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Schematic system layout

ATLAS-300 homebuilt system:
up to 300 TW, 25 fs, 5 Hz Ti:Sa laser

ATLAS-3000 main amplifier
by THALES LAS

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

Homebuilt beam expander 
& compressor

ATLAS-3000 @ CALA
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ATLAS-3000 is quite stable…

~6%

~0.5%

63%37%
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2000 shotsComparable to: -Bella (~0.5%) 
-Angus (~1%)

… however, electrons aren’t always:
only 2/3 of shots yield high energy bunch 



Which laser parameters cause fluctuations? LWFA with slit nozzle and optical injection

Hydrogen

20 mm
~8 J on target
26 fs pulse duration
f/56

95% cutoff energy

63%37%
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e 2000 shots

Average wavefront at the laser output:

!!"# > 	700	&'(!!"# < 	700	&'(

ΔΦ

! = ∫Φ ⋅ ∆Φ ' ()

➞ see  Johannes Zirkelbach’s talk 
(next in this session) 

∆Φ)



Real-time Acquisition of  Vectorial Electro-
magnetic Near-fields (RAVEN) – single shot 
vector field measurement

Full-energy focus measurement of a PW 
laser 

for more details:  

➞ see Andreas Döpp’s invited talk, Thursday, 11:00 am. 

New single-shot diagnostics

atten. + mask

atten. only mask only

atten. changes 
focus, mask 

doesn’t 

attenuator

from final ampto compressor

hole mask in full beam diffraction pattern in focus
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Hybrid laser-plasma wakefield acceleration (LPWFA)

Insert author and occasion

• how do we achieve ultracold electron beams for future wakefield accelerators and compact light sources?
• how can we study basic PWFA physics with high accessibility in a scalable toy model?

Idea: Drive a PWFA with electrons from an LWFA

PWFA

7Insert author and occasion

injector laser witness-driver pair

PWFA
jet

> n ZR vacuum gapLWFA
jet

drive laser
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First experimental clues (ca. 2010):

Mode transition: S. Corde et al., Phys. Rev. Lett. 107 215004 (2011)
Collective deceleration: SW. Chou et al., Phys. Rev. Lett. 117 144801 (2016)

energy doubling 
beyond dephasing 
in LWFA?

Hybrid accelerator  & plasma photocathode concept

B. Hidding et al., Phys. Rev. Lett. 104 195002 (2010)
B. Hidding et al., Phys. Rev. Lett. 108 035001 (2012)

Monoenergetic Energy Doubling in a Hybrid Laser-Plasma Wakefield Accelerator

B. Hidding,1 T. Königstein,1 J. Osterholz,1 S. Karsch,2 O. Willi,1 and G. Pretzler1

1Institut für Laser- und Plasmaphysik, Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf, Germany
2Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany

(Received 7 January 2010; published 14 May 2010)

An ultracompact laser-plasma-generated, fs-scale electron double bunch system can be injected into a

high-density driver/witness-type plasma wakefield accelerator afterburner stage to boost the witness

electrons monoenergetically to energies far beyond twice their initial energy on the GeV scale. The

combination of conservation of monoenergetic phase-space structure and fs duration with radial electric

plasma fields Er ! 100 GV=m leads to dramatic transversal witness compression and unprecedented

charge densities. It seems feasible to upscale and implement the scheme to future accelerator systems.

DOI: 10.1103/PhysRevLett.104.195002 PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw, 52.65.Rr

New strategies are sought after to increase fundamen-
tally the effectiveness of next-generation particle accelera-
tors. It might be desirable to implement new acceleration
schemes with accelerating fields orders of magnitude
higher than the current limit of state-of-the art radio-
frequency cavity-based accelerators of !100 MV=m.
One concept is the use of high-density, longitudinal plasma
waves which can provide accelerating electric fields Ez "
100 GV=m, the field scaling favorably with plasma density

ne as Ez / n1=2e . In the 1940s/50s, the particle accelerator
community had already suggested exploiting the enormous
collective fields in plasmas [1–4]. Today, two methods of
how to excite and drive highly suitable plasma waves and
wakefields are available which both have unique features:
using high-intensity laser pulses [5,6] and using beams of
charged particles themselves [7,8], Ref. [8] being a prime
example of how rf-cavity accelerator technology is nowa-
days increasingly recoalescing with plasma-based
techniques.

Laser drivers with pulse durations !L & 30 fs allow for
extremely high plasma densities ne and wakefields Ez, and
the accelerating bubblelike structures are in turn extraordi-
narily small. The laser pulse group velocity vg in a plasma
being slightly lower than the velocity of accelerated rela-
tivistic electrons " c promotes monochromatization of
electrons in the bubble wakefield, but on the other hand,
this dephasing limits the energy gain. With relativistic
electron beam drivers, in contrast, virtually no phase slip-
page occurs, and thus accelerating distances can be much
longer. However, electron beams generated by rf-based
accelerators are usually orders of magnitude longer (ps-
range) than those obtainable by laser-plasma accelerators
(few-fs-range), which limits plasma density, blowout size,
and wakefield of a plasma post-accelerator.

