena are pump–
probe experiments, where a process is triggered using a pump pulse 
and its temporal evolution is subsequently examined using a probe 
pulse. Importantly, the properties of the radiation pulses dictate 
which type of systems can be studied with this method. Commonly 
available short-pulse infrared lasers are mostly used as a pump to 
excite or manipulate weakly bound electronic2 and magnetic3 states, 
to ionize4 or to heat a target5. The induced dynamics of the system 
are probed with a short electron or photon beam. For instance, 
electron6 or X-ray7 diffraction are sensitive to atomic arrangement, 
while X-ray absorption spectroscopy8 is a particularly useful tool to 
study complex systems, because materials exhibit well-distinguish-
able transitions in the X-ray regime resulting in element selectivity9.

In the case of processes governed by atomic motion, the vibra-
tional period (~100 fs) needs to be resolved10. So far, the required 
femtosecond X-ray pulses for pump–probe experiments can 
only be provided at accelerator-based light sources11, using either 
femto-slicing beamlines12 or free-electron lasers13,14. In the near 
future, laser-driven accelerators15 could serve as complementary 
or alternative femtosecond radiation sources. Their ultrashort16 
megaelectronvolt-to-gigaelectronvolt-scale17,18 electron bunches are 
already being used to provide femtosecond photon beams in the 
terahertz19, ultraviolet20, X-ray21,22 and gamma-ray23 regimes. While 
laser-driven X-ray sources were initially limited to performing basic 
radiography24,25, recent experiments have started to take advantage 
of the sources’ temporal resolution in pump–probe studies of warm  
dense matter26 and laser-driven shock waves27.

An entirely new class of experiments becomes available when 
short-wavelength pulses are used for both pumping and prob-
ing28–30. In this dual-colour operation it is, for instance, possible 
to combine direct stimulation of core state transitions with the 

sensitivity of the above-mentioned X-ray probing techniques. 
Motivated by this perspective, the free-electron laser community 
has been actively developing a number of different schemes for 
dual-colour operation31, ranging from multiple seed pulses32, over 
staggered undulator magnets33, to dual-energy electron bunches34. 
Dual-energy electron bunches have the great advantage that they 
require no modifications to the undulator beamline and the pulse 
delay can be adjusted with magnetic chicanes35. But even in this 
case, the separation of both electron beam energies is at the per-
cent level. Accordingly, the X-ray energy separation is also at a per-
cent level for this approach, while up to 30% can be reached using 
staggered undulators. Furthermore, access to free-electron lasers is 
restricted to a few experimental groups per year, and the demand of 
round-the-clock operation severely limits their flexibility in terms 
of setup changes between beam times. Thus, it is very difficult to 
explore new or unconventional experimental configurations such 
as dual-colour operation. A complementary compact source of 
widely tunable, ultrashort, dual-energy electron beams is therefore 
highly desirable to pursue high-energy pump–probe experiments of 
molecular or atomic systems.

Here we demonstrate the generation of such twin beams from a 
laser wakefield accelerator (LWFA) driven by a 100-TW-class Ti:Sa 
laser. The energy of the two beams can be adjusted over a wide 
range and our analysis shows that both duration and temporal sepa-
ration of the beams is of the order of 10 fs. Given the large energy 
difference, the beams should be suitable for timing adjustments in 
magnetic chicanes. We also discuss the performance of dual-colour 
photon sources derived from these twin beams and present an 
implementation in an all-optical Compton source.

Comparison of monoenergetic electron beam sources
Over the past decade, a variety of techniques have been introduced 
to generate narrow bandwidth electron beams using an LWFA36. 
Passive injection schemes such as self-injection37 and ionization-

Dual-energy electron beams from a compact 
laser-driven accelerator
J. Wenz1,2,7, A. Döpp1,2,7*, K. Khrennikov1,2,7, S. Schindler1,2, M. F. Gilljohann1,2, H. Ding" "1,2, J. Götzfried1, 
A. Buck1,2, J. Xu2,6, M. Heigoldt1,2, W. Helml" "1,3,4, L. Veisz" "2,5 and S. Karsch1,2*

