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X-Ray FELs operating and under construction 

2

FERMI 2010 

European XFEL 

FLASH 2005 

LCLS 2009 
First Light May 4th, 2017 
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Example: XUV FEL FLASH 

Courtesy FLASH Facility 

315 m 

Micro-bunching enables 
coherent emission 



 Serial X-ray crystallography 

4H. Chapman, et al. Nature 470, 73, 2011 

Imaging before destruction w. fs-x-rays  

Optical  
Pump 

X-ray  
Probe 

Molecular movie 

(time resolved) 
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Outline 
§  X-ray FELs: Super - Microscopes in Space and Time 

§  Structure, Dynamics and Function of Atoms, Molecules 
and Materials 

§  What Ultrafast Lasers Can Do for X-Ray FELs? 
§  Femtosecond and Attosecond Timing Distribution 
§  Pump-Probe Laser Technology 
§  Fully Coherent Output by Seeding (HHG, HGHG, EEHG, ... ) 
§  Photo Injector, Laser heater, Diagnostics, ….. 

§  Compact Coherent X-ray Sources 
§  Controlled Electron Bunch Generation 
§  THz Generation 
§  THz Guns, Acceleration, Manipulation, Diagnostics, … 
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Lasers in FLASH 

EO sampling 

Timing Distribution 
Laser / System 

Laser- 
heater 

Courtesy by Ingmar Hartl and 
FLASH Facility 

315 m 



FLASH Laser Requirements 
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superconduc*ng	
MHz	accelerator	

undulator	

X-Rays	

photoinjector	

laser	
heater	

Experiments	

photoinjector	laser	 260	nm,	
5	µJ	

	1	MHz,	2	ps,	
spa*al	&	
temporal	
shaping	

heater	laser	 1	µm,	
50	µJ	
	1	MHz,	
2	ps	

MHz	burst	mode	high	
energy	ultrafast	laser	

~800nm	
tunable		
>1mJ,	

50	kHz	–		
1	MHz	,	
30	fs	

HGHG	seed	laser	 260	nm,	
100	µJ,	
100	kHz,	
30fs	

Courtesy by Ingmar Hartl 
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Pulsed femtosecond timing distribution 

J. Kim et al, FEL 2004. 

fs x-ray  
pulses 

Other approaches: R. Wilcox, LBNL,  
cw-distribution, or post stamping 
  



Pulsed timing and synchronization 

9

Femtosecond lasers are very low jitter: 
 - High intracavity pulse energy 
 - High Q Cavity 
 - 10 - 100 fs pulses, good time markers 
 à sub-femtosecond jitter for f > 1kHz 

Balanced optical cross correlation: 
 - High timing sensitivity (zeptoseconds) 
 - low drift (only dielectrics involved) 
 - attosecond laser to laser locks 
 à attosecond laser-to-laser locks and fiber links 

Balanced optical microwave phase detection: 
 - sub-femtosecond jitter microwaves 

J. Kim, et al. Nat. Photonics 2, 733 (2008). 
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Timing Jitter of Femtosecond Lasers

J. Kim and F. X. Kärtner, Laser & Phot. Rev., 1–25 (2009). 
H. A. Haus and A. Mecozzi, IEEE JQE 29, 983 (1993).  
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How Do We Measure Low Jitter? 

Sensitive Time Delay Measurements  
 

by 
 

Balanced Optical Cross Correlation 



Single-crystal balanced cross-correlator 
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Reflect fundamental 
Transmit SHG Transmit fundamental 

Reflect SHG 

Type-II phase-matched PPKTP crystal 

J. Kim et al., Opt. Lett. 32, 1044 (2007) 

T. Schibli et al, OL 28, 947 (2003) 
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Reflect fundamental 
Transmit SHG Transmit fundamental 

Reflect SHG 

Type-II phase-matched 
PPKTP crystal 

J. Kim et al., Opt. Lett. 32, 1044 (2007) 

Single-crystal balanced cross-correlator 
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J. Kim et al., Opt. Lett. 32, 1044 (2007) 

Single-crystal balanced cross-correlator 

Reflect fundamental 
Transmit SHG Transmit fundamental 

Reflect SHG 

Type-II phase-matched 
PPKTP crystal 



Single-crystal balanced cross-correlator 
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In comparison: 
Typical microwave mixer 
Slope ~1 µV/fs @ 10 GHz 
Greatly reduced thermal drifts! 

