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... the hunt for a photon scientist’s dream beam ...

ultimate brilliances

ultra-short pulse lengths

highest intensities

Sub-topic 3 in short...
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➜ enabling the world-leading research in the MML program

Science with short pulses

‣Short pulses of electrons and photons (X-ray to THz)

‣Applications include 

§ ultra-short pulse spectroscopy to study

§ catalytic reactions

§ phase transitions in solids

§ coherent imaging to:

§ make the molecular movie

§ extend protein crystallography to small 
crystals and individual molecules

§ follow nonlinear dynamics on the nanoscale
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Challenges & concepts
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‣Short-pulse accelerators
§ tailored THz - mid-IR pulses with high peak and average power
§ fully coherent XUV and X-ray light with (sub-) fs pulse duration
§ injectors to plasma wakefield accelerators (➜ ST4)

‣Short-pulse beams require
§ precise and fast controls with high demands on diagnostics and 

instrumentation (➜ DTS)
§ a deep understanding of the complex beam dynamics
§ careful numerical simulations benchmarked by experimental results

‣Activities structured into three major research areas 
§ beam dynamics & photon sources 
§ ps-fs beam diagnostics 
§ stability, controls & synchronization

Programme Content  

70 
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Figure 12: Structure of subtopic 3. 

Within the current PoF II period it became apparent that the field of ps–fs beam diagnostics for 
low energy electron beams could make better use of the infrastructure available within the 
Helmholtz by defining specific test facilities which offer unique research opportunities. Currently, 
three test facilities for ps-fs low-energy electron beam diagnostics have been identified:  

x FLUTE: test facility for single-shot diagnostics 
x PITZ: test facility for electron beams in the burst mode  
x TELBE (THz at ELBE): test facility for quasi-cw electron beams.  

FLUTE, which will come into operation in 2014, offers the opportunity to generate electron 
bunches with charges ranging from few pC to 3 nC at a repetition rate of 10 Hz. This enables 
the study of novel single-shot monitoring systems over an extremely wide dynamic range. Since 
another aim of FLUTE is to achieve bunch lengths down to 1 fs (for 1 pC), it can additionally 
serve as a test bed for beam diagnostics and dynamics for future plasma wakefield injectors, 
thus providing a close link to ST4. FLUTE as a test accelerator also allows for easy access to 
tests of diagnostic components which require reconfiguration of the accelerator layout. Upgrade 
options for FLUTE using major investment funding at KIT are considered in the PICCOLO 
(„Pretty Intense COherent and Compact Light sOurce“) project plan. PITZ provides the exact 
same burst mode pattern of FLASH and of the European XFEL. It furthermore possesses a 
unique photo-injector laser which allows for the generation of particular longitudinal bunch 
shapes while offering access to a transverse deflecting cavity longitudinal bunch shape monitor. 
TELBE offers unique access to Europe’s only quasi – CW electron beams with repetition rates 
up to 13 MHz and bunch charges from the pC to 1nC. All aforementioned electron linacs offer 
opportunities to install monitor systems in the electron beamline itself as well as provide access 
to the coherent THz pulses and to femtosecond laser systems clocked to the respective master-
clock of the photoinjector.  
The common goals shared between ps-fs electron beams (ST3) and plasma accelerators (ST4) 
will be exploited in SINBAD (“Short INnovative Bunches and Accelerators at DORIS”). This 
project will start at DESY during the PoF-III period (using major investment funding) in close 
collaboration between the partners in the ARD ST3 and ST4 research programme. It aims at 
pushing the bunch length limit to one fs and below and will include experiments for matched 
injection of such bunches into laser-driven plasma wakefields with the challenging goal of 
producing stable and high quality, high energy usable beams. In addition, it is foreseen to set up 
the AXSIS project in the SINBAD facility. AXSIS aims to extend the frontier of short electron 
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‣ strong emphasis on
§ education and exchange of technology & people
§ sharing of test facilities (free access for students/young researchers)
§ information exchange / decision taking in topical workshops

Our sub-topic at work...
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Beam dynamics & photon sources 
- achievements 

B+

B-

C C
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‣ long. phase space manipulation 
in storage rings

Rev. Accl. Sci. Tech., (03)165 (2010)