Ultrafast pump–probe experiments open the possibility to track fundamental material behaviour, such as changes in electronic 
configuration, in real time. To date, most of these experiments are performed using an electron or a high-energy photon beam 
that is synchronized to an infrared laser pulse. Entirely new opportunities can be explored if not only a single, but multiple 
synchronized, ultrashort, high-energy beams are used. However, this requires advanced radiation sources that are capable of 
producing dual-energy electron beams, for example. Here, we demonstrate simultaneous generation of twin-electron beams 
from a single compact laser wakefield accelerator. The energy of each beam can be individually adjusted over a wide range and 
our analysis shows that the bunch lengths and their delay inherently amount to femtoseconds. Our proof-of-concept results 
demonstrate an elegant way to perform multi-beam experiments in the future on a laboratory scale.
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9 Laser wakefield acceleration (LWFA) and its particle-driven counterpart, particle or plasma wakefield
10 acceleration, are commonly treated as separate, though related, branches of high-gradient plasma-based
11 acceleration. However, novel proposed schemes are increasingly residing at the interface of both concepts
12 where the understanding of their interplay becomes crucial. Here, we present a comprehensive study of this
13 regime, which we may term laser-plasma wakefields. Using datasets of hundreds of shots, we demonstrate
14 the influence of beam loading on the spectral shape of electron bunches. Similar results are obtained using
15 both 100-TW-class and few-cycle lasers, highlighting the scale invariance of the involved physical
16 processes. Furthermore, we probe the interplay of dual electron bunches in the same or in two subsequent
17 plasma periods under the influence of beam loading. We show that, with decreasing laser intensity, beam
18 loading transitions to a beam-dominated regime, where the first bunch acts as the main driver of the
19 wakefield. This transition is evidenced experimentally by a varying acceleration of a low-energy witness
20 beam with respect to the charge of a high-energy drive beam in a spatially separate gas target. Our results
21 also present an important step in the development of LWFA using controlled injection in a shock front. The
22 electron beams in this study reach record performance in terms of laser-to-beam energy transfer efficiency
23 (up to 10%), spectral charge density (regularly exceeding 10 pCMeV−1), and angular charge density
24 (beyond 300 pC μsr−1 at 220 MeV). We provide an experimental scaling for the accelerated charge per
25 terawatt of laser power, which approaches 2 nC at 300 TW. With the expanding availability of petawatt-
26 class lasers, these beam parameters will become widely accessible. Thus, the physics of laser-plasma
27 wakefields is expected to become increasingly relevant, as it provides new paths toward low-emittance
28 beam generation for future plasma-based colliders or light sources.

DOI: Subject Areas: Optics, Photonics, Plasma Physics

I. INTRODUCTION

29 Plasma-based high-gradient wakefield accelerators have
30 attracted significant interest in recent years due to their
31 potential for a significant reduction in the size and cost of
32 future accelerators [1]. They seem particularly attractive as
33 drivers for compact high-brightness photon sources [2,3]
34 but may also play a role as building blocks for TeV-scale
35 high-energy physics machines [4]. Important milestones
36 include the generation of monoenergetic electron beams
37 [5–7] and sustained acceleration of more than a GeV

38[8–13], as well as generation and application of spatially
39coherent, ultrashort x-ray sources based on accelerated
40particle beams [14–19]. So far, this novel generation of
41accelerators has been used to drive applications such as
42x-ray imaging [20–23] and tomography [24–26], as well as
43femtosecond electron diffraction [27], femtochemistry [28],
44and ultrafast spectroscopy [29,30].
45The technology relies on an intense drive beam, either a
46laser pulse or a particle bunch, plowing through a plasma
47medium and pushing the electrons aside by their ponder-
48omotive force or Coulomb repulsion, respectively. This sets
49up charge separation fields that pull electrons back and
50cause them to oscillate around their equilibrium position.
51As the driver travels though the medium with a velocity
52close to the speed of light, the field structure (“wakefield”)
53follows at the same speed. Electrons injected into this
54moving wakefield can be accelerated as a so-called witness
55bunch. The accelerating field structure has a typical length
56scale given by the plasma wavelength (λp), and both
57accelerating and focusing gradients are several orders of
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Laser-wakefield acceleration (LWFA)
in a nutshell

1. Ionization: A short intense laser pulse travels through a gas target and produces plasma

1. Ponderomotive expulsion: The light pressure moves plasma electrons out of the focus 
region, leaving behind positive space charge.