To overcome this dilemma, we propose a hybrid accel-
eration scheme which combines the best of both worlds. In
the first stage, ultrashort (!L " 3 fs) quasimonoenergetic
electron bunches are generated in a laser wakefield accel-
erator (LWFA) or a self-modulated LWFA, the latter lead-

ing to especially short bunches due to the maximized
plasma densities involved. Both LWFA [9–11] and
SMLWFA [12–15] are known to be able to generate even
multiples of such bunches, which are accelerated in con-
secutive plasma wave buckets and therefore are separated
by few tens of fs only. Using such ultrashort bunch dura-
tions and distances allows for a driver/witness-type plasma
wakefield accelerator (PWFA) based on electron double
bunches in the second stage of acceleration.
The paramount desirability of ultrashort electron

bunches for plasma wakefield acceleration is well known
and has given rise to complex setups designed to compress
electron beams longitudinally. This enabled breakthroughs
such as energy-doubling of a fraction of bunch electrons
[8], where a single electron bunch extending over the
whole blowout region was used so that the head of the
pulse excites the wakefield and electrons at the tail are
accelerated. Since this inherently leads to large energy
spreads, instead trains [16] or pairs of electron bunches
are desirable. Recently, for the first time, an electron
double bunch with sub-ps distance (generated by splitting
an rf-cavity based electron beam) was used for driver/wit-
ness acceleration, albeit here the energy gain was limited to
" 1 MeV [17] due to the bunch durations and distance

FIG. 1 (color online). Schematic of the hybrid accelerator
scheme. (I) A focused high-power laser pulse generates quasi-
monoenergetic, electron double bunches via LWFA or SMLWFA
in a high-density gas jet (II), the witness/driver electron double
bunch system leaves the gas jet (III), and the witness bunch is
boosted by TV-scale electric fields in the afterburner (IV).
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He fraction, thus giving rise to He electrons at an arbitrary
position within the Li blowout.

Figure 1 shows fully explicit 2D Cartesian particle-in-
cell simulation results obtained with the parallel VORPAL

framework [25]. The moving window simulation box size
was 110! ! in the longitudinal direction with a cell length
down to !=16 in order to resolve the laser wavelength !,
and in the transverse direction 110! ! at a cell width
down to !=8 to resolve the witness bunch width. The
simulation uses third order particle shapes and ADK tun-
neling ionization.

The driver electron beam (driver density is color coded
black and white) has transverse and longitudinal dimen-
sions "r ¼ 5 #m, "z ¼ 7 #m rms, a charge of Q #
300 pC at an energy of W ¼ 200 MeV, with a notable
energy spread of !W ¼ 10%. Such a beam has a trans-
verse electric field of ErðrÞ ¼ Q=½ð2$Þ3=2"z%0r'!
½1( expð( r2=ð2"2

rÞÞ', peaking at Er;max # 27 GV=m.
This is enough to field-ionize Li effectively, while not
sufficient to liberate He electrons by the same mechanism
[26]. With a maximal Li electron density of neðLiÞ ¼
3:3! 1017 cm(3 and a beam density nb¼Q=½ð2$Þ3=2!
e"2

r"z'#6:6!1017 cm(3, a moderate blowout is driven
with a plasma wavelength of !pðLiÞ # 60 #m. The maxi-
mum accelerating field observed in the simulation reaches
Ez # 50 GV=m, near to the classical wave breaking limit
EWB ¼ 2$mec

2=ðe!pÞ. Here, the electric field magnitude
is plotted, rendering visible not only the blowout, but also
the laser pulse which is linearly polarized in the simulation
plane.

The laser pulse moves collinearly with the driver beam
(in an experimental scenario, focused by a flat or parabolic
mirror with a hole created for drive beam passage), with a
focal (vacuum) waist of w0 ¼ 4 #m at a longitudinal

coordinate of z ¼ 132 #m. Here, both the Li and He gas
density reach a flat maximum, after having been ramped up
linearly. In Fig. 1, the laser pulse has already passed its
focal point, is defocusing, and its intensity has just dropped
below the He ionization threshold. The He electrons which
have been previously released by ionization are plotted
with color coded energy. A large fraction of the He elec-
trons has already gained relativistic longitudinal momen-
tum pz=m0 ¼ &vz and therefore is trapped, traveling with
sufficient velocity to remain in the PWFA cavity. As a
result of an interplay between upramping Li and He gas
densities neðLiÞ and neðHeÞ [and therefore a decreasing
plasma wavelength !pðLiÞ, leading to contracting Li blow-
out region], the relative position of released He electrons
within the Li blowout, and their integrated acceleration
history