80 pJ, 200 fs  
1550nm input pulses 
at 200 MHz rep. rate 



Timing jitter of lasers 
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Modelocked 
Laser 1 

Modelocked 
Laser 2 

HWP 

PBS Single crystal 
balanced  

cross- 
correlator 

Oscilloscope 

RF-pectrum 
analyzer 
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filter 

J. Kim, et al. , Opt. Lett. 32, 3519 (2007). 

Phase detector method à Timing Detector method 



Timing jitter of OneFive:Origami Laser 
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K. Safak et al., Int. J. Structural Dynamics  
  2:(4) 041715 (2015).  
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13 as 

Ref @ 10 GHz 

Two 10-fs Ti:Sapphire Lasers Synchronized within 13 as 

A. Benedick, et al. Nat. Phot. 6, 97-100, 2012  
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Timing-stabilized fiber links 

PZT-based fiber 
stretcher 

Mode-locked laser 

Fiber link ~ 100m - 5km 
SMF/DCF or PM/PMDCF 

isolator 

Timing 
Comparison 

Faraday 
rotating 
mirror 

Cancel fiber length fluctuations slower than the pulse travel time (2nL/c). 

1 km fiber: travel time = 10 µs à ~100 kHz BW 



60 hours operation in commercial system 
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Out-off loop timing titter between two 150 m PM-links in a 16-link system 

Courtesy GmbH	



Fiber network stabilization with sub-fs precision 
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Master 
Laser 

Timing	Link	2	(1.2	km)		

Feedback 
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Amplifier 
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Partial 
Reflector 

Timing Link 1 (3.5 km) 
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High precision PM-link results (OFS) 

3.5 km 
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Laser-to-Laser Remote Synch.: 100 as RMS & 0.6 fs Pk-Pk drift (< 1Hz) over 44 h 

M. Xin et al., Light: Science & Applications  
July 2016; doi: 10.1038/lsa.2016.187.  



Balanced Optical-Microwave Phase Detector 
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Microwave 
Signal 

Electro-optic sampling of microwave signal with optical pulse train 

Passive Lasergyro for Navigation Systems 

Convert  
Phase /Timing  
information in 
optical domain 
into intensity 
modulation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(BOM-PD) 

Optical Pulse 
Train 

DC  
 
current 

J. Kim et al., Opt. Lett. 29, 2076 (2004),  
                      31, 3659 (2006). 



Optoelectronic Phase-Locked Loop (PLL) 
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Regeneration of a high-power, low-jitter and drift-free microwave  
signal whose phase is locked to the optical pulse train.   

Balanced Optical-
Microwave Phase 
Detector (BOM-PD) Regenerated 

Microwave  
Signal Output 

Tight locking of modelocked laser to microwave reference 

Balanced Optical-
Microwave Phase 
Detector (BOM-PD) Stable Pulse  

Train Output 

Modelocked  
Laser 



Long-term stability: < 1 fs rms drift over 10 hours 

25

	
M. Y. Peng, A. Kalaydzhyan, F. X. Kärtner,  Opt. Express, 22:(22) pp.27102  (2014). 



Integrated Waveguide BOCs 
§  Packaged waveguide BOC module with miniaturized coupling optics: 

26 

Slope: 3mV/fs 

§  Next generation devices: KTP waveguides with integrated WDM 
couplers 

Input:  
Pavg = 10mW 
frep = 80MHz 
τ = 200fs 

Single-pass 
scan: 

Double-pass scan: 

Poled region 

FH input 
pulses 

Dichroic coating 

fwd SH bwd SH 



European XFEL Timing Distribution System 

27



THz streaking of FEL - pulses 

28Schulz et al. Nat. Com. 6, 9538 (2015) 

sources are locked, an independent optical cross-correlator is used
for characterization. To calibrate the second cross-correlator, the
relative timing between the stabilized reference and pump–probe
oscillator is scanned across the full range of delays. The time
dependence of the calibration signal is modelled using the input
pulse durations as shown in Fig. 3b. Excluding the regions where
the detector is limited (signal exceeding ±1 V), the measurement
shows very good agreement with the expected values. The
amplitude of the calculated cross-correlator signal can then be
converted to provide the correct temporal offset for any measured
voltage within the dynamic range with sub-femtosecond resolution.

Using this calibration, the performance of the optical
synchronization is evaluated and the residual jitter was found
to be (5±1) fs r.m.s., as shown in Fig. 3c,d. Here, the residual
jitter is suppressed by an order of magnitude more than can be
achieved in conventional electronic synchronization systems
employed at FEL sources41,42. The improvement is due to the
extreme sensitivity of the optical cross-correlator, which has a
dynamic range of only B400 fs. For comparison, with electronic
signals the dynamic range of the feedback is typically several
hundred picoseconds.

