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Future-oriented wakefield-accelerator research and development at FLASH
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Experiments to start in 2016, run for 4 years+
Status: conceptual design in progress, to be concluded 12/2013

Phase I (2016 - 2018)

Driver-beam parameters
> FEL quality, ≤ 1.6 GeV, 0.1% energy spread, 1 µm transverse emittance
> variable longitudinal beam shape (triangular, Gaussian), 20 to 500 fs long, ~20 pC to 500 pC
> 10 Hz repetition rate with up to three bunches at 1 µs distance each shot
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Phase II (2018 - 2020)
+ TDS

optional

Driver-beam parameters
> FEL quality, ≤ 1.6 GeV, 0.1% energy spread, 1 µm transverse emittance
> variable longitudinal beam shape (triangular, Gaussian), 20 to 500 fs long, ~20 pC to 500 pC
> 10 Hz repetition rate with up to three bunches at 1 µs distance each shot
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FLASHForward‣‣
Future-oriented wakefield-accelerator research and development at FLASH

FF‣‣ aims at advancing beam-driven novel-accelerator science by exploring
> external injection and in-plasma beam-generation and acceleration techniques to provide high-energy (1.5 to 4+ GeV), 

low transverse emittance (~100 nm), ultrashort (~ fs), and high current (> 1 kA) electron bunches
> transformer ratios beyond 2
> the application of such beams to assess their potential for free-electron laser gain

at photon energies inside and beyond the water window
In addition, the beamline will be well equipped to study a plethora of scientific problems in novel and conventional accelerator R&D
(e.g. acceleration in dielectric structures, Thomson scattering, …)
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Plasma experiments at FLASHForward offer various paths for witness-bunch generation

> External: witness generation at photo gun by second laser pulse and transport through accelerator to plasma cell

> Internal: laser-triggered ionization injection (“Trojan Horse”) with fs-scale synchronized injection laser
→ idea by B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)

> Internal: wake-triggered ionization injection
→ new scheme, idea by A. Martinez de la Ossa (DESY), paper submitted

> Internal: density-down-ramp injection
→ possible at FLASHForward owing to utilized plasma-cell technology

Witness-bunch production paramount problem of PWFA

5

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection
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New plasma-cell design supports
novel PWFA-injection schemes
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> Concept: L.Schaper, N.Delbos (UHH)
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3D gas-flow simulations allow for
> tailored plasma-density profiles (for DDR injection, …)
> tailored differential pumping stages

→ done with Open∇FOAM

> Concept: L.Schaper, N.Delbos (UHH)
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New plasma-cell design supports
novel PWFA-injection schemes

7

Innovative design
> window-less to avoid emittance growth
> compatible with laser and discharge plasma creation
> transverse laser probing possible
> redundant installation in vacuum chamber possible
> exchange during an 8h maintenance shift possible
> gas release into vacuum requires differential pumping,

DESY experience exists
> FLASH protected from gas-system failure by fast 

shutter 40 m upstream

> Concept: L.Schaper, N.Delbos (UHH)
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injection
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position (arb units)

Density down-ramp injection produces 
low-transverse-emittance witness beams

8

> demonstrated to work in LWFA, new concept for PWFA
> simple: no injection laser necessary, just tailored plasma target
> injection occurs on density down-slope

S. Bulanov et al., Phys. Rev. E 58, R5257 (1998)

> Simulations: J.Grebenyuk (FLA)
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> demonstrated to work in LWFA, new concept for PWFA
> simple: no injection laser necessary, just tailored plasma target
> injection occurs on density down-slope

S. Bulanov et al., Phys. Rev. E 58, R5257 (1998)
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time [fs]

Witness-beam parameters after 140 mm of propagation
- beam at 1.5 GeV with 1.0 GeV driver
- further acceleration to ~2.0 GeV possible
- projected normalized transverse emittance < 0.5 µm
- strong longitudinal correlation

Can such beams drive an FEL?

> Simulations: J.Grebenyuk (FLA)
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Laser-triggered ionization injection
for controlling electron trapping

9

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).

PRL 108, 035001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

20 JANUARY 2012

035001-2

from B. Hidding, Phys. Rev. Lett. 108, 035001 (2012)

> laser triggers ionization and injection of electrons from He
> first experiments by B.Hidding planned at FACET E-210
→ lessons learned will help to optimize experiment at FLASH

> laser-to-beam synchronization crucial

> Simulations: A.Martinez de la Ossa (FLA), B.Hidding (UHH)
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electron beam. In Fig. 2(a), the laser pulse is converging,
not yet having reached its focal point z ¼ 132 #m, and is
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2(b), after <20 #m further propagation, the electric field
amplitude has gained another 3 GV=m, enough to ionize
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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.
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PRL 108, 035001 (2012) P HY S I CA L R EV I EW LE T T E R S
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20 JANUARY 2012

035001-2

from B. Hidding, Phys. Rev. Lett. 108, 035001 (2012)

> laser triggers ionization and injection of electrons from He
> first experiments by B.Hidding planned at FACET E-210
→ lessons learned will help to optimize experiment at FLASH

> laser-to-beam synchronization crucial
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With FLASH parameters

Witness-beam parameters after 42 mm of propagation
- beam at 2.5 GeV with 1.0 GeV driver
- small sliced energy spread (~‰ level), emittance (~100 nm), ~kA current
- strong longitudinal correlation

> Simulations: A.Martinez de la Ossa (FLA), B.Hidding (UHH)
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FLASH timing system allows for
beam-to-laser synchronization of ~30 fs rms
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> Concept: H.Schlarb (MSK)
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FLASH offers versatile, FEL-quality, electron beams for PWFA

11

Standard mode: symmetric beams for FLASH FEL operation.
> model: Gaussian current profile, 20 to 500 fs long,

10 µm rms focus size, ~1.2 GeV, 0.1% energy spread,
1 µm emittance, < 2.5 kA peak current

> mode useable in parallel with FLASH 1/2 operation
- FEL and PWFA have similar demands on beam quality: 

high current, short beams, low emittance

Two operation modes
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Standard mode: symmetric beams for FLASH FEL operation.
> model: Gaussian current profile, 20 to 500 fs long,

10 µm rms focus size, ~1.2 GeV, 0.1% energy spread,
1 µm emittance, < 2.5 kA peak current

> mode useable in parallel with FLASH 1/2 operation
- FEL and PWFA have similar demands on beam quality: 

high current, short beams, low emittance

Two operation modes

From OSIRIS 3D PIC simulations
- transformer ratio of ~2 is confirmed
- 17 GV/m peak field strength
- doubling of FLASH energy within

less than 10 cm seems possible
- most of the physics programme can

be investigated in this mode

3D particle-in-cell (PIC
) sim

ulation
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FLASH offers versatile, FEL-quality, electron beams for PWFA
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Two operation modes

Shaped mode: tailored triangular beams for PWFA
> model: triangular current profile, 60 to 200 µm long,

10 µm rms focus size, ~1.2 GeV, 0.1% energy spread,
1 µm emittance

> requires dedicated beam time at FLASH
> R ≤ 6
> mode demonstrated in

Piot et al., Phys. Rev. Lett. 108, 034801 (2012)

from J.G.Power et al., PAC Proceedings 115 (2001)

TRANSFORMER RATIO ENHANCEMENT USING A RAMPED BUNCH 
TRAIN IN A COLLINEAR WAKEFIELD ACCELERATOR 

 

J.G. Power
Ü

, W. Gai, X. Sun, ANL, Argonne, IL, USA, 60439 
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Abstract 
We present a practical method for achieving a 

transformer ratio (R) greater than 2 with any collinear 

wakefield accelerator - i.e. with either plasma or structure 

based wakefield accelerators. It is known that the 
transformer ratio cannot generally be greater than 2 for a 

symmetric drive bunch in a collinear wakefield 

accelerator. However, using a ramped bunch train (RBT) 

where a train of n electron drive bunches, with increasing 

('ramping') charge, one can achieve R = 2n after the 

bunch train. We believe this method is feasible from an 
engineering standpoint. We describe a proof of principle 

experiment using an disk-loaded waveguide, of frequency 

13.65 GHz, driven by a RBT of 4 electron bunches. We 

expect to achieve R > 6 using 4 electron bunches. Details 

of the simulation and experimental design are presented. 

1 INTRODUCTION 
In general, the wakefield theorem [1] restricts the 

maximum accelerating field behind the drive bunch in a 

wakefield accelerator to be less than twice the maximum 

retarding field inside the drive bunch thus limiting the 

efficiency which can be obtained.  One of the concepts 

central to the physics of wakefield acceleration is the 
transformer ratio, R, defined as R = (Maximum energy 

gain behind the bunch)/(Maximum energy loss inside the 

drive bunch).  For the case of a collinear drive and 

witness beam geometry device, R is less than 2 except in a 

few special cases.  For the purposes of this paper we only 

consider one regime where the wakefield theorem does 
not apply, namely, the use of an axially asymmetric 

charge distribution in the drive bunch.  In this paper we 

review the RBT method and describe an experiment to be 

conducted at the Argonne Wakefield Accelerator (AWA). 

2 TRANSFORMER RATIO 
ENHANCEMENT 

Since the theoretical development of the transformer 
ratio enhancement is given elsewhere [4] we will not 

provide it here. In this section we give a brief historical 

account of the previous attempts to achieve R > 2 and  a 

summary of the RBT method.   

2.1 History 
Several schemes have been proposed to obtain R > 2 in 

collinear wakefield accelerators, but no experimental 

results have been obtained due to the inherent difficulties 

of these experiments.  One of the more promising 

schemes [2] sends a single drive bunch, with an 
asymmetric axial current distribution (Fig. 1a) through a 

collinear wakefield accelerator.  Simulations show that R 

can be much greater than 2 for the triangular (ramped) 

bunch distribution as seen in the figure.  Notice that most 

of the particles in the drive bunch experience the same 

decelerating wakefield, W- , but the accelerating wakefield 
behind the bunch, W+, is much larger.  Using a similar 

idea, a second scheme tailors the profile of a train of drive 

bunches [3] into a triangular ramp (see dotted line in Fig. 

1b) to produce R >2.  In this later scheme, the individual 

bunches in the train are symmetric (e.g. gaussian) 
separated by a distance d.  The charge is then ramped up 

such that  

 (a)ρρρρ(z)

zW-

W+

 

  (b)

z
dd

W-

W+

d

ρρρρ(z)

 
Figure 1: Two schemes that have been proposed to 

generate R = W+/W- >> 2.  The height of the shaded area, 

ρ(z), represents the total amount of charge in the bunch at 
location z while the solid, sine-like, line is the amplitude 

of the wakefield driven by the beam.  (a) A single drive 

bunch with a triangular axial current distribution moving 

to the left. (b) A train of gaussian drive bunches with an 
overall triangular pattern of the train (see dotted line) 

moving to the left. 

 

the first bunch in the train has the lowest charge and the 

last bunch the highest.  From the figure we see that all 

four drive bunches in the drive train experience the same 
maximum decelerating field W- just like in the case of a 

single triangular ramped bunch. Thus, the fundamental 

condition for both of these schemes is that the trailing 

particles (bunches) in the drive bunch (train) are 

positioned in the accelerating phase of the leading 

particles (bunches) so that all the driving particles 
experience the same maximum decelerating field.  

_________________ 
Üjp@anl.gov 
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Proceedings of the 2001 Particle Accelerator Conference, Chicago

W-

W+

ρ Theoretical max. transformer ratio R = W+ / W-

> maximum energy of a witness beam EW = R × ED
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FLASH offers versatile, FEL-quality, electron beams for PWFA

12

Two operation modes

Shaped mode: tailored triangular beams for PWFA
> model: triangular current profile, 60 to 200 µm long,

10 µm rms focus size, ~1.2 GeV, 0.1% energy spread,
1 µm emittance

> requires dedicated beam time at FLASH
> R ≤ 6
> mode demonstrated in

Piot et al., Phys. Rev. Lett. 108, 034801 (2012)
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Good news is that the transformer ratio is still pretty high,
bad news is that we can barely ionize from He with such a low-charge beam and no 
chances for trapping (trapping condition is never fulfilled).

