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Grand Challenges and Approaches

Accelerator based light sources enable 
research in frontier areas of science (physics, chemistry, biology, medicine, 
material sciences, ....)

needed to address the grand challenges of society, science and industry

Develop light sources to the needs of a growing user community
higher intensities, brilliances, average flux

increased stability

covering the entire e.m. spectrum from THz to hard X-rays 
with coherent radiation

Common tasks on this road
affect all accelerator centers operating or building light sources

THz Port at ANKA

(src.: ANKA-Archiv)

IR1 - Diagnostic port

source: entrance edge of a bending magnet

flux > 1013photons/s/0.1%bw
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Generation of radiation

Linacs & Rings
both are used to generate light to provide to users
interaction of photons with e-beam can be the cause of instabilities

Different mechanisms to generate (coherent) radiation, e.g.
insertion devices for special properties of radiation
FEL: SASE,... and laser induced radiation (talk by H. Schlarb)
CSR, CER in linacs and rings

CTR in linacs (FELs and broadband THz sources)

Electron-photon interaction essential for 
compression of bunches in linacs by conventional methods or by use of special 

photo injectors

understanding of micro-bunching instability 
rings with short bunches in low-alpha operation 
micro structures or variable pulse lengths in storage rings
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Generation of radiation

Linacs & Rings
both are used to generate light to provide to users
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CSR, CER in linacs and rings

CTR in linacs (FELs and broadband THz sources)

Electron-photon interaction essential for 
compression of bunches in linacs by conventional methods or by use of special 

photo injectors

understanding of micro-bunching instability 
rings with short bunches in low-alpha operation 
micro structures or variable pulse lengths in storage rings

short bunches

(in)stability

understanding before optimization
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Short Bunches - Linacs

to CSR THz lab

8 period undulator CDR/CTR screen

electrons

TELBE THz beamlines
Short bunches are the prerequisite 

for generation of coh. radiation 
(both FELs and THz sources)

excellent time resolution

Needed: bunch compressors 
compression starts at the gun.....

design, studies, simulations 
(instabilities!)

Presently studied for FLASH, XFEL, 
ELBE, FLUTE, TBONE, BERLinPro
Existing (mostly bilateral) cooperations/first 
contacts to be intensified within ARD 

XFEL Bunch Compression System

BC0
BC1

BC2

3 stage bunch compression system:

5 MeV gun 1nC,    50 A
130 MeV BC0  ! ~ 100 A

500 MeV BC1  ! ~     1 kA
2 GeV BC2  ! ~     5 kA

DOGLEG

XFEL bunch compression system
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Short Bunches - Linacs

Important issue: initial conditions for bunch compression 

Proposal: use special photo cathode laser pulse in RF gun 
to simplify the following bunch compression

3D ellipsoidal photo cathode laser pulses

test at PITZ

almost no beam halo

almost pure sinus shape

Longitudinal phase space (Z-Pz) at z=5.74m

Transverse phase spaces at z=5.74m
Gaussian Flat-top EllipsoidPossible application 

at many facilities, 
e.g.

EU -XFEL

TELBE

FLUTE, TBONE

.....
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Short Bunches - Linacs

First Microbunching observations

Transverse deflecting device
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longitudinal projection

Uncompressed bunch: (nearly oncrest phases)

→ ripples on longitudinal charge image

→ strong fluctuation from shot to shot

courtesy Holger Schlarb

Stephan Wesch (DESY) Microbunching at FLASH 25th March 2010 3 / 17

Harmful effects: 
microbunching, space charge effects and CSR

design, studies, simulations, measurements

Important: complementarity of facilites within ARD w.r.t. bunch lengths, beam 
energy, bunch charge, rep. rate, makro pulse structure, ... 

common physics programme

diagnostics - talk by M. Gensch

FLASH
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Short Bunches - Linacs
f.i. 1st October 2010, 02:20

0.65nC

Remark: Micro Bunching in FLASH

microbunching in FLASH

CSR effects in TBONE
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Short Bunches - Storage Rings

As for linacs, short bunches are the prerequisite 
for generation of coherent radiation 

to achieve ps time resolution

Common goals:
optimize the emission of radiation for the user communities

conciliate the needs of X-ray and THz/IR users

Studies at BESSY II , MLS and ANKA
Topics under study:

low-alpha operation (existing cooperation contract HZB - PTB - KIT)

CHG, EEHG etc. (FZJ and TU Dortmund; see talk by H. Schlarb)

investigations of high freq. impedance and instabilities (e.g. for damping rings in 
future linear colliders within a European framework)

new in ARD: extension to multi-user mode by “Variable pulse length Storage 
Rings” or seeded micro structures (HZB and KIT)
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Short Bunches - Storage Rings