Characterization of the complete synchronization system.
Single-shot, time-resolved photoelectron spectroscopy with sin-
gle-cycle THz streaking fields is used to measure the FEL photon
pulse duration as well as the relative arrival time between the FEL
and amplified pump–probe laser pulses7. The experimental
geometry is illustrated in Fig. 4. The FEL pulse is incident on a

Ne gas target emitting a burst of photoelectrons that replicates its
temporal profile. If the ionization occurs in the presence of a THz
field, the final kinetic energy of the photoelectrons depends on the
precise temporal overlap between the THz and FEL pulses. In this
geometry, where the polarization of the field and direction of
detection are parallel, the observed final kinetic energy (Ef) as
function of the instantaneous THz field strength at time t0 is, in
atomic units, given by

Ef ðt0Þ ¼ Ei$ piAðt0Þ$
A2ðt0Þ

2
:

Here, Ei is the initial kinetic energy, pi is the initial momentum
and A(t0) is the vector potential of the THz field at the instant of
photoionization43. When temporal overlap occurs on the single-
valued streaking ramp of the THz vector potential, and the FEL
pulse is shorter than the duration of the ramp, the arrival time
and the temporal profile of the FEL pulse can be uniquely
reconstructed from the measured photoelectron spectrum. As the
THz pulses are generated by optical rectification of the amplified
pump–probe laser pulse, the arrival time determined in the
streaking measurement is equivalent to the relative arrival time
between the FEL pulse and external amplified pump–probe laser.

In the experiment, an electron bunch stabilized with beam-
based feedback is used to generate the SASE FEL pulse with
234 eV photon energy. The centre-of-mass of the single-shot
photoelectron spectra is used to define the average kinetic energy
of the streaked photoelectrons. Figure 5a shows the change in
kinetic energy of the streaked neon (Ne) 2p photoelectron peak,

FEL photon pulse

Optical
reference

Pump–probe laser system

Laser
oscillator

Cross
correlator

Laser
amplifier

Timing experiment

Grating

Ne gas jet

Photoelectron
spectrometer

THz generation THz streaking

!/2 LiNbO3

Synchronization

Figure 4 | Relative timing between FEL and external laser. An external laser is optically locked to the accelerator reference clock signal and used to
generate a single-cycle THz pulse by optical rectification in lithium niobate (LiNbO3). The resulting picosecond THz pulse and the FEL pulse are then
overlapped in a neon (Ne) gas jet, where the FEL pulse profile and relative arrival time of the pulse with respect to the THz field is measured by streaking
spectroscopy. As the THz pulse is phase-locked to the external laser, the arrival time with respect to the THz pulse is equivalent to the arrival time with
respect to the external laser.
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Figure 5 | Facility-wide synchronization characterized by THz streaking. In a, the kinetic energy of the Ne 2p photoemission peak is plotted as the
relative timing between the ionizing FEL pulse and the streaking THz pulse is scanned. Each data point corresponds to a distinct single-shot measurement.
The final measured kinetic energy of the photoelectrons depends on the exact arrival time of the FEL pulse. Thus, by evaluating the position of the peak in
the single-shot streaked photoelectron spectrum, the arrival time can be determined. Furthermore, the width of the streaked spectrum can be used to
simultaneously determine the pulse duration. The arrival time distribution of 600 consecutive FEL pulses recorded at the zero-crossing of the streaking field
is shown in b. The jitter is observed to be (28±2) fs r.m.s., with the error given by the numerical fit. The average pulse duration over these 600 consecutive
shots was B90 fs FWHM, with the corresponding distribution shown in c. The FWHM of the single-shot pulse duration was determined with an average
measurement precision of 7 fs.
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sources are locked, an independent optical cross-correlator is used
for characterization. To calibrate the second cross-correlator, the
relative timing between the stabilized reference and pump–probe
oscillator is scanned across the full range of delays. The time
dependence of the calibration signal is modelled using the input
pulse durations as shown in Fig. 3b. Excluding the regions where
the detector is limited (signal exceeding ±1 V), the measurement
shows very good agreement with the expected values. The
amplitude of the calculated cross-correlator signal can then be
converted to provide the correct temporal offset for any measured
voltage within the dynamic range with sub-femtosecond resolution.

Using this calibration, the performance of the optical
synchronization is evaluated and the residual jitter was found
to be (5±1) fs r.m.s., as shown in Fig. 3c,d. Here, the residual
jitter is suppressed by an order of magnitude more than can be
achieved in conventional electronic synchronization systems
employed at FEL sources41,42. The improvement is due to the
extreme sensitivity of the optical cross-correlator, which has a
dynamic range of only B400 fs. For comparison, with electronic
signals the dynamic range of the feedback is typically several
hundred picoseconds.