R
dEzdz varies. This is reflected by varying longi-

tudinal normalized He electron momenta, ranging from
pz=m0 ¼ &vz # 16:2! 108 m=s down to a few counter-
propagating electrons &vz # (1:8! 108 m=s. The simul-
taneous effects of the electron momentum distribution,
relative position, and collective radial electric field exerted
by the Li blowout electrons are responsible for the double-
pinch He electron beam structure in the snapshot.
Figure 2 illustrates the injection and trapping process in

more detail via snapshots of the field magnitude E and the
He electron macroparticles and energy in the longitudinal
direction as a result of the Li based wakefield driven by the
electron beam. In Fig. 2(a), the laser pulse is converging,
not yet having reached its focal point z ¼ 132 #m, and is
not yet intense enough to initiate ionization. But as seen in
2(b), after <20 #m further propagation, the electric field
amplitude has gained another 3 GV=m, enough to ionize

FIG. 1 (color online). Results from a VORPAL [25] simulation
show how an electron driver ionizes Li gas and generates a Li
blowout with an electron density of neðLiÞ ¼ 3:3! 1017 cm(3,
corresponding to a linear plasmawavelength of!pðLiÞ # 60 #m.
The Ti:sapphire laser pulse with a duration of ' # 8 fs and a0 ¼
0:018 is located at the end of the first half of the blowout at the
electric field’s turning point, and has already ionized some He
electrons, which are then trapped and accelerated.
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FIG. 2 (color online). Injection of He electrons at the begin-
ning of the interaction. Snapshots (a) to (e) show E generated by
the Li blowout and the laser pulse, and the He electrons which
are born inside the Li blowout due to ionization by the focused
laser pulse, while (f) shows only Ez and a lineout on axis,
corresponding to (d).
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Strong drivers: nC LWFA electron bunches

J. Couperus-Cabadag et al., Nat. Comm. 8, 487 (2017)
J. Götzfried, A. Döpp et al. Phys. Rev. X 10, 041015 (2020)
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Plasma waves driven by LWFA electrons

M. Gilljohann, H. Ding et al. Phys. Rev. X 9, 011046 (2019)
S. Schöbel et al., New J. Phys. 24, 083034 (2022)
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Driver-witness pairs: Dual bunches from a single LWFA

J. Wenz et al. Nat. Photonics. 13, 263 (2019)
T. Kurz, T. Heinemann et al. Nat. Comms. 12, 2895 (2021)

Hybrid proof-of concept: External injection of witness beam
Towards cold beams: Internal injection of witness beam

J. Couperus et al. Phys.Rev.Research 3, L042005 (2021)

High stability and beam quality from hybrid accelerator

M. Foerster et al. Phys.Rev.X 12, 041016 (2022)

angular-spectral charge density of 7 pC=ðMeV μsrÞ, which
is approximately 40% denser than the drive beam. As seen
both in simulations and in first experimental results already
a slight improvement in terms of electron beam quality can
enable further progress in realizing free-electron lasers
[21,73–76]. Thus, the beams generated in our PWFA are
very promising for various such applications. In particular,
with a divergence after extraction of well below 1 mrad in
combination with percent-level energy spread, the beams
can be coupled into a beam line and transported without
significant degradation [77].
Remarkably, the production of these dense, low-diver-

gence witness beams is not limited to highly optimized,
submillirad drive beams such as the one shown in Fig. 4(a),
but is also seen in experiments with significantly more
divergent LWFA beams as driver. Figure 4(c) shows a
representative shot from a different dataset with the drive
bunch containing 400 pC, a divergence of 1.2 mrad (rms of
super-Gaussian fit) and thus with a much lower angular-
spectral charge density of 0.4 pC=ðMeV μsrÞ at 270 MeV.
These beams can still drive a plasma wakefield and, as
shown in Fig. 4(d), yield high-quality witness bunches with
a similarly small divergence of 0.22 mrad (rms of super-
Gaussian fit) and 2.3% (rms of Gaussian fit) energy spread.
At a charge of 20 pC the angular-spectral charge density of
these witness bunches evaluates to 6 pC=ðMeV μsrÞ at
195 MeV. This is an order of magnitude denser than the
driver. The witness properties, in particular its angular-
spectral charge density, thus appear to be largely insensitive
to the driver divergence in an interval spanning more than

one order of magnitude [79]. The similar, small divergence
of the witness beams in both scenarios indicates that the
injected electrons 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
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 divergence
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.
We estimate the order of magnitude of the intrinsic

transverse momentum in our implementation of density
down-ramp injection based on the simplified model
derived above. From the transverse momentum betatron
trajectories and the normalized emittance of the electron
bunch are calculated [42]. For a driver current of 20 kA, a
plasma density of n0 ¼ 1 × 1018 cm−3, and a Lorentz
factor of γ ¼ 300, the upper limit for the divergence angle
at the end of the longitudinal acceleration is σθ ¼ 4 mrad.
At this point the betatron amplitude of the electrons
defining the contour of the phase-space ellipse is
σx ¼ σθc=ωβ ¼ 0.5 μm. Here ωβ ¼ ωp=

ffiffiffiffiffi
2γ

p
is the local

betatron frequency and ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2n0=ϵ0me

p
the plasma

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

(a) (c)