1. Wakefield generation:  After the laser has passed, the displaced electrons snap back, 
setting up a co-moving plasma oscillation.

2. Injection: Some electrons have to get enough momentum to catch the wave

1. Surfing: These electrons can surf the wake and be accelerated.

Theory tools: 
• 3-D analytical theory for linear (i.e. low-intensity) wakefields.
• 1-D fluid model (to be solved numerically) for nonlinear wakefields.
• Massively parallel Particle-in-Cell (PIC) simulations for self-consistent tracking of particles 

and fields in 1-D to 3-D. 
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3-D PIC simulation of LWFA

Messy, if injection is not controlled!
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Shock-front injection: Controlled injection event
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Collision position relative to shock [���

Combining shock-front 
and colliding pulse 
injection:

Dual energy electron
beams from a compact
laser-driven accelerator:

Wenz et al., Nature Photonics 13, 263 (2019)
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Comparison with PIC simulationsARTICLES NATURE PHOTONICS

sources derived from the electron beams may pose even greater 
interest, as we will discuss in the following.

Applicability as secondary radiation source
As mentioned earlier, LWFAs can be combined with a number of 
radiation mechanisms to generate femtosecond photon beams. In 
the case of a dual-energy electron beam, each electron bunch will 
emit radiation at different wavelengths. For magnetic undulators 
or Thomson sources, the fundamental wavelength of the emitted 
photons will be λ = +λ

κγ
′ ( )1

K
1

2
0
2 2 , where γ is the Lorentz factor of 

the bunches. In a magnetic undulator, the fundamental wavelength 
λ0 ~ cm, κ = 2 and the undulator strength parameter = λ

πK eB
m c2

0

e
, 

where B is the magnetic field. For Thomson sources, also frequently 
referred to as inverse Compton sources, the peak angular deflection 
is determined by the normalized vector potential a0 instead of K. 
Furthermore, the Doppler upshift depends on the collision angle ϕ, 
that is κ ≃ 2(1 − cosϕ). Due to the small oscillation length λ0 ~ μm, 
inverse Compton sources can provide kiloelectronvolt-scale radia-
tion using >10 MeV electrons21, whereas a comparable undulator 
source would require gigaelectronvolt-scale electron energies. A 
Compton source based on the presented dual-energy electron beams 
would therefore emit dual-colour X-rays in the multi-kiloelectron-
volt regime56. As proposed by Kalmykov et al.57,58, a Compton source 
combined with a laser-accelerated gigaelectronvolt-scale electron 
twin-beam could even provide gamma-ray twin pulses.

Operating an LWFA at higher energies generally reduces the 
electron beam divergence and gives access to a larger range of useful 
secondary sources. We have therefore repeated the experiment with 

an upgraded laser and longer gas jets, which allowed us to increase 
the electron energy by almost an order of magnitude. Electrons 
from shock-front injection routinely reached 350 MeV, while the 
energy of the optically injected beam was tuned from 50 MeV to 
200 MeV. Figure 4a shows an example of a dual-energy beam gener-
ated in this new experiment, which has two quasi-monochromatic 
peaks at 185 MeV and 343 MeV. Furthermore, the beam diver-
gence is reduced to 1 mrad. Simulations show that these electron 
beams would be suitable to generate extreme ultraviolet radiation 
(using magnetic undulators, Fig. 4b) or even gamma-rays (based on 
Compton backscattering, Fig. 4c). Importantly, the temporal profile 
of the backscattered radiation will be determined by the electron 
beam59. For weak undulator parameters (K < 1), the radiation from 
both electron bunches is spectrally distinguishable, while the emis-
sion from nonlinear Compton scattering is more broadband and 
partly overlaps. The latter could be improved using chirped scat-
tering pulses60. As discussed previously, simulations predict that the 
laser-accelerated dual-energy electron beams exhibit a clear tempo-
ral structure, with the high-energy bunch arriving first, followed by 
the second femtosecond electron bunch 10–20 fs later. The radia-
tion emitted by these electrons will therefore also take the form of 
two femtosecond bursts.