Characterization of the complete synchronization system.
Single-shot, time-resolved photoelectron spectroscopy with sin-
gle-cycle THz streaking fields is used to measure the FEL photon
pulse duration as well as the relative arrival time between the FEL
and amplified pump–probe laser pulses7. The experimental
geometry is illustrated in Fig. 4. The FEL pulse is incident on a

Ne gas target emitting a burst of photoelectrons that replicates its
temporal profile. If the ionization occurs in the presence of a THz
field, the final kinetic energy of the photoelectrons depends on the
precise temporal overlap between the THz and FEL pulses. In this
geometry, where the polarization of the field and direction of
detection are parallel, the observed final kinetic energy (Ef) as
function of the instantaneous THz field strength at time t0 is, in
atomic units, given by

Ef ðt0Þ ¼ Ei$ piAðt0Þ$
A2ðt0Þ

2
:

Here, Ei is the initial kinetic energy, pi is the initial momentum
and A(t0) is the vector potential of the THz field at the instant of
photoionization43. When temporal overlap occurs on the single-
valued streaking ramp of the THz vector potential, and the FEL
pulse is shorter than the duration of the ramp, the arrival time
and the temporal profile of the FEL pulse can be uniquely
reconstructed from the measured photoelectron spectrum. As the
THz pulses are generated by optical rectification of the amplified
pump–probe laser pulse, the arrival time determined in the
streaking measurement is equivalent to the relative arrival time
between the FEL pulse and external amplified pump–probe laser.

In the experiment, an electron bunch stabilized with beam-
based feedback is used to generate the SASE FEL pulse with
234 eV photon energy. The centre-of-mass of the single-shot
photoelectron spectra is used to define the average kinetic energy
of the streaked photoelectrons. Figure 5a shows the change in
kinetic energy of the streaked neon (Ne) 2p photoelectron peak,
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Figure 4 | Relative timing between FEL and external laser. An external laser is optically locked to the accelerator reference clock signal and used to
generate a single-cycle THz pulse by optical rectification in lithium niobate (LiNbO3). The resulting picosecond THz pulse and the FEL pulse are then
overlapped in a neon (Ne) gas jet, where the FEL pulse profile and relative arrival time of the pulse with respect to the THz field is measured by streaking
spectroscopy. As the THz pulse is phase-locked to the external laser, the arrival time with respect to the THz pulse is equivalent to the arrival time with
respect to the external laser.
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Figure 5 | Facility-wide synchronization characterized by THz streaking. In a, the kinetic energy of the Ne 2p photoemission peak is plotted as the
relative timing between the ionizing FEL pulse and the streaking THz pulse is scanned. Each data point corresponds to a distinct single-shot measurement.
The final measured kinetic energy of the photoelectrons depends on the exact arrival time of the FEL pulse. Thus, by evaluating the position of the peak in
the single-shot streaked photoelectron spectrum, the arrival time can be determined. Furthermore, the width of the streaked spectrum can be used to
simultaneously determine the pulse duration. The arrival time distribution of 600 consecutive FEL pulses recorded at the zero-crossing of the streaking field
is shown in b. The jitter is observed to be (28±2) fs r.m.s., with the error given by the numerical fit. The average pulse duration over these 600 consecutive
shots was B90 fs FWHM, with the corresponding distribution shown in c. The FWHM of the single-shot pulse duration was determined with an average
measurement precision of 7 fs.
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Pulse Formats at FLASH / European XFEL   

The Laser Challenge – High Repetition Rate FELs 

29

100 ms 

t 

10Hz electron bunch trains  (with 800 / 2700 bunches à  0.1…1 nC)

100 ms

Δt = 220 ns

t 

600  µs

t 

≈ 200 fs 

t 

100 fs 
Photon pulses

FEL
process4.5 MHz

LCLS II: continuous 100kHz  / 1 MHz 
à Large Average Power Lasers 

Burst mode: Thermal Transients 



OPCPA Pump Laser Technology 

30Courtesy Max Lederer (2011) 

Burst-mode 
power 

amplifier 

Yb-Fibre 
Yb-Fibre + 
coherent 

combining 

Yb:YAG 
InnoSlab 

Yb:YAG Thin-Disk Cryo-
Yb:XXX Regen Multi-pass 

TEM00 av. power ++ ++ + + + + 
CPA pulse energy − − ?? + + + + 
Sub-ps capable + + + + + + 
MHz rep-rate ++ ++ ++ − − ++ ++ 
Gain / amp-length ++ ++ ++ − − − − ++ 
Thermal 
transients ++ ++ 0 0 0 0 

Complexity + − − 0 − − LN2 
Availability  
(near term) + − − + + + − 

EU- XFEL F. Tavella, DESY  
& Trumpf Sci. Today (2017) 

+ 



Tavella Group: Development 
Höppner et al. 
New J. Phys. 17,053020 
(2015) 
 
In burst mode: 
> 112 W 
> 1.2 mJ 
> 30 fs tunable 
@ 100 kHz 
  

Thin Disk amplifier  
6 - 13 kW in burst mode 
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2.27 ns (FWHM) in anÖffner-type stretcher. The output is further amplified by a three-stagefiber system,
consisting of one double clad fiber amplifier and two largemode area photonic crystalfiber amplifiers to an
average power of 10W. For further details see [30].