Low-alpha operation
HZB, PTB and KIT, existing coop. contract

common experiments, exchange of students,
sharing of technology (e.g. detectors) 

BESSY II, 1.7 GeV
4 chrom. sext. families,

limited flexibility

 MLS, 630 MeV
3 chrom. sextupole families, 

& octupole family
 

ANKA, 1.3 GeV 
Low alpha optics,

2 chrom. sext. families
 

MLS: first ring with low alpha
correction scheme
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very successful program but: “single” user mode
-> find solution to serve all end stations simultaneously 
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Short Bunches - Storage Rings

Variable pulse length
storage ring

L-band ERL cavity design
scaled to:

3rd and 3.5th harmonic
(1.5GHz / 1.75GHz)

VSR

bunch length – current relation
(e.g. BESSY II)

ISB ~ α
ISB ~ V’

for fixed σ
ERL

Idea: provide short pulses (ps and shorter) at all end stations simultaneously 
with high flux, high brilliance

Variable pulse length storage rings  - VSR

Project at BESSY II
Multi cell sc cavities in storage rings

Strong connection to PT1
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Short Bunches - Storage Rings

Idea: stabilize the instability by a seeding of 
micro structures on longer bunches

couple microwave radiation to the
beam to trigger the bursts of high
intensity THz radiation form long 
electron bunches

Project at ANKA
design, simulations and experimental 
tests 

Observation of bursting

Bursts of radiation in multi turn measurements

6 Vitali Judin Longitudinal Diagnostics at ANKA
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Insertion Devices

Investment for the future
next generation technology for rings, linacs & ERLs

Complementary developments at HZB, DESY & KIT 
technology transfer and cooperations with industry

in ARD: HTS developments 

HTS tape stacked undulator

HTS tape planar undulator

High temperature 
developments at KIT

http://www.maxlab.lu.se/usermeeting/2010/sessions/
with Superpower 2G HTS wire

C. Boffo, ID
MAX10

Cryogenic Undulator Prototype CPMU9 

PrFeB-magnets as developed in a 
Collaboration of VAC, HZB, LMU

-energy product 
(BH)max @ 85 K = 520 kJ/m^3

-Br(10K)=1.7T
-Hcj=73kOe

First tests with electron at MAMI 

Cryogenic undulator development at HZB
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Insertion Devices

Investment for the future
next generation technology for rings, linacs & ERLs

Complementary developments at HZB, DESY & KIT 
technology transfer and cooperations with industry

in ARD: HTS developments 

HTS tape stacked undulator

HTS tape planar undulator

High temperature 
developments at KIT

http://www.maxlab.lu.se/usermeeting/2010/sessions/
with Superpower 2G HTS wire

C. Boffo, ID
MAX10

Cryogenic Undulator Prototype CPMU9 

PrFeB-magnets as developed in a 
Collaboration of VAC, HZB, LMU

-energy product 
(BH)max @ 85 K = 520 kJ/m^3

-Br(10K)=1.7T
-Hcj=73kOe

First tests with electron at MAMI 

Cryogenic undulator development at HZB Babcock Noell Gmbh (BNG)
HTS tape planar undulator mockup: 
results of recent test at CASPERI (KIT)
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Coherent Radiation Sources

CDR,CTR Beamline 
(broad band)Undulator

Beamline 
(narrow 
band/tunable)

TELBE THz lab

Pump-probeUser experiments

Electron /THzbeam diagnostic
User 
Exp.

32 

 

 
Figure 3: CSR gain as a function of the wavenumber. The BESSY II data for two different 
currents per bunch are compared with the shielded SR calculation and with the curve for a 
Gaussian distribution of the same length. 

We will now introduce in our analysis the vacuum chamber wakes starting with the 
resistive wall (RW) one [31, 32]. The nonzero resistivity of the storage ring vacuum 
chamber is responsible for this wake that, when strong enough, can produces 
equilibrium bunch distributions with the saw-tooth like shape similar to the SR wake 
case. In our calculations, the long-range approximation for the RW wake was used, 
being appropriate for the BESSY II case. Figure 4 shows, for a particular case of 
BESSY II, the comparison between the CSR gain curves calculated using the shielded 
SR wake with (dotted line) and without (dashed line) the inclusion of the RW wake. 
The effect of the RW wake is clearly very small and slightly decreases the CSR gain. 

 
Figure 4: CSR gain vs. radiation wavenumber calculated using the shielded SR wake with 
(dotted line) and without (dashed line) the resistive wall wake. The solid line shows the gain 
calculated with the free space SR wake. Case of BESSY II with 9.0 µA per bunch and 1.7 ps 
natural bunch length. 