As a proof-of-principle experiment, we have performed inverse 
Compton scattering with both single and dual-energy electron 
beams (Fig. 5). For this, we integrated a plasma mirror into the 
experimental setup that retro-reflects the drive laser pulse of the 
LWFA onto the trailing electrons61. The upper edge of the plasma 
mirror was placed close to the laser axis, allowing the colliding 
beam to pass over it (cf. Fig. 5). In this experiment, the 350 MeV 
beam from shock-front injection had a comparably low charge of 
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Fig. 3 | Demonstration of dual-energy electron beams and PIC simulations. a, Individual electron spectra for different settings of the optical collision 
position and fixed shock front. Positions are referenced to the shock front. For negative collision position settings, that is, in the density upramp, no 
optically injected electrons are observed. Collision at 0!mm shows enhanced injection, while the peak energy (dashed blue line) is reduced due to beam 
loading. At positive values: demonstration of the tunable optically injected beam behind the leading electron beam from the shock-front injection scheme 
(peak energy shown as red line). b, PIC simulations of the experiment, clearly showing the same three distinct regimes for collision in the upramp, 
downramp and on the plateau. c, Evolution of the electron energy spectrum in the first bubble for the three cases along the jet. The final spectrum is 
indicated along the left vertical axis, with filling colours corresponding to the individual cases (frames of the relative position labels) in a. The evolution 
of the spectrum during acceleration is plotted as a two-dimensional false-colour plot in each figure. For a collision in the upramp, electrons are initially 
accelerated, but are quickly lost due to the superluminal phase velocity of the wake. If the collision occurs during the downramp, the amount of injected 
charge increases, and for collision on the plateau two separate beams emerge. d, Longitudinal phase space (false colour), on-axis plasma field lineouts 
(blue) and laser field (red) at the end of the accelerator for each case.
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• Collision in up-ramp suppresses secondary
injection

• Collision in shock enhances injected charge
• Collision after shock injects 2nd bunch

• Both bunches reside in same wakefield
bucket
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Dual energy beams from shock front injection
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Increasing beam charge 
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High-charge beams with different lasers:
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High-charge bunches drive wakefields in plasma:

marked difference in the morphology of both signals is the
conelike structure trailing one of the plasma waves. As will
be discussed later, this feature is attributed to the dynamics
of background plasma ions and a signature for electron-
driven waves.

B. Observation of purely beam-driven plasma waves

To verify that one of the plasma waves is really driven by
an electron beam, we perform the second experiment,
where the setup is changed, such that the laser is blocked
between the gas jets with a 15-μm-thick Mylar tape acting
as a plasma mirror [52,53]. As mentioned before, the foil
defocuses the electron beam. In our measurements the
divergence increases by a factor α ¼ 2.7" 1.5, which
results in a decrease of the wave amplitude by a factor
of up to α−2. In order to minimize the increase in beam size,
the first jet and the tape need to be as close to the second jet

as possible. Because of geometrical constraints in our
setup, the minimal distance between the jets was 10 mm
and the distance from the first jet to the tape was 2 mm.
In this configuration, the LWFA produces 900-pC

electron beams. Figure 3(a1) shows that this bunch causes
a transverse diffraction pattern in the shadowgram of the
second jet, which indicates that the neutral gas is at least
weakly ionized by the electron beam. However, there is no
visible sign of a plasma wave and the autocorrelation of the
data [Fig. 3(b1)] shows no obvious periodic features in
longitudinal direction indicative of a plasma wave. This is
likely the result of the missing preionization by the laser
and the fact that the foil-induced defocusing prevents the
beam from becoming dense enough for causing more than
weak ionization. Ionization occurs only when the trans-
verse electrostatic fields of the bunch exceed the field
ionization threshold, which is about 25 GVm−1 for an

(a1) (b1)

(c2)

(a2)

(c1) (d)

(b2)