The booster stages consist of a 500Wmultipass Innoslab amplifier and two additional 500W single-pass
Innoslab stages (AMPHOS). The pulses are then compressedwith an efficiency of 86% and have a final pulse
energy of 12.5mJ at a pulse duration of 1.1 ps (FWHM). Finally, a 4mmLBO is used in a second harmonic
generator (SHG) delivering afinal pulse energy of 6.4mJ and a pulse duration of 920 fs at 515 nm, resulting in a
conversion efficiency of 51.2%. Pulse durationsweremeasuredwith an intensity autocorrelator (APE: Pulse
Check 50).

2.2.High power tunableOPCPAdispersion/pulsemanagement
For broadbandOPCPA, the signal pulse duration (τs)must be stretched tomatch the pumppulse duration (τp),
where τ τ⩽s p. A high powerOPCPA example is given in [11], where the signal was stretchedwith a fused silica
prismpair togetherwith a spatial lightmodulator, thereafter the pulses were amplified to pulse energies of 1.4mJ
with a spectral bandwidth supporting sub-7 fs pulse duration at 27.5 kHzwithin a burst structure of the FLASH.
For a tunable system, the signal pulse durationmust be stretchedwell beyond the pump pulse duration
(τ τ≫s p). Using a delay between the pump and the signal pulses (dsp,figure 1), the pumppulse amplifies a
selected temporal region of the signal, thereby selecting a center frequency. The signal is stretched using a SF57

Figure 1. Schematic of the tunable high powerOPCPA. The frontend is a broadbandTi:Sa oscillator seeding both the broadband
OPCPA and the Yb-based solid-stateOPCPA-pumpCPA at 1030 nm. TheOPCPA-pumpCPA consists of a fiber preamplifier, a
stretcher, followed by a 10WYb:glass fiber amplifier. The pulses are further amplified by a three-stage 1.5 kWYb:YAG Innoslab
booster amplifier followed by a compressor. Thereafter, second harmonic generation (SHG) is achieved in a 4mmLBO crystal.
Dispersion/pulsemanagement of theOPCPA signal pulses consists of a SF57 prismpair on 2 travel stages and a delay stage to select
tunable amplified pulses. Three subsequentOPCPA stages were implemented, using BBOcrystals of 6.0, 4.0 and 2.2mm in length
with approximate gains of 104, 20 and 2, respectively. The first stage is pumped by approximately 7%of the SHGoutput. The pulses
are compressed in a glass compressor followed by third harmonic generation (THG).

3

New J. Phys. 17 (2015) 053020 HHöppner et al



XFEL PP-Laser Development by M. Lederer 

XFEL / DESY 5th LAC-meeting, 1st / 2nd June 2015

1st / 2nd June 2015, 5th XFEL/DESY LAC-meeting
European XFEL GmbH, Hamburg, AER-19, 3.11

14Pump-Probe laser concept and status: 

! Arbitrary pulse and burst selection for „pulse-on-demand“ (PoD)

" Both schemes are working, no further issues.
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Self-Amplified-Spontaneous-Emission (SASE): 
  

Start-up from spontaneous radiation is  
a statistical process 

Temporal and spectral  
coherence not adequate. 

Precise pump-probe  
experiments difficult. 

Seeding: 

  External XUV source starts the process! 

External pulse imprints 
characteristics on e-bunch 

Driving laser tightly synchronized 
to pump-probe laser 

Genesis Sim 

SASE versus Seeding  

Courtesy of Franz Tavella 33



Successful UV Seeding at FERMI and HGHG 

34
E. Allaria et al., Nat. Photonics 6, 699 (2012)  

depends upon various electron beam and undulator parameters. For
instance, the power growth rate in the undulator is described by the
gain length lg, defined as the undulator distance over which the FEL
power increases by a factor e and expressed as lg¼ lw/(4pr), where
lw is the undulator period. The r parameter can also be used to esti-
mate the expected maximum power produced by the FEL at satur-
ation, as well as the expected relative bandwidth and coherence
pulse length25. When the FEL process originates from spontaneous
emission, as in SASE, it inherits statistical properties from the spon-
taneous emission and demonstrates limited shot-to-shot reproduci-
bility and longitudinal coherence26. Such properties can be
dramatically improved by using an external seed. In an HGHG
device, an external seed source of wavelength l (for example, a
laser) interacts with the electron beam, and the electron beam pro-
pagates through the first, relatively short undulator (called the
modulator), which is tuned to the seed wavelength. This interaction
produces a coherent modulation of the electron beam energy, which
is then transformed into bunching with strong harmonic com-
ponents following passage through the field of a magnetic
chicane. The microbunched electrons are finally injected into a
long undulator (called the radiator), tuned to the nth harmonic of
the seed wavelength, and emit coherent FEL radiation at l/n.