‣world-wide first fully synch. 
THz pump X-ray probe facility

‣ tape stacked undulator 
development (HTS)

T. Holubek et al., IEEE Trans. 
on Appl. Supercond. 
4602204 Vol. 23-3 (2013)

Nature Photon. 3(2009), 523
Nature Photon. 5(2011), 162
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‣Precise modeling of collective instabilities
understand and control underlying physics processes

‣Femtosecond control of longitudinal bunch form
emittance improvement by factor > 2 
femtosecond pulse compression

Frank Stephan |  Accel. R&D at Zeuthen |  MAC meeting, Hamburg |  7. 5. 2013  |  Page 11

> Benefits from 3D ellipsoidal laser pulses for ALL linac driven light sources:
� 30-50% lower average slice emittanceÆ higher brilliance
� ~pure sinusoidal longitudinal phase space +3rd harm. Æsimplify/allow required compression
� ~no beam halo Æ better signal/noise, reduced radiation damage
� less sensitive to machine settings Æ higher stability

BD simulations for 1 nC bunch charge:

Gaussian Flat-top Ellipsoid
/RQJLWXGLQDO�SKDVH�VSDFH��=�3]��DW�] ����P

7UDQVYHUVH�SKDVH�VSDFHV�DW�] ����P

ARD, ST3:  Photo cathode laser shaping Æ 3D ellipsoid (1)
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Beam dynamics & photon sources
- goals 
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‣High charge short bunches for multi-user operation
 in circular accelerators

stable user operation with ultra-short bunches

link to MML & MU: diffraction limited light sources & damping rings
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ps-fs beam diagnostics 
- achievements
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‣ first electro-optic single-
shot measurements in a 
storage ring

‣ low charge electron bunch 
arrival time measurements 
at quasi-cw accelerators

‣ultra-fast detectors & high data throughput DAQ systems
opens new window to beam dynamics
DTS

N. Hiller, PhD Thesis (2013)

C. Kaya et al., Appl. Phys. Lett. (2012)

P. Thoma et al., Appl. Phys. Lett. 101, 
142601 (2012)
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‣Online femtosecond arrival time diagnostics
electron and photon arrival monitors suitable for 
low charge and high repetition rate

‣Online femtosecond bunch profile diagnostics
frequency domain approaches 
laser based monitor systems

ps-fs beam diagnostics 
- goals
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‣High data rate detector systems for high repetition rate accelerators 
high speed 1D and 2D beam monitoring 
systems for fast transient phenomena 

strong connection to sub-topic 4 and DTS

distributes the diffracted radiation power almost equally
among many orders. A great improvement in efficiency
for a specific order is obtained using a blazed reflection
grating [18] with triangular grooves as shown in Fig. 1.
For an incoming wave that is incident at an angle α with
respect to the normal of the grating, the grating equation
becomes

d (sinα + sin βm) = m λ (3)

To enhance the intensity in a given orderm, the blaze an-
gle θB and the incidence angle α are chosen such that the
direction of the diffracted light coincides with the direc-
tion of specular reflection at the inclined surfaces [18].
For the first order m = 1 this implies θB − α = β1 − θB,
hence θB = (α+β1)/2. In this case most of the diffracted
power goes into the order m = 1.
It is a general feature of gratings that the diffraction

effects vanish if the wavelength becomes too large. The
incidence angle is α = 19◦ in our spectrometer setup,
hence the largest possible value of sinα+ sin βm is 1.33.
This implies that for wavelengths λ ≥ 1.33 d, the grat-
ing equation (3) can only be satisfied with m = 0 which
means that no diffracted wave exists and the reflection
grating behaves as a plane mirror. This specular reflec-
tion of long wavelengths is utilized in the multistage
spectrometer described below.

Figure 2: Efficiency curves of a gold-plated reflection grating for radi-
ation polarized perpendicular to the grooves, computed with the codes
PCGrate (solid curves) andGSolver (dashed curves). Top graph: first-
order diffraction m = 1. The wavelength range 0.78 < λ/d < 1.31
marked by the shaded area is used as a basis for the spectrometer
layout providing an almost flat efficiency. Bottom graph: diffraction
orders m = 0 and m = 2. Above λ0/d = 1.33 all radiation is di-
rected into the zeroth order which simply means that the grating acts
as a plane mirror. For small wavelengths (λ/d < 0.78) all three or-
ders m = 0, 1, 2 contribute to the diffraction pattern. In order to avoid
ambiguities this wavelength range must be removed by filtering the
incident radiation.

Figure 3: Principle of the staged spectrometer equipped with five re-
flection gratings. Explanations are given in the text. To avoid FIR ab-
sorption in humid air, the spectrometer is mounted in a vacuum vessel
(not shown). The detector arrays mounted above the focusing mirrors
are not displayed.

The efficiency of a grating in the diffraction order m
is defined as the ratio of diffracted light energy to in-
cident energy. It was computed with two commercial
codes (PCGrate-S6.1 by I.I.G. Inc. and GSolver V4.20c
by Grating Development Company) which are in rea-
sonable agreement. In Fig. 2, the efficiencies as a func-
tion of wavelength are shown for the diffraction orders
m = 0, 1, 2. In the range 0.78 < λ/d < 1.31 first-
order diffraction (m = 1) dominates and has an high
efficiency for linearly polarized radiation whose elec-
tric field is perpendicular to the grooves of the grating.
This is essentially the useful free spectral range of the
grating. All radiation with λ > λ0 = 1.33 d is directed
into the zeroth order, which means that the grating acts
as a mirror. The short-wavelength range below 0.78 d
may cause problems because different diffraction orders
overlap. Radiation in this range must be removed by
a preceding grating stage to avoid confusion caused by
overlapping orders.

2.2. Multiple grating configuration
Our spectrometer is equipped with five consecutive

reflection gratings, G0 to G4 (see Fig. 3). A photo of
the spectrometer is shown in Fig. 4. Each grating exists
in two variants, for the mid-infrared (MIR) and the far-
infrared (FIR) regime. The parameters are summarized
in Table 1. The MIR and FIR gratings are mounted on
top of each other in vertical translation stages (Fig. 5).
Between each grating pair is either a mirror (for G1,
G2 and G3) or a pyroelectric detector (for G0 and G4)
which are needed for alignment.
In the following we describe the far-infrared (THz)

configuration, the mid-infrared configurationworks cor-
respondingly. The incident radiation is passed through
a polarization filter (HDPE thin film THz polarizer by

3
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Stability, controls & synchronization
- achievements
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‣ femtosecond arrival monitors

‣ultra-fast feedback e.g. on 
arrival time

‣RF stabilization to femtosecond optical reference 
Burn-in
phase

World record!

3.6fs

Uncorrelated jitter
8.4 fs (rms) 

World record!

àST4!

40GHz pickup

   no feedback 60fs

   with feedback 12fs

World record!

Front-end optics

T. Lamb, IBIC 2013

S. Pfeiffer, PhD 
Thesis (2014)

F. Löhl et al., 
Phys. Rev. Lett. (2010)
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‣Optical synchronization with femtosecond accuracy
two approaches: accuracy vs cost efficiency

‣Modern crate system MicroTCA.4 for precision controls in accelerators
establish technology, make us of high speed detectors ➜ DTS

adapted software & firmware to specific facility control architecture

‣Establish femtosecond RF controls for normal and sc accelerators
precision phase and amplitude stability for ps-fs beam controls 

typical goals 1..10fs  (depending on facility layout)

‣Seeding at XUV wavelength at FLASH and DELTA established

Stability, controls & synchronization
- goals

13
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ps – electron bunches fs – electron bunches 
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bunches into the atto-second regime. A very innovative and compact radiation source will be 
installed and tested, including THz laser drivers, medical X-band technology, dielectric 
structures and nano-emitter cathodes. The bundling of these projects together with innovative 
laser and synchronization technology in a common test facility will provide a large amount of 
synergy and fruitful cooperation between different activities in the ARD programme topic.  

 
Figure 13: Test facilities for ps-fs low energy electron diagnostic to be established within ST3. FLUTE- test 
facility for single shot diagnostic, TELBE - test facility for diagnostic on quasi-cw electron beams and PITZ – 
test facility for electron beams in burst mode. SINBAD for future R&D on novel accelerators concepts. 