FIG. 3. Electron-driven plasma waves with blocked laser. Top: (a) Shadowgrams of the second jet for neutral and preionized hydrogen
gas. The drive bunch propagates from left to right. (b) Row-wise autocorrelations within the region of interest (dashed rectangle). The
graphs in (b) are the horizontal lineouts at vertical zero. The transverse modulation in the neutral case can only be attributed to ionization
from the electron beam. The autocorrelation (b1) shows no indication of a longitudinal signal modulation that would be generated by a
plasma wave. However, the preionized case (a2) shows a weak, but visible periodical longitudinal modulation which is caused by a
plasma wave driven by the electron beam. This modulation is clearly visible in the autocorrelation (b2). Bottom: Full 3D simulations of
the interaction. (c) Charge densities of the background plasma electrons (blue-red color scale) along with the driver (gray color scale).
The regions in (c1) where the electron density is zero correspond to nonionized gas. (d) Evolution of the transverse (longitudinally
integrated) driver density for both cases, along with their half width at half maximum (HWHM, dashed line). The driver in the preionized
case self-focuses much faster and drives a stronger plasma wave, even with full blowout of the background electrons. In the neutral case
the driver is not able to fully ionize the gas. See Fig. S3 in the Supplemental Material [47] for a close-up of the drivers.
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Plasma wakefield acceleration (PWFA) is a novel acceleration technique with promising prospects for
both particle colliders and light sources. However, PWFA research has so far been limited to a few large-
scale accelerator facilities worldwide. Here, we present first results on plasma wakefield generation using
electron beams accelerated with a 100-TW-class Ti:sapphire laser. Because of their ultrashort duration and
high charge density, the laser-accelerated electron bunches are suitable to drive plasma waves at electron
densities in the order of 1019 cm−3. We capture the beam-induced plasma dynamics with femtosecond
resolution using few-cycle optical probing and, in addition to the plasma wave itself, we observe a
distinctive transverse ion motion in its trail. This previously unobserved phenomenon can be explained by
the ponderomotive force of the plasma wave acting on the ions, resulting in a modulation of the plasma
density over many picoseconds. Because of the scaling laws of plasma wakefield generation, results
obtained at high plasma density using high-current laser-accelerated electron beams can be readily scaled to
low-density systems. Laser-driven PWFA experiments can thus act as miniature models for their larger,
conventional counterparts. Furthermore, our results pave the way towards a novel generation of laser-driven
PWFA, which can potentially provide ultralow emittance beams within a compact setup.

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

I. INTRODUCTION

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

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

ation (PWFA) was developed in the 1980s [4,5]. First
experiments showing modest acceleration and the onset of
self-focusing were performed shortly later at the Argonne
National Laboratory [6,7]. A major breakthrough was the
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Beam loading: Spectral downshift at high bunch charge
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Probing beam loading with secondary injected bunches:
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Two bunches in the same bucket, 2nd
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• Top left: Energy of 1st and 2nd bunch 
against charge of the 1st:
⇒ Beamloading in both bunches

• Bottom left: Energy of 1st and 2nd

bunch against charge of the 2nd: 
⇒ no beamloading effects 

depending on the charge of the 
2nd bunch.
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Probing beam loading with secondary injected bunches:

Two bunches in two consecutive 
buckets: 2nd probes next wakefield
bucket

• Top left: Energy of 1st and 2nd

bunch against charge of the 1st:
⇒ Beamloading of the 1st , no 

effect on 2nd .

• Energy of 1st and 2nd bunch 
against charge of the 2nd: 
⇒ high charge in 2nd bucket 

reduces charge in the 1st, 
less beamloading in the 1st
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Overall effect: externally injected, LWFA-driven PWFA (hybrid accelerator) 

• Drive bunch loses energy to set up a plasma wave, witness bunch gains
energy.  

• Energy gain increases for higher density in PWFA stage, but then spectral
peaks start to overlap.