The FERMI FEL
The FERMI seeded FEL is a user facility that has been designed for
producing high-quality photon pulses in the EUV and soft-X-ray
spectral range23,27. The first undulator line, named FEL-1 and pre-
sently under final commissioning, produces coherent radiation in
the spectral range from 65 nm to 20 nm. A second undulator line
(FEL-2), currently under early commissioning, will cover the spec-
tral range between 20 nm and 4 nm. Both FEL lines are based on the
HGHG scheme and are the first high-gain FELs to be operated with
APPLE-II radiators28, providing full control of the FEL polarization
state. The use of nonlinear harmonic emission29–31 will further
extend the tuning range of FERMI up to a photon energy of
1 keV. As has been demonstrated in ref. 32, the use of APPLE-II
undulators will allow us to produce on-axis, coherent harmonic
emission with both planar and circular polarization.

Here, we report a detailed characterization of recent results
obtained with FEL-1. A schematic layout of the FERMI accelerator
and FEL-1 is shown in Fig. 1. FERMI uses the electron bunches gen-
erated in a high-gradient photocathode gun and accelerated by a
normal conducting linear accelerator (LINAC) up to a beam
energy of !1.2 GeV (ref. 23). For the reported experiments, the
accelerator was operated at relatively low charge (450 pC) with a
single bunch-compression stage (BC1). The electrons are generated
by the interaction of the photocathode with a 5 ps laser pulse from
the photoinjector laser (PIL), and accelerated up to 5 MeV by a
radiofrequency gun. The first LINAC sections (L1) are used both
for increasing the electron-beam energy (up to 320 MeV) and for
inducing a controlled energy chirp, necessary for electron-beam
compression in BC1. The last LINAC sections (L2) are used to
bring the beam up to the desired energy. The main beam parameters
at the undulator entrance are listed in Table 1.

After being accelerated to the desired electron beam energy, the
electron beam is injected into the undulator line where FEL action
takes place. For FERMI FEL-1, one modulator and six radiators
comprise the undulator system. The modulator has a period of
100 mm and a length of 3 m. The modulator gap can be varied to
ensure resonance with the seed laser at different energies. The radia-
tor is composed of six APPLE-II undulator sections specifically
designed for meeting the stringent FEL requirements33, for the
first time allowing implementation of a high-gain FEL with polariz-
ation control. Each 2.4-m-long radiator section has a period of
55 mm. Phase shifters are installed in each section break to maintain
the correct phase relation between the electron beam and the radi-
ation when passing from one undulator section to the next. An exter-
nal laser producing ultraviolet pulses of !150 fs provides the seed
signal, which has to be accurately synchronized with the electron
beam. The stringent synchronization requirements are achieved at
FERMI with an all-optical timing system34 that provides a stable
reference to all machine systems, including the radiofrequency
plants, the photoinjector and the seed laser. In the near future, the
LINAC energy will be increased to 1.5 GeV for FEL-2.

To extend the capabilities of HGHG to wavelengths as short as
4 nm originating from a ultraviolet seed laser, FEL-2 will be based
on a double cascade of HGHG, as proposed in refs 23 and 35. Both
the demonstration of the cascade HGHG configuration and charac-
terization of the achievable performance will be very important for
the development of future FELs in the soft X-ray spectral region.

Results
For the FEL-1 experiments reported here, the third harmonic
(260 nm) of a Ti:sapphire laser was used for seeding. The seed
laser pulses had a duration of 150 fs (full-width at half-maximum,
FWHM), a peak power of !100 MW and a bandwidth of
!0.8 nm, which is a factor of !1.2 larger than the Fourier limit,
assuming perfectly Gaussian pulses. We obtained several tens of
microjoules of FEL emission from the 4th harmonic of the seed
(65 nm) down to the 13th harmonic (20 nm). Clear evidence of
coherent emission was also observed at the 15th harmonic
(17 nm). The measured harmonic conversion slightly exceeds the
theoretical predictions made during the design of the machine23.
The higher than expected harmonic conversion rate is probably
associated with a slightly reduced incoherent energy spread
(!150 keV), which strongly affects the HGHG performance15,36.
For each harmonic, the FEL was optimized by tuning the amount
of energy modulation produced in the modulator (controlling the
seed power) and the strength of the dispersive section. The optim-
ization procedure generally leads to a setting with an R56 in the
range between 40 and 70 mm. A complete characterization of the
FEL radiation produced at the 8th harmonic (32.5 nm) is reported
in the following paragraphs. We obtained similar results in the
entire spectral range between 26 and 65 nm.

After optimization of the FEL process to maximize the output
power from the whole radiator (six sections) tuned at 32.5 nm in cir-
cular polarization, we measured the power as a function of the
number of sections contributing to the coherent emission.
Figure 2a shows the evolution of measured FEL power along the

PIL

Gun

Seed Radiator FEL

Modulator

BC1

Linac1 Linac2,3.4

Figure 1 | Schematic of the FERMI FEL-1. A photoinjector laser (PIL) is used
to generate electrons that are pre-accelerated within a radiofrequency gun.
The first LINAC sections (Linac1) are used to further accelerate the beam
and to produce the chirp needed for bunch compression (occurring in BC1).
At the end of the LINAC (Linac2), the beam is sent to the undulators.
Electrons interact with the seed laser within the modulator and emit FEL
radiation in the radiator at the desired harmonic of the seed.