It is somehow surprising that the RW wake decreases the CSR gain. In fact, by 
producing the same kind of distortion of the SR wake, one would expect an increase in 
the CSR gain. The explanation is that the RW generates at the same time a significant 
bunch lengthening, which reduces the CSR emission at shorter wavelengths. This 
second effect is stronger than the distortion enhancement and the net result is a decrease 
of the CSR gain. Additional calculations using different models for the BESSY II 
vacuum chamber broadband impedance showed a negligible contribution from this kind 
of wake at these low current-short bunches conditions. 

2.2.5 The Free Space SR Wake Regime 

The solid line in Fig .4 shows the CSR gain calculated using the free space (FS) SR 
wake [25, 26] for the interesting case where the vacuum chamber shielding is negligible. 
Compared to the FS case, the vacuum chamber shielding reduces the gain significantly, 

BESSY II THz gain spectrum
ANKA edge radiation

Characterization of coh. radiation sources 
CSR, CER, CTR, ID, etc.

efforts at DESY, HZB, HZDR, KIT, 
TU Dortmund, TU Berlin

see talks by H. Schlarb & M. Gensch

Common issues & interests
THz transport, optics, simulations,
detection and materials

exchange of personnel, training

development of common simulation 
code (e.g. “ARD thesis”)
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Coherent Radiation Sources

Coherent single-cycle pulses with MV/cm
field strengths from a

relativistic transition radiation light source
Matthias C. Hoffmann,1,* Sebastian Schulz,2 Stephan Wesch,2 Steffen Wunderlich,2

Andrea Cavalleri,1,3 and Bernhard Schmidt2
1Max-Planck Research Group for Structural Dynamics, University of Hamburg, Center for Free Electron

Laser Science, 22607 Hamburg, Germany
2Deutsches Elektronen-Synchrotron, 22607 Hamburg, Germany

3Department of Physics, Clarendon Laboratory, University of Oxford, Oxford, United Kingdom
*Corresponding author: matthias.c.hoffmann@mpsd.cfel.de
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Terahertz (THz) pulses with energies up to 100 μJ and corresponding electric fields up to 1MV=cm were generated
by coherent transition radiation from 500MeV electron bunches at the free-electron laser Freie-Elektronen-Laser in
Hamburg (FLASH). The pulses were characterized in the time domain by electro-optical sampling by a synchro-
nized femtosecond laser with jitter of less than 100 fs. High THz field strengths and quality of synchronization with
an optical laser will enable observation of nonlinear THz phenomena. © 2011 Optical Society of America
OCIS codes: 120.6200, 140.2600, 320.7110.

Intense single-cycle terahertz (THz) pulses are increas-
ingly being used to observe extreme nonlinear optical
phenomena at high field strengths [1–3]. These pulses
can be obtained on the tabletop by optical rectification
of femtosecond laser pulses and can reach pulse energies
on the level of tens of microjoules [4]. Even higher pulse
energies and fields can potentially be reached by accel-
erator-based sources [5,6]. Coherent transition radiation
(CTR) is emitted when an electron bunch crosses the
boundary between two media [7,8]. The energy of the
pulses scales with the average line charge density (“peak
current”) of the bunch squared and their frequency
content covers the THz up to the IR region of the elec-
tromagnetic spectrum, depending on the electron bunch
duration. Since the driving linear accelerators for high-
gain free-electron lasers (FELs) are built to boost the
peak current to several kiloampere, they are well suited
to drive powerful CTR sources. A number of high-gain x-
ray FEL facilities are now developing a complementary
THz research program with short broadband THz pulses.
At the soft x-ray FEL Freie-Elektronen-Laser in Hamburg
(FLASH) [9], transition radiation is generated from colli-
sion of electron bunches with energies up to 1:2GeV with
a metal screen and then guided through an evacuated
beam line [10] with 20m length into a user accessible
lab. While the main purpose of this beam line is high-
resolution diagnostics of the longitudinal electron bunch
characteristics [11], it can also serve as a powerful and
broadband source for experiments with subpicosecond
single-cycle pulses. The pulses obtained have energies
exceeding 100 μJ and span a frequency band of 200GHz
to 100THz. Here we determine the temporal structure
and the electric field of the THz pulse below 10THz di-
rectly in the time domain using electro-optic sampling
with a femtosecond laser synchronized to the electron
bunches. The availability of optical probe lasers synchro-
nized to this intense THz source enables THz pump op-
tical probe measurements.

The CTR source at FLASH is located in a straight
section between the superconducting linear accelerator
and the undulator. The last electron bunch within a
sequence of up to 800 bunches with a spacing of 1 μs
can be deflected onto an off-axis CTR target by a fast
kicker magnet without interfering with routine FEL user
operation at the x-ray undulator downstream. The CTR
radiation is produced on a metal screen of 150 nm alumi-
num on a 380 μm silicon wafer within the ultra high va-
cuum part of the FLASH beam line and then transported
to a dedicated optical laboratory outside the accelerator
tunnel. In order to obtain the largest possible bandwidth,
a diamond window with a 20mm diameter and a 0:5mm
thickness is used to separate the ultra high vacuum inside
the accelerator tube from the beam line. The beam line
itself is evacuated to better than 0:1mbar to prevent
atmospheric absorption. The transport tube has a mini-
mum diameter of 200mm to maintain low frequencies.
A detailed description of the beam transport theory of
the CTR generation at FLASH can be found in [10].

In order to enable direct characterization of the THz
field in the time domain, it is vital to use a synchronized
laser system with a jitter on the order of 100 fs or less
relative to the electron bunch. For our experiments a
Ti:sapphire femtosecond oscillator is synchronized to
the master oscillator of the FLASH linear accelerator by
high frequency to baseband mixing (Fig. 1). An electrical
frequency comb is generated from the laser pulse train
by a fast photodiode with >10GHz bandwidth. The
16th harmonic of the laser repetition rate is filtered
out, amplified, and used as the local oscillator input of
a frequency mixer. The RF signal provided by the master
oscillator passes a digitally controllable vector modula-
tor which enables a shift of the laser phase with respect
to the electron beam. The down-mixed signal is pro-
cessed in a digital signal processor (DSP) controller, act-
ing on a piezo stack attached to a laser cavity folding
mirror, thus providing synchronization to the accelera-
tor. Since a high harmonic of the repetition rate is used
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for precise synchronization, the phase-locked loop (PLL)
can lock on at 16 possible zero-crossings which results in
an ambiguity of the relative timing between the laser and
THz pulses. To overcome this, a similar phase detector
operating at the fundamental repetition rate of the laser
is installed. Its output is also fed into the PLL, and the
software automatically locks the laser first at the funda-
mental frequency to ensure the correct timing and then
switches over to the higher frequency for a tighter syn-
chronization. Using this scheme, a synchronization accu-
racy of better than 40 fs (RMS) can be achieved between
the laser oscillator and the master oscillator.
It should be noted that the actual timing uncertainty

between the electron bunch and laser oscillator is larger
due to additional jitter introduced by the acceleration
process and estimated to be on the order of 100 fs.
In our experiments THz pulses with up to 100 μJ energy

were produced by electron bunches with 0:6 nC charge
and a few hundred femtosecond duration at a repetition
rate of 10Hz. Since the CTR beamline is running parasi-
tically to normal user operation for FEL experiments, no
specific tuning of bunch charge or duration for optimum
THz output was carried out. The THz pulse energy was
measured by a calibrated pyroelectric detector. THz ra-
diation was focused by a 3 in diameter 3 in focal length
off-axis parabolic mirror inside a vacuum vessel where
the beam profile was characterized using a pyroelectric
camera, yielding a minimum spot size of 1mm FWHM
at the focus. The THz electric field was characterized
by electro-optical sampling [12] using 0:2mm h110i cut
GaP crystal mounted on inactive h100i substrate. The
polarization state of the femtosecond laser pulses trans-
mitted though the GaP crystal was analyzed by a combi-
nation of a quarter wave plate and Wollaston prism. The
laser light was detected by a pair of balanced 1ns rise-
time photodiodes, and the individual femtosecond pulses
were gated electronically at 10Hz to select for temporal
coincidence with the THz pulses. A temporal delay in
steps of 33 fs was achieved by changing the phase of the
vector modulator and in turn the length of the femtose-
cond laser cavity. For the highest field strengths, the THz
radiation had to be attenuated with a pair of wire grid

polarizers in order to prevent overrotation of the probe
ellipticity inside the detection crystal.

A typical field trace at 80 μJ pulse energy and the cor-
responding frequency spectrum obtained by the Fourier
transformation is shown in Fig. 2. For this measurement,
30 pulses were averaged at every time step. The field
strength was calculated from the known electro-optical
coefficient of GaP taking into account Fresnel losses
but neglecting phase mismatch of laser and THz pulse
inside the GaP crystal. The intensity modulation in a ba-
lanced detection scheme caused by a THz field ETHz is

sin−1ðΔI=IÞ ¼ 2πn3
0r41tGaPETHzL=λ0; ð1Þ

where n0 ¼ 3:193 is the refractive index of GaP at
800 nm, L ¼ 0:2mm the thickness of the crystal, λ0 ¼
800 nm the probe wavelength, r41 the electro-optic coef-
ficient, and tGaP is the Fresnel coefficient for reflective
loss at the GaP crystal. The value for the electro-optic
coefficient is r41 ¼ 0:88 pm=V [13]. In our experiments
we observed values up to ΔI=I ¼ ðI1 − I2Þ=ðI1 þ I2Þ ¼
0:66 for signals I1 and I2 detected by the photo diodes
located after the Wollaston prism at the peak THz field.
The THz field was attenuated by a factor of 0.5 using a
pair of linear polarizers to avoid overrotation of the
phase picked up by the probe pulse in the electro-optic
crystal.