• Witness capture efficiency approx. 70%
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Moritz Foerster – hybrid collaboration meeting

Why do we do this?
Brilliance = photons

mm2 ⋅mrad2 ⋅s ⋅0.1% bandwidth

transv. emittance
(=phase space area)

long. emittance

1. many photons 2. small bandwidth 3. low divergence 4. small source 5. short duration

That‘s where LWFA sources excel

Small emittance electron beams are
necessary for high X-ray brilliance:

Hybrid acceleration can provide emittance figures
orders of magnitude below conventional LWFA:

High-Quality Electron Beams from Beam-DrivenPlasma Accelerators
by Wakefield-InducedIonization In!ection

A. Martinez de la Ossa, J. Grebenyuk,T. Mehrling, L. Schaper, and J. Osterhoff
Deutsches Elektronen-Synchrotron DES�� D-���������ur�� �er��ny

(Recei!ed " Septe#ber $%&'( published &%)ece#ber $%&'*

+RL """, $,-%%'($%&'* + . / S 0 1 A L R 2 3 0 2 4 L 2 T T 2 R S 5eek ending
&')212M62R $%&'

one of these slices in !f is composed of electrons ionized

at different longitudinal positions in the He column, and
therefore are accelerated over different times, producing
a finite spread in longitudinal momentum in every slice
given by !pzð!fÞ ’ #eEzð!fÞLHe, which at the average

position of the bunch gives !pzðh!fiÞ $ 13 MeV.
Moreover, the total relative energy spread is proportional
to the variation of Ez along the bunch, which in case of
negligible beam loading and sufficiently short bunches is
approximately given by !"=" ’ @!Ezðh!fiÞ=Ezðh!fiÞ!!f.
From Fig. 3(b), @!Ezðh!fiÞ $ 10 ðGV=mÞ#m#1, and

!"=" $ 6%. Electrons belonging to the same !f slice

originate from different radial positions along their initial
"i contour. Assuming full betatron decoherence for
every slice, an upper estimate of the normalized transverse

emittance $y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy2ihp2

yi# hypyi2
q

=mc can be given in

terms of the initial transverse extent of the slice [30]
$y ¼ kphy2i i=4. Considering for simplicity, the largest

"i contour to be uniformly distributed up to Rmax,
the estimated maximum sliced emittance yields
$y;max ¼ kpR

2
max=12 $ 1:4 #m.

The properties of the simulated injected bunch after
20 mm of acceleration are summarized in Fig. 4. The
longitudinal phase space [Fig. 4(a)] exhibits linear chirp
with an average energy of &2:6 GeV and a total relative
energy spread of 6% rms. The sliced bunch properties
can be seen in detail in Fig. 4(b). The current profile has
a maximum at the tail of the bunch of &1:5 kA and
linearly decreases towards its front [Fig. 4(b)]. The
relative energy spread (& 0:3%), and the normalized
transverse emittance (' 1:5 #m) are shown for different
slices in ! , demonstrating an excellent agreement with
the analytical calculations given previously. Further acc-
eleration of the captured beam is possible until the driver

has exhausted its energy. A simple estimate yields the
maximum achievable bunch energy when considering
the decelerating gradients experienced by the driver
beam of 50 GV=m [cf. Fig. 3(b)]. This limits the driver
propagation distance to &46 cm, and hence, the maxi-
mum energy of the injected beam to 46 GeV assuming
an acceleration of the trailing bunch at a continuing rate
of 100 GV=m. These values are in agreement with pre-
vious experimental observations demonstrating energy
doubling [15].
In summary, a new strategy for the injection of electrons

in PWFA is proposed and demonstrated using 3D PIC
simulations. The described method leads to a controlled
ionization-induced injection of electrons into blowout
plasmawakes in a simple experimental setup,which utilizes
only thewakefields at the rear of the ion cavity to trigger the
injection and trapping of electrons from a neutral atomic
species into a well-defined phase of the plasma wake. As a
result, high-quality electron bunches can be produced with
short pulse lengths ('1 #m rms), low normalized emittan-
ces (&1 #m), and low uncorrelated energy spread (<1%)
on aGeV-energy scale. The first experiments demonstrating
such beam quality will be regarded as important milestones
in the ongoing endeavor to advance plasma-based particle
accelerators for their future application in photon science
and high-energy physics.
We thank the OSIRIS consortium (IST/UCLA) for

access to the OSIRIS code. Special thanks for support go
to J. Vieira and R. Fonseca. Furthermore, we acknowledge
the grant of computing time by the Jülich Supercomputing
Centre on JUQUEEN under Project No. HHH09. We
would like to thank the Humboldt Foundation for financial
support.
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