I've also try to rescale our simulation with the high-charge beam by decreasing the plasma 
density by one order of magnitude:

n0
0 = n0/10

then, "sizes" scale with the inverse of the square-root of 10:

�0
p =

p
10�p

From OSIRIS 3D PIC simulations
- transformer ratio of ~6 is confirmed
- 50 GV/m peak field strength
- boosting the energy of a witness beam

to ~5 GeV in less than 10 cm seems feasible 

3D particle-in-cell (PIC
) sim

ulation

n0 = 5 × 1017 cm-3
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Broad scientific programme for novel acceleration techniques

13

FLASHForward‣‣ core studies

> novel types of witness-bunch generation
for unprecedented PWFA beam quality

- laser-triggered ionization injection
- wake-triggered ionization injection 
- density down-ramp injection
- two pulses from photo gun

> transformer ratios of 2 and beyond
- boost beams to ~2 GeV
- boost beams to ~4+ GeV Triangular

> acceleration in dielectric structures

> demonstrate FEL gain
> bunch-quality for photon-science applications

- emittance, current, duration measurements
- first measurement of slice parameters (with TDS)

> stability/reproducibility of the process
- beam- and plasma-parameter influence on stability

In addition, Thomson scattering, novel diagnostic and timing schemes, component tests…

http://plasma.desy.de
http://plasma.desy.de


Jens Osterhoff  |  vi-pwfa.desy.de  |  VI Meeting, DESY  |  September 30, 2013  |  Page 00 LAOLA.

Experiments to start in 2016, run for 4 years+

14

FLASHForward

Conceptual design PI 1.36 years K.M.; S.W.; J.Z.; M.S.; V.L.; J.O.; N.D.; C.B.; C.A.; M.K.; …

Conceptual design PI completed

Technical design PI 1.17 years M.S.; L.S.

Technical design PI completed

Fab/procurement PI 1.95 years L.S.

Installation PI, laser lab 1.12 years L.S.

Preexperimental phase, 28m/O2.007 10.5 months

Installation PI, accelerator tunnel 11.4 months

Preexperimental phase 2.22 years

Beamline commissioning PI 6 months

Start of Experiments PI

Experimens PI 2 years

Conceptual design PII 6 months

Conceptual design PII completed

Technical design PII 6 months

Technical design PII completed

Fab/procurement/tests PII 1.5 years

Beamline installation PII 3m

Beamline commissioning PII 2m

Start of Experiments PII

Experiments PII 2 years

Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2
2012 2013 2014 2015 2016 2017 2018 2019 2020

Ph
as

e 
I (

PI
)

Ph
as

e 
II (

PI
I)

PWFA studies

PWFA & FEL studies
2 years

may be delayed by a few months depending 
on FLASH shutdown schedule

2 years

…
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Worldwide network and collaborations
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Summary

16

> FLASHForward is a beamline for novel accelerator research and development 

> Great chance to use a unique accelerator, FLASH, for significant scientific contributions towards the field of PWFA
> external injection and in-plasma beam-generation and acceleration techniques to provide high-energy (1.5 to 4+ GeV),

low transverse emittance (~100 nm), ultrashort (~ fs), and high current (> 1 kA) electron bunches
> transformer ratios beyond 2
> the application of such beams to assess their potential for free-electron laser gain

at photon energies inside and beyond the water window

> Numerous collaboration opportunities exists over the next 7+ years
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Opportunities for collaboration
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> Resonant wake excitation by multiple beamlets → JAI
> Incoherent undulator radiation as beam diagnostic → JAI
> Dielectric wakefield acceleration
> e--beam to laser timing jitter reconstruction
> Wakefield probing (e.g. frequency-domain holography, …)
> Hollow-core plasma waveguides
> FLASH beam current maximization
> Direct laser-e--beam interaction
> External injection of FLASH beams into plasma-driven wakes
> Emittance characterization for nm beams
> Other beam diagnostics (Betatron diagnostics → JAI)
> Plasma target test with LWFA → JAI
> PIC Simulations
> …

Other ideas are welcome!
Let’s discuss…
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