(b) (d)

FIG. 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 0.41 mrad (rms of super-Gaussian fit),
leading to an angular-spectral charge density of 5 pC=ðMeV μsrÞ. (b) Spectrum after the PWFA stage with optimized beam loading for
high charge density of the witness beam. Because of the lower divergence of 0.28 mrad (rms of super-Gaussian fit) of the 30 pC witness
beam, its angular-spectral charge density is 40% higher than the driver [7 pC=ðMeV μsrÞ]. (c) Typical LWFA-driver spectrum for the
high-divergence case (1.2 mrad, 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=ðMeV μsrÞ, a witness beam (d) with 0.22 mrad rms divergence, 20 pC charge, and an angular-spectral charge
density of 6 pC=ðMeV μsrÞ is generated.

F. M. FOERSTER et al. PHYS. REV. X 12, 041016 (2022)

041016-8

Hybrid 
collaboration 
(since 2017)

Hybrid LPWFA milestones 
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Plasma Wave Shadowgraphy: Elongated first bubble  

trigger injection with shock in PWFA:

Direct influence of witness’ space charge field

→ can we learn more about witness current?
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Some first bubbles are broken: correlated to 
broadband witness

• can the morphology be related to injected charge/monochromatic vs. 
broadband acceleration?

• did we observe resonant wake enhancement in the beam-driven case?
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witness electrons
-----------------
Elongated
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(drop shaped)

Broadband witness 
electrons
----------------
Deformed
1st cavity
(peanut shape)

3mm 
propagation: 
1st period 
larger

6mm 
propagation: 
2nd period 
larger

[2023_GOLOVANOV et al._Energy-
Conserving Theory of the Blowout 
Regime of Plasma Wakefield 
doi:10.1103/PhysRevLett.130.105001]

decreasing driver charge, 
increasing charge at back of bubble

https://doi.org/10.1103/PhysRevLett.130.105001


Next steps: Transformer Ratio 
Challenge
100 GeV/m gradients, but witness beams start at zero 
energy ⟹ typical final energy ~ 50% of driver energy

Potential cause  low-energy driver, short PWFA 
target with long gradients

1

2

3

4

5

6

Censored: see Moritz Foerster’s talk 
later in this session 

?



4 J
700 fs

PFS/PFS-pro

120 mJ
1.3 ps

80 mJ
50 fs

1 Hz 1 kHz 

HOFI 
1

1.5J

HOFI 
2

1.5 J

Main

1 J

Seed

75 mJ

Probe

5 mJ

1 J
1 ps

PFS-pro upgrade / Dira 1000+

250 mJ
1 ps

200 mJ
40 fs

1 kHz 1 kHz 

Compton

0.5 J-
0.2 J

Main

0.5 J-
0.8 J

Seed

90 mJ

Probe

10 mJ

HOFI 
1 & 2

100 mJ

Two synchronized laser systems:
• PFS (7 J, 700 fs, 1-10 Hz): Diode-pumped CPA thick disk homebuilt prototype OPCPA pump, excellent near & far field
• PFS-pro: (120-200 mJ, 1.3 ps, 1 kHz + 80 mJ, 50 fs, 1 kHz): Prototype for Trumpf DIRA CPA disk laser + Herriott cell

Both multi-% wall-plug efficiency

requires upgrade of 
kHz TDL and 
Herriott cell

ps ps

Current: 1 Hz test experiment Future: 1 kHz facility

fs fs

Laser development for P-MoPA @ CALA



main beam

axicon beam

ω, 2ω probe

gas cell

Axicon-generated plasma column at CALA

2.4 J, ~ 800 fs FWHM

100 mbar hydrogen backfill

axicon main

Axicon + drive pulse

60 mm

~ 40 mbar hydrogen

ne,0~ 3 x 1017 cm-3

3.0 ns delay
Gas jet-cell hybrid: up to 100 mm

guided exit mode
Guiding with ps-pulses works.

Next steps: Seed pulse and 
modulation

1st steps for P-MoPA @ CALA (w/ S. Hooker’s group, UOxf.) 
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