Figure 2 shows the measured THz field strength versus
time delay. The pulse is clearly single cycle with peak
field strength of 700 kV=cm, while the spectrum obtained
by the Fourier transformation shows frequency compo-
nents extend up to 4THz. The bandwidth of our measure-
ment is limited by the timing jitter between the electron
bunches and the femtosecond laser as discussed pre-
viously. When taking into account corrections for phase
mismatch in the detection crystal, transmission loss in
the two polarizers and signal reduction due to averaging
because of synchronization jitter, the peak field strength
is estimated to exceed 1MV=cm. This is consistent with
the value obtained from spot size and total energy
measurements. By inserting bandpass filters (QMC In-
struments), narrowband THz pulses were generated.
Figure 3 shows the electro-optical signal for a pulse with

Fig. 1. Laser synchronization scheme used at the CTR beam
line laser lab at FLASH. The 16th harmonic of the laser repeti-
tion rate and a phase shifted signal from the 1:3GHz master
oscillator controlling the electron gun are used as input of a
frequency mixer. The down-mixed signal is used to act back
on a cavity folding mirror via a piezo stack.

Fig. 2. (Color online) Single-cycle THz field with MV/cm field
strength and corresponding amplitude spectrum (inset) as char-
acterized by electro-optical sampling in a 0:2mm GaP crystal.

4474 OPTICS LETTERS / Vol. 36, No. 23 / December 1, 2011

2THz center frequency and 0:5THz spectral bandwidth.
The field strength still exceeds 100 kV=cm. Such narrow-
band pulses are of interest for exciting collective excita-
tions resonantly [3,14].
In summary, the CTR beam line at FLASH delivers

single-cycle THz pulses with field strength on the order
of 1MV=cm in a tabletop user laboratory. These pulses
have larger bandwidths and almost 1 order of magnitude
more energy than similar pulses obtained by optical rec-
tification [4]. The THz field can be directly characterized
in the time domain using a femtosecond laser synchro-
nized with 100 fs jitter. Further increases in THz field
strength are expected from optimizing compression
and energy of the electron bunches. Improvements in
timing accuracy to below 10 fs [15] are possible by syn-
chronizing to an optical reference [16] with a cross-
correlation technique and by postprocessing using data
from electron bunch arrival monitors [17]. This unique
combination of extreme intensity THz fields from an ac-
celerator with ultrafast timing will allow for observation
of novel nonlinear THz phenomena.

Matthias C. Hoffmann and Andrea Cavalleri acknowl-
edge funding from the Max Planck Society.
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Fig. 3. (Color online) Narrowband THz pulses can be obtained
by using a bandpass filter with a center frequency at 2THz and
0:5THz bandwidth.
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experiments have used Fourier-transform infrared spectro-
scopy set-ups to determine the field autocorrelation function,
which, however, does not give the full phase information. The
EO approach is therefore well suited as a diagnostics tool for
the emission and consequently for the electron charge distri-
bution and dynamics of the stored electron bunches.

In order to probe the optical rotation through a detectable
intensity variation, a ZnTe crystal is placed between a polar-
izer/analyzer combination for the femtosecond laser beam
(Bartels et al., 2006) at almost crossed orientation. As a result
any rotation of the laser polarization in the crystal results in an
intensity modulation at the optical detector. As the polarizers
are not fully crossed, the transmitted intensity is finite and the
modulation can be both positive and negative. It mirrors the
electric field polarization. A quarter-wave plate removes any
static circular component of the optics. Orthogonal polariza-
tions of laser and THz field are used at the h110i surface of the
ZnTe crystal (0.5 mm thickness) (Planken et al., 2001). The
linearity of response to the electrical field is sufficient for the
detected intensity changes of 10!5 (Casalbuoni et al., 2008).

The THz pulses are extracted at the direct diagnostics port
of the IR1 beamline at ANKA (Müller et al., 2008a). The
beam is guided via refocusing gold-coated mirrors and a
diamond vacuum window to the experiment with a 6 mm z-cut
quartz window at the exit. There the radiation enters ambient
atmosphere and is focused onto the ZnTe crystal by an off-axis
paraboloid mirror (50 mm diameter, 75 mm focal length) to a
diameter of about 2 mm. The laser beam is overlapped with
this spot by focusing with a 100 mm lens through a coaxial hole
in the paraboloid. A photo-receiver with a bandwidth of
100 MHz plus a 200 MHz digitizer (GaGe Applied) finally
record the time-resolved intensity of the probe laser beam.

Fig. 2 displays the change in laser intensity after passing
through the Glan-Laser prism analyzer. For this curve a
number of 105 individual traces were recorded (Plech et al.,
2009b). This is equivalent to a total integration time of 100 s.
The noise level is at 10!7 of the incoming laser intensity and
displays a modulation of 3 " 10!5.

A large oscillating signal is recorded at a given (arbitrary)
delay relative to the trigger, which is generated by the beat
frequency between laser and synchrotron radiation. The first
oscillation is followed by a number of subsequent ringings.
Looking closer at the strongest cycle one recognizes the
picosecond variation of the field in accordance with the pulse
length at this synchrotron setting. The subsequent oscillations
have a slightly longer period. A comparison is shown in the
inset with the intensity trace of the FTIR spectrometer, whose
delay scan can be interpreted as a autocorrelation function of
the electrical field. It is of the same time scale.

The ideal emission from a symmetric electron pulse should
be a single cycle of the electrical field (Sannibale et al., 2004;
Müller et al., 2008b), which is not the case here. Several effects
contribute to the deviation. Firstly, the THz pulse propagates
in air for a short distance of about 60 cm after exiting the
quartz viewport. The absorption in humid atmosphere adds
absorption bands from water vapor, some of which are located
at around 0.57, 0.76 and 0.96 THz. These bands are respon-
sible for subsequent oscillations after the first field pulse
according to the Fourier theorem at the resonance frequency.
Secondly, the THz propagation can no longer be described by
geometrical optics if the numerical aperture is small. The
beamline has been designed and optimized for IR extraction.
However, in the THz region, diffraction effects and reflections
on the beam tubes cause a distortion of the wavefront. This is
seen as multiple oscillating signals and delayed emission that
are recorded for some hundred picoseconds. A similar
observation has been reported by an intensity-based detection
with high time resolution (Hübers et al., 2005) at the
synchrotron BESSY II. Finally, wake fields in the ring
chamber are responsible for bunch-to-bunch feedback in
multibunch filling modes. These fields (or whispering-gallery
modes) could contribute to the signal pattern. This latter
effect is a matter of current investigations.

A comparison of the Fourier transform of the time-domain
signal with a FTIR spectrum that has been acquired at the
same time is shown in Fig. 3. A Bruker IFS 66v/S FTIR
(Bruker Optics) was used with a 0.05 mm mylar beam splitter
and a silicon bolometer as detector. The spectral content of
both curves is quite similar, which proves that the synchroni-
zation of the laser is indeed precise enough to resolve about
1.4 THz, which in turn translates to a precision better than
0.7 ps. The fine structure of the spectrum will be governed by
the above-mentioned contributions. Thus the THz spectra
allow us to follow the bunch modification with tuning the
beam optics. The EO sampling even shows stronger contri-
butions below 0.5 THz than the FTIR curve, which is due to an
artifact of the performance of the beam splitter in the Fourier-
transform spectrometer at low frequency.

In Fig. 4 the spectral content of the THz emission is shown
for two accelerating voltages of the high-frequency (HF)
cavities. When the voltage is raised from 150 kV to 400 kV per
cavity the bunches are compressed longitudinally, and thus
become shorter. As a consequence the cut-off for coherent
emission (which is solely detected here) shifts to shorter
wavelength or equivalently to a higher frequency. During a
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Figure 2
Electro-optical AC signal within the ZnTe crystal within the complete
2 ns pulse-to-pulse separation. The inset shows a magnification of the
prompt signal together with a comparison with the FTIR delay trace.
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stepwise increase of the high voltage one can see a transition
in the emitted intensity, which correlates with the so-called
bursting threshold. At this threshold the pulses start to
develop a dynamic fine structure owing to the interaction with
the wake fields. As the pulse envelope starts to deviate from a
Gaussian charge distribution the THz emission is enhanced.
For the higher voltage the spectrum extends to above 1 THz,
while for the lowest voltage the spectral power decays to
below 0.5 THz.

The electro-optical sampling can therefore deliver
complementary information on the coherent emission to
detection schemes with spectroscopy means of bolometric
detection (Müller et al., 2009b; Probst et al., 2011). [Fig. 5 has
not been referred to in the text]

The role of the averaging process on the signal shape may
be questioned when taking into account the beam dynamics.
Therefore we have performed a stepwise reduction of the
number of averages from 105 down to a single trace. A single
trace can be recorded in an oscilloscope manner [please
clarify]. This still means that a complete series of laser pulses

samples subsequent THz pulses at an increasing delay, but any
given pulse is only sampled once. Assuming that the bursting
dynamics is variable on a sub-millisecond time scale, this single
trace should reflect the instantaneous emission. We find
(within the limits of noise level) that the transient THz signal
is preserved in shape even during such a single sweep. Only
the amplitude of the electrical field is about twice the averaged
signal. Already after averaging ten traces the signal is of the
same amplitude as the average shown in Fig. 2. As a result the
signal is influenced by the averaging procedure to a certain
extent, for example by longitudinal oscillations of the pulses in
the HF field. These oscillations are, in any case, not detri-
mental to detecting the THz field.

Therefore the coherent part of the THz emission, which is
phase stable relative to the pulse position, can be recorded by
THz sampling with the synchronized laser [ok?]. Averaging
reduces the instantaneous emission signal, e.g. from bursting
bunches, but preserves the overall spectral content. Therefore
this method can be a valuable tool for following electron beam
dynamics either by sampling the THz emission (i.e. in the far-
field) (Müller et al., 2010) or in the near-field close to the
electron beam (Berden et al., 2006; Steffen et al., 2009).

4. Asynchronous sampling for time-resolved X-ray
diffraction

In low-! mode the bunch length can be reduced to the pico-
second scale, which is attractive for ultrafast structural inves-
tigations. Such experiments follow the pump–probe scheme,
whereby a laser pulse acts as excitation source and creates a
non-equilibrium state in the sample. Subsequently this state
decays with characteristic time scales and intermediate states,
which give deeper insight in the interactions that determine
the material properties.

The X-ray experiment can be performed with the same
scheme as shown earlier (see also Fig. 1). While the laser
pulses excite the sample at the 500 MHz repetition rate, the
X-ray pulses probe the structural changes asynchronously.
Two critical issues have to be solved for this purpose. First, an
X-ray detector with a sufficient time resolution has to be used
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Figure 4
Fourier spectra of the electro-optical signal as in Fig. 3, but recorded at
different accelerating voltages in the HF cavities of the synchrotron. The
inset shows the time domain amplitude of the electro-optical signal as a
function of the accelerating voltage.

Figure 5
Electro-optical signal around the pulse arrival delay for a different
number of sampling averages from a single 100 ms trace to a 1024-fold
average. The curves are displaced for clarity.

Figure 3
Fourier transform of the electro-optical signal within 15 ps around the
main maximum in comparison with a parallel spectral measurement of
the radiation in a Fourier transform IR spectrometer.
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A high-repetition-rate pump–probe experiment is presented, based on the
asynchronous sampling approach. The low-! mode at the synchrotron ANKA
can be used for a time resolution down to the picosecond limit for the time-
domain sampling of the coherent THz emission as well as for hard X-ray pump–
probe experiments, which probe structural dynamics in the condensed phase. It
is shown that a synchronization of better than 1 ps is achieved, and examples of
phonon dynamics of semiconductors are presented.
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1. Introduction

By reducing the so-called momentum compaction factor !
(thus called low-! optics), electron pulses as short as 500 fs
(root mean square) can be achieved. The electromagnetic
emission of these short pulses occurs in a coherent wave
up to frequencies considerably above 1 THz. An efficient
mechanism for the emission of coherent and also for inco-
herent radiation is the synchrotron radiation emission at the
entry point of the electron beam into the field at the magnetic
dipoles of the ring. This so-called edge radiation is used for a
number of experiments at infrared beamlines around the
world. ANKA, BESSY (Berlin, Germany) and the SLS
(Villigen, Switzerland) regularly offer beam time in low-!
mode for users.

Within the coherent regime all electrons in the pulse radiate
in phase, which has several important consequences: the
emitted power scales with the square of the pulse charge while
incoherent emission only scales linearly (Carr et al., 2002). A
strong gain in power is expected for the coherent emission
with typical bunch charges being in the range of 100 pC (Abo-
Bakr et al., 2002; Karantzoulis et al., 2008). At ANKA a
coherent flux of 0.2 mW is extracted in a spectral region from
0.2 to 2 THz (Müller et al., 2008a) at the diagnostics port of the
IR1 beamline. A detailed discussion of the ring parameters at
which pulse compression can be achieved can be found by
Hiller et al. (2010). In particular, the electron energy is
lowered at ANKA from 2.5 to 1.3 or 1.6 GeV to reduce !.
Another consequence of the coherence is the phase-stable

emission relative to the pulse position. This means that the
oscillation phase of the electrical field is fixed relative to the
pulse envelope (carrier-envelope stability).

At the same time the ultrashort pulses will emit incoherent
radiation up to the hard X-ray range with the same time
duration. A time resolution in the picosecond range represents
a particularly valuable tool for structural studies, for example
of solids. Compared with the typical pulse length at a
synchrotron of about 100 ps (full width at half-maximum,
FWHM) this improved time resolution allows structural
dynamics to be addressed beyond the thermalization limit.
The thermal equilibration time of the electron and phonon
system is typically of some 1–10 ps. Being able to resolve this
time scale will enable us to investigate different kinds of
coherent processes, such as coherent phonon excitation or
non-thermal structure formation.

In conventional time-resolved experiments a femtosecond
oscillator of typically 80 MHz repetition rate is synchronized
to the bunch clock of synchrotrons by a piezoelectric feedback
loop (Schotte et al., 2002; Plech et al., 2009a). A typical short-
term stability of some 3–5 ps is achieved routinely. This jitter is
clearly too large to resolve coherent THz radiation and also
for the envisaged pump–probe experiments. Very recently
large efforts have been devoted to synchronizing lasers to the
free-electron laser FLASH, achieving a sub-100 fs precision by
using a master oscillator to drive the photo-gun of the injector
(Loehl et al., 2008). At the synchrotron, in contrast, a
continuous dynamic feedback from the ring current has to be
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1. Introduction

By reducing the so-called momentum compaction factor !
(thus called low-! optics), electron pulses as short as 500 fs
(root mean square) can be achieved. The electromagnetic
emission of these short pulses occurs in a coherent wave
up to frequencies considerably above 1 THz. An efficient
mechanism for the emission of coherent and also for inco-
herent radiation is the synchrotron radiation emission at the
entry point of the electron beam into the field at the magnetic
dipoles of the ring. This so-called edge radiation is used for a
number of experiments at infrared beamlines around the
world. ANKA, BESSY (Berlin, Germany) and the SLS
(Villigen, Switzerland) regularly offer beam time in low-!
mode for users.

Within the coherent regime all electrons in the pulse radiate
in phase, which has several important consequences: the
emitted power scales with the square of the pulse charge while
incoherent emission only scales linearly (Carr et al., 2002). A
strong gain in power is expected for the coherent emission
with typical bunch charges being in the range of 100 pC (Abo-
Bakr et al., 2002; Karantzoulis et al., 2008). At ANKA a
coherent flux of 0.2 mW is extracted in a spectral region from
0.2 to 2 THz (Müller et al., 2008a) at the diagnostics port of the
IR1 beamline. A detailed discussion of the ring parameters at
which pulse compression can be achieved can be found by
Hiller et al. (2010). In particular, the electron energy is
lowered at ANKA from 2.5 to 1.3 or 1.6 GeV to reduce !.
Another consequence of the coherence is the phase-stable

emission relative to the pulse position. This means that the
oscillation phase of the electrical field is fixed relative to the
pulse envelope (carrier-envelope stability).

At the same time the ultrashort pulses will emit incoherent
radiation up to the hard X-ray range with the same time
duration. A time resolution in the picosecond range represents
a particularly valuable tool for structural studies, for example
of solids. Compared with the typical pulse length at a
synchrotron of about 100 ps (full width at half-maximum,
FWHM) this improved time resolution allows structural
dynamics to be addressed beyond the thermalization limit.
The thermal equilibration time of the electron and phonon
system is typically of some 1–10 ps. Being able to resolve this
time scale will enable us to investigate different kinds of
coherent processes, such as coherent phonon excitation or
non-thermal structure formation.

In conventional time-resolved experiments a femtosecond
oscillator of typically 80 MHz repetition rate is synchronized
to the bunch clock of synchrotrons by a piezoelectric feedback
loop (Schotte et al., 2002; Plech et al., 2009a). A typical short-
term stability of some 3–5 ps is achieved routinely. This jitter is
clearly too large to resolve coherent THz radiation and also
for the envisaged pump–probe experiments. Very recently
large efforts have been devoted to synchronizing lasers to the
free-electron laser FLASH, achieving a sub-100 fs precision by
using a master oscillator to drive the photo-gun of the injector
(Loehl et al., 2008). At the synchrotron, in contrast, a
continuous dynamic feedback from the ring current has to be
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Summary

Work plans / goals within ARD
rings: short bunches in multi-user mode with VSR and/or microbunching

linacs: optimize bunch compression and understanding of instabilities

insertion device development (close cooperation with industry; commercialization)

unterstanding the physics of (coh.) radiation sources in a scientific network

ARD is the ideal framework to reach those goals
networking aspects in all PT3 subjects, e.g. workshops HGF+universities

intensify exchange of personnel

education and training

knowledge & technology transfer
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