 
Besides the above mentioned synergies with ST4, the ST3 activities are also linked to the 
superconducting RF technology developments in ST1. The narrow bandwidth of s.c. cavities 
and large stored energy allows to precisely control the accelerating fields through RF 
feedbacks. The precision field control, however, is fundamental for the stabilization of ps-fs 
electron beams. A significant fraction of the Subtopic 3 programme relates to investigate, to 
evaluate and to push the technical limits on the precision RF controls at ELBE, BERLinPro, 
FLASH and XFEL facilities, thus fostering the developments in superconducting RF technology.  

3.1.3.2 Current activities and previous work 

Beam dynamics and photon sources 
The field of beam dynamics and the development of photon sources is very rich and actively 
pursued in all of the participating Helmholtz centres. Many collaborations are already in place 
within the Helmholtz Association but also with external partners. In the following, the activities 
relevant to the research programme in subtopic 3 are briefly described. 
Beam dynamics can become quite particular for short bunches in both linear and ring 
accelerators. For example, the micro-bunching instability can occur in the bunch compressor of 
a linear accelerator as well as in short bunch operation of a storage ring light source. 
Short bunches in linear accelerators: In the past years very significant progress has been 
achieved in this field. Linacs such as FLASH, REGAE, PITZ, or ELBE provide bunch lengths or 
repetition rates over a wide range and the beam dynamics of these short bunches was studied 
extensively. Due to their high charge densities they experience significant space charge and 
CSR forces. These processes can be modeled with state-of-the-art simulation tools such as 
ASTRA and CSRtrack developed at DESY. The steadily improving beam diagnostic tools allow 
to directly compare the experimental results with simulation predictions. While good agreement 
was found in many cases, there are still regions in parameter space where the observed 
dynamics remains unexplained. However, in planning and designing new test facilities such as 
TELBE and FLUTE the simulation tools play a significant role. 
Coherent radiation in storage rings: The Helmholtz Association takes a world leading role in 
the development of light source operation with reduced ’momentum compacting factor’ (Įc): This 
operation mode has been pioneered with the BESSY II storage ring. Both the BESSY II and 

development and testing of ultra-
short bunch diagnostics with large 
dynamic range

cw instrumentation with high data 
throughput closes the link from 
linacs to storage ring

understanding and control of longitudinal 
and transverse phase space

Available test facilities

14

‣ complementary infrastructures

‣preparing the technology for 
next generation accelerators 
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Major investment:
ARD Distributed 
Test Facility

Major investment:
PICCOLO
(FLUTE upgrade)

Test facilities & outlook

15

Major investment:
SINBAD

BERLinPro          

(+ PHELIX and 
JuSPARC in ST4)
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Summary

‣Short electron & photon pulses
§ enable the world-leading research in the MML program (e.g. FLASH, X-FEL)

‣Short-pulse research in ARD aims at: 
§ precise and fast controls, diagnostics and instrumentation ➜ DTS
§ understanding of the beam dynamics
§ complimentary test facilities

‣Sub-topic 3 developments have strong impact on: 
§ plasma acceleration research ➜ ST4
§ SRF developments  ➜ ST1
§ future user facilities  ➜ MML & MU

‣Paving the way for the future ....
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Backup slides

17



PAGE

ps – electron bunches fs – electron bunches 

 

photo gunplasma celldiagnostics

 Accelerator Research and Development 

71 

AR
D

 

bunches into the atto-second regime. A very innovative and compact radiation source will be 
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structures and nano-emitter cathodes. The bundling of these projects together with innovative 
laser and synchronization technology in a common test facility will provide a large amount of 
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pursued in all of the participating Helmholtz centres. Many collaborations are already in place 
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accelerators. For example, the micro-bunching instability can occur in the bunch compressor of 
a linear accelerator as well as in short bunch operation of a storage ring light source. 
Short bunches in linear accelerators: In the past years very significant progress has been 
achieved in this field. Linacs such as FLASH, REGAE, PITZ, or ELBE provide bunch lengths or 
repetition rates over a wide range and the beam dynamics of these short bunches was studied 
extensively. Due to their high charge densities they experience significant space charge and 
CSR forces. These processes can be modeled with state-of-the-art simulation tools such as 
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FLUTE (Ferninfrarot Linac- Und 
TestExperiment):
• test facility for single-shot 

diagnostics 
• few pC to 3 nC bunch charge
• repetition rate of 10 Hz 
• achieve bunch lengths down to 1 fs 
• diagnostics & dynamics for future 

plasma wakefield injectors 

TELBE (THz Electron Linac for 
beams with high Brilliance and low 
Emittance):
• test facility for quasi-cw electron 

beams 
• pC to 1nC  bunch charge
• Europe’s only quasi-cw electron 

beams with repetition rate of up to 
13 MHz 

PITZ (Photo Injector Test Facility at 
the DESY location in Zeuthen):
• test facility for electron beams in 

the burst mode  
• exact same burst mode pattern as 

FLASH and European XFEL 
• unique photo-injector laser which 

for longitudinal bunch shaping
• transverse deflecting cavity 

Core test facilities
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Funding and research areas
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27%

27%

46%

Research areas

beam dynamics & photon sources
ps-fs beam diagnostics
stability, controls & synchronization
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Figure 12: Structure of subtopic 3. 

Within the current PoF II period it became apparent that the field of ps–fs beam diagnostics for 
low energy electron beams could make better use of the infrastructure available within the 
Helmholtz by defining specific test facilities which offer unique research opportunities. Currently, 
three test facilities for ps-fs low-energy electron beam diagnostics have been identified:  

x FLUTE: test facility for single-shot diagnostics 
x PITZ: test facility for electron beams in the burst mode  
x TELBE (THz at ELBE): test facility for quasi-cw electron beams.  

FLUTE, which will come into operation in 2014, offers the opportunity to generate electron 
bunches with charges ranging from few pC to 3 nC at a repetition rate of 10 Hz. This enables 
the study of novel single-shot monitoring systems over an extremely wide dynamic range. Since 
another aim of FLUTE is to achieve bunch lengths down to 1 fs (for 1 pC), it can additionally 
serve as a test bed for beam diagnostics and dynamics for future plasma wakefield injectors, 
thus providing a close link to ST4. FLUTE as a test accelerator also allows for easy access to 
tests of diagnostic components which require reconfiguration of the accelerator layout. Upgrade 
options for FLUTE using major investment funding at KIT are considered in the PICCOLO 
(„Pretty Intense COherent and Compact Light sOurce“) project plan. PITZ provides the exact 
same burst mode pattern of FLASH and of the European XFEL. It furthermore possesses a 
unique photo-injector laser which allows for the generation of particular longitudinal bunch 
shapes while offering access to a transverse deflecting cavity longitudinal bunch shape monitor. 
TELBE offers unique access to Europe’s only quasi – CW electron beams with repetition rates 
up to 13 MHz and bunch charges from the pC to 1nC. All aforementioned electron linacs offer 
opportunities to install monitor systems in the electron beamline itself as well as provide access 
to the coherent THz pulses and to femtosecond laser systems clocked to the respective master-
clock of the photoinjector.  
The common goals shared between ps-fs electron beams (ST3) and plasma accelerators (ST4) 
will be exploited in SINBAD (“Short INnovative Bunches and Accelerators at DORIS”). This 
project will start at DESY during the PoF-III period (using major investment funding) in close 
collaboration between the partners in the ARD ST3 and ST4 research programme. It aims at 
pushing the bunch length limit to one fs and below and will include experiments for matched 
injection of such bunches into laser-driven plasma wakefields with the challenging goal of 
producing stable and high quality, high energy usable beams. In addition, it is foreseen to set up 
the AXSIS project in the SINBAD facility. AXSIS aims to extend the frontier of short electron 



PAGE

Funding and work packages
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Work packages

Precise modelling of collective instabilities
Femtosecond control of longitudinal bunch form
Beam studies with high charge (circular acc.)
Online fs arrival diagnostics
Online fs bunch profile diagnostics
High data rate fast beam monitoring detectors
uTCA high speed precision control systems
Fs RF control systems
Optical synchronisation with fs accuracy
Seeding at short wavelength at FLASH and DELTA
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