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Abstract
The FLASHForward project at DESY is an innovative

plasma-wakefield acceleration experiment, aiming to accel-
erate electron beams to GeV energies over a few centime-
tres of ionised gas. These accelerated beams must be of
su�cient quality to demonstrate free-electron laser gain;
achievable only through rigorous analysis of both the drive-
and accelerated-beam’s longitudinal phase space. The pulse
duration of these accelerated beams is typically in the few
femtosecond range, and thus di�cult to resolve with tradi-
tional diagnostic methods. In order to longitudinally resolve
these very short bunch-lengths, it is necessary to utilise the
properties of a transverse RF deflector, which maps longitu-
dinal onto transverse co-ordinates. It is proposed that this
type of device – commonly known as a Transverse Deflecting
Structure (TDS) due to its ‘streaking’ in the transverse plane
– will be introduced to the FLASHForward beam line in or-
der to perform these single-shot longitudinal phase space
measurements. The initial investigations into the realisation
of this diagnostic tool are outlined.

INTRODUCTION
The FLASHForward facility [1] at DESY aims to acceler-

ate electron beams to GeV energies over a few centimetres
of ionised gas through the principle of Plasma Wakefield Ac-
celeration (PWFA). The FLASHForward beam line utilises
sections of the FLASH Linac [2] to extract compressed elec-
tron bunches for injection into plasma. Longitudinal diagno-
sis of both the drive beam entering – as well as the witness
beam exiting – the plasma are necessary to the understand-
ing of PWFA physics processes. The resulting accelerated
witness bunches, with bunch lengths limited by the plasma
wavelength, exit the plasma with a priori unknown bunch pa-
rameters. Expected bunch parameter ranges for both driver
and witness bunches on FLASHForward can be seen in Tab.
1, demonstrating the diverse nature of these beams. It is
therefore essential to diagnose these beams in full 6D phase
space.

The longitudinal and transverse diagnostics provided by a
Transverse Deflecting Structure (TDS) system would reveal
key information about these drive beams, allowing for the
maximising of energy gain in the plasma through bunch shap-
ing. The capability to diagnose witness beams would also
yield invaluable insight into the results of acceleration, pro-
viding a tool to di�erentiate between the nuances of distinct
injection schemes (thus confirming the validity of particle-
in-cell codes), as well as an additional resource in optimising

⇤ richard.darcy@desy.de

the system for FEL gain. No prior PWFA facility has bene-
fitted from the functionality of an X-band TDS to diagnose
both drive and witness bunches. This paper will concern
itself with the design, implementation, and simulations of
such a system.

PROPOSED TDS SYSTEM
Due to the proximity of the FLASHForward and FLASH2

beam lines, it is proposed that an X-band RF system is shared
in order to mitigate costs. The proposed experimental plan
can be seen in Fig. 1. In this setup, a low-level RF source
would supply power to a klystron and modulator unit. These
components would sit outside the experimental hall in the
adjacent corridor. A high-power acceptance mechanical X-
band RF switch would then direct 100% of the RF power
to either the FLASHForward or FLASH2 waveguides and
X-band TCAV sections. Once this system has been commis-
sioned, a pulse compression unit will be installed to increase
the peak power supplied to the cavities.

The voltage kick experienced by a beam travelling through
a deflecting cavity is defined by

V [MV ] = R[MV/m
p

MW ] l[m]
p

P[MW ] , (1)

where R and l are the shunt impedance and length of the
cavity, respectively, and P is the power supplied to the cavity.
Although designs for the cavity and RF source have yet to be
finalised, initial figures of R ⇠ 6 MV/m

p
MW , l ⇠ 1.0 m,

and P ⇠ 25 MW are expected. For this reason, a voltage
kick of 30 MV will be assumed in all further calculations
unless otherwise stated.

BEAMLINE DESIGN
It is common practice to employ a TDS system for both

longitudinal phase space and transverse slice emittance mea-
surements. In order to successfully measure these param-

Parameter Driver Witness
E [GeV] 0.5–1.2 1.2–2.5

�E/E (uncorrellated) [%] <0.1 1
"
n, (x,y) [µm] 2–5 0.1–1

�
x,y (in plasma) [mm] 20 1

�
t

[fs] 50–500 1–100
Q [pC] 20–1000 1–500

Table 1: Driver and witness bunch parameters expected at
FLASHForward.

The FLASHForward PWFA experiment is driven by beams generated by and extracted from FLASH 

The beam line must be designed and optimised to meet certain constraints for these measurements

1.

Longitudinal and Energy Resolution

Optimisation Constraints

2.
Two measurements are desired: transverse slice emittance measurements and longitudinal phase space measurements 

The optics constraints are dependent on the TDS streak and slice emittance scan phase advance

Beam Line Design and Linear Matching
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There are five constraints in each case. Therefore at least five quads are required. Due to 
availability six quads are added between the reference point and emittance screen. An 
additional quadrupole is added in the dispersive section for additional flexibility.

Beam line simulations and matching were performed in elegant 

The beam line was matched in both cases, with the quadrupole strengths and locations as matching 
variables


The resolution in each of these matched cases (for a FLASHForward drive beam with E=1GeV & εn=2μm, 
and an X-band deflecting cavity with V=30MV & f=11.99GHz) is: 

Rz=1.37fs and Rδ=2x10-4

Energy spreads can be seen in the reconstructed distribution, with a larger spread for a larger streak 

The effect can be decreased but only with a decrease in cavity voltage i.e. at the expense of longitudinal resolution


Energy spread induced by a TDS is defined as 

This effect will be diminished for witness beams (with emittances up to an order of magnitude smaller than for drive beams. Additionally, 
experimental observation and quantification will aid in offline corrective methods

σδ =

eVk

E
σy

3.
A full 3D simulation from the FLASH gun to the FLASHForward plasma cell 
was used for particle tracking in elegant 

The longitudinal distribution indicates potentially harmful collective effects from 
e.g. space charge, coherent synchrotron radiation in the bunch compressors, 
etc. 

The TDS maps (δ, ζ) before the TDS onto (x, y) at the imaging screen

Particle Tracking
6MV kick

30MV kick

Input

4.
A post-plasma beam line, with the inclusion of a TDS system for transverse and longitudinal diagnostics, has been designed 
for FLASHForward


Both linear optics and particle tracking demonstrate successful TDS operation


The simulation package has indicated a need for compromise between the energy and longitudinal resolution when 
operating with typical FLASHForward drive beams. However, experimental benchmarking should help mitigate these limitations 

Longitudinal resolutions as low as ~1fs have been demonstrated for an X-band RF system with this optics scheme

Summary

FLASHForward aims to accelerate electron beams to GeV energies over a few centimetres of ionised gas. These accelerated beams must be of sufficient quality to be used in 
a free-electron laser

To optimise this acceleration process it is essential to know the longitudinal properties of the drive-beam, in order to mitigate negative plasma effects, such as hosing. 
Equally as important is the ability to resolve the longitudinal properties of the witness-beam, both to determine the nuances of individual injection methods, as well as to study the 
quality for FEL use

0. Motivation

The FLASHForward  Facility