Table 1 | Measured electron-beam parameters used to
operate FEL-1 in the reported experiments.

Energy 1.24 GeV
Slice energy spread (r.m.s.) ,200 keV
Emittance (projected) !4 mm rad
Charge 450 pC
Peak current 200–300 A
Beam size (r.m.s.) !150 mm
Pierce parameter r !0.0013

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2012.233

NATURE PHOTONICS | VOL 6 | OCTOBER 2012 | www.nature.com/naturephotonics700

Single-shot and multi shot spectra at 32 nm. 

                       & Nat. Photonics 7, 913 (2013)  
associated with a degradation of the longitudinal coherence of the
FEL pulse, but rather with a natural shortening of the FEL pulse dur-
ation relative to the seed pulse. This effect has been theoretically pre-
dicted43 and also seen in numerical simulations of our conditions. It
is, however, important to point out that even without considering
such a shortening of the FEL pulse, the time–bandwidth product
is already smaller than a factor of 4.

Another very important property of light sources to be used for
energy-resolved experiments is the wavelength (or photon-energy)

stability. The FERMI measurements shown in Fig. 4b indicate that
the normalized photon-energy stability is of the order of 7 × 1025

(r.m.s.), a noticeable improvement when compared to previous
SASE FEL results obtained in the same photon energy range12,13,44.

Conclusions
Our results show that the FERMI FEL-1 seeded source is able to
produce high-intensity pulses in the EUV range with close to trans-
form-limited bandwidth and unprecedented stability in intensity,
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Figure 3 | Measured beam profiles and double slit diffraction pattern. a, FEL spot size measured on a YAG screen positioned 52.4 m downstream from the
radiator exit. The main signal is well reproduced by a Gaussian profile and is characterized by a second moment of "2 mm in both the vertical and horizontal
directions. b, FEL spot size measured on a second YAG screen positioned 72.5 m downstream from the radiator exit. In this case the measured horizontal and
vertical beam dimensions are 2.6 mm and 2.4 mm, respectively. c,d, Image and projection of the interference pattern recorded on the second YAG screen
when the FEL beam propagates through two 20 mm slits, separated by 0.8 mm, placed "8.5 m before the screen.
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Photocathode Laser: UV ps laser system (Courtesy: I. Hartl) 

>  10 to 120 Hz systems: 
Cu cathode,  
1mJ,  10ps,  260nm  

>  MHz burst mode: 
Cs:Te cathode 
3µJ,  10ps,  260nm 

>  Spatial and temporal 
shaping required for 
good emittance  

>  Instability directly translates 
to FEL instability 

>  Laser failure directly translates 
to FEL failure 

>  24/7 operation, 
(4hr access every 2 weeks) 
radiation damage 
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Ellipsoidal / Egg 
Lowest emittance 

Very hard to obtain 

Temporal Gauss, spatial flat-top 
Standard config. (non ideal) 
Straight forward to obtain 

Temporal & spatial flat-top 
Better emittance 

Requires moderate efforts  

Standard Aim Future 

Spatio-Temporal Pulse Shaping For Low Emittance 

Courtesy: Ingmar Hartl 



 
Is a laser driven 

 
 

compact coherent X-ray source 
 
 

possible? 
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Photosynthesis 
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Photosynthesis	transformed	our	planet	
2.5B	years	ago	producing	oxygen,	
capturing	solar	energy	and	CO2,	that	slowly	
converted	to	fossil	fuels.	

What	is	exactly	happening?	

Courtesy of P. Fromme 

2H2O	+	4	photons		 O2	+	4e−	+	4H+	



We must outrun electronic processes 
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We require sub-fs exposures to 
measure the chemical environment 
at atomic scale.   
Time scale is Auger decay rate 

Incident 
X-ray 

Ejected K-shell 
electron 

Auger 
electron 

Auger decay rates 
O: 3 fs 
S: 1 fs 
Mn: 0.2 fs 

Incident 
X-ray 

Ejected K-shell 
electron 

Auger 
electron 

L. Young et al., Nature 466, 56–61 (2010) 
S.-K. Son et al., Phys. Rev. Lett. 107, 218102 (2011) and  
                            Phys. Rev. A 83, 033402 (2011). 

Attosecond X-rays à Undisturbed electronic structure  



X-rays are produced from accelerated electrons 

10 cm 10 GeV
1 km

Traditional RF accelerator Magnetic undulator 

X-rays 
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Terahertz cylindrical waveguide 

100 μm
20 cm

10 MeV
Inverse Compton scattering 

X-rays 



THz	is	interes+ng	for	accelera+on	and	strong-field	physics	

42

•     Operation at higher frequencies 
 

 higher breakdown fields 
 
Historically: 
[1] Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).  
[2] Loew, G.A., et al., 13th Int. Symp. on Discharges and Electr. Insulation in Vacuum, Paris, France. 1988. 
[3] S. V. Dolgashev, et al. Appl. Phys. Lett. 97, 171501 2010. 
[4] M. D. Forno, et al. PRAB. 19, 011301 and 111301 (2016). 
 
•  Reduced pulse energy for same cavity electric field: 
    
      stored energy: 
 
      reduced pulsed heating:    
      à higher repetition rates possible! 
 
•    High-gradient accelerators: small size, short bunches and low emittance! 

Ebreak ≈
1
τ
≈ f

EP~λ
-3

ΔT ∝ EP
ASURFACE

∝
VCAVITY
ASURFACE

∝ R∝λ
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THz driven FEL like source 

Accelerating 
THz - pulses  

e - compression 
 THz - pulses  

Focusing 
coil 

Accelerating 
THz - pulses  

THz - gun  

FEA Element 
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CEP sensitive field emitter array 
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W.	Putnam	et	al.,	Nat.	Phys.	doi:10.1038/nphys3978 	
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op|E (ω)|

ω0ω 0ω +ΩΩ  
•  Intra-pulse  difference frequency generation 

•  THz bandwidth can be as broad as optical pulse bandwidth   
 
 

!
k (ω +Ω)−

!
k (ω) =

!
k (Ω)

THZ|E (Ω)|

DFG 

1.  S. W. Huang et al Opt.  Lett. 38(5), 796-798 (2013). 
2.  C. Vicario, Opt. Lett., 10.1364/OL.99.09999 (2014). 
3.  J. A. Fulop et al , Opt. Express 22(17), 20155-20163 (2014).  

•  Optical rectification: ~ 1 % energy conversion efficiency1,  
           ~ mJ THz pulse energy2,3 

•   Must satisfy phase-matching condition 

45 

Laser driven THz Sources 

ng (ω) = 2, np (Ω) = 5
Lithium Niobate 

cascading 
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2	mJ,	680	fs	@	
1030	nm	

S. W. Huang et al Opt.  Lett. 38(5), 796-798 (2013)    à 1% optical to THz conv. 

THz	

f	

γ	

Image	of	the	
gra+ng	

Optical rectification using Tilted Pulse Fronts 
J. Hebling et al, Opt. Express 21:(10), 1161-1166 (2002).  
 !

k (ω)

!
k (ω +Ω)

!
k (Ω)

K. Ravi, et al., “Limitations to THz generation by optical 
rectification using tilted pulse fronts,” Opt. Express 22, 
20239 (2014). 
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Cryogenic Yb:YLF laser 60 mJ, 1ps @ 90 K 

0.5% conversion, not yet fully optimized  à  1% feasible 
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Single-cycle e-guns and accelerators

A.   Fallahi, et al. PRSTAB 19, 081302 (2016) 

∼ 2x1 mJ  
input THz beam to achieve higher acceleration rates is not
realistic. However, today’s THz generation technology has
realized higher THz energy levels [31]. Consequently, an
issue is illuminated; how can one achieve efficient accel-
eration using high energy short pulses without surpassing
the damage threshold? Here, we try to answer this question
by introducing structures which operate based on single-
cycle THz beams with around 2 mJ energy at 300 GHz
central frequency.
For this purpose, two important points must be taken into

account: (i) The electron may gain relativistic energy,
which intensifies the effect of the transverse magnetic field
of the THz pulse. This effect causes a push from the THz
pulse along its propagation direction and leads to a curved
trajectory for the electron motion. (ii) A high-energy THz
beam should not be focused to small spot-sizes to avoid
dark current excitation. As a consequence, to achieve an
efficient acceleration, matching the phase front of the THz
beam with the electron trajectory is essential.
The configuration illustrated in Fig. 6 is a 2D presentation

of the concept devised to solve the above two problems.
First, two linearly polarized THz beams are symmetrically
coupled into the multilayer structure in order to cancel out
the magnetic field where they overlap. Second, the phase
front of the THz beam is divided into several parts, which are
isolated from each other using thin metallic surfaces. In each
layer, dielectric inclusions are added to delay the arrival time
of the pulse to the acceleration region. By properly designing
the filling factor of dielectrics and the thickness of each layer,
continuous acceleration of electrons from rest throughout the
whole phase front can be achieved.

B. Multilayer gun

As learned from the study on low energy guns, focusing
the incoming excitation in the transverse plane enhances
the acceleration efficiency. Furthermore, to avoid sus-
pended thin metallic films in vacuum (Fig. 6), we consider
quartz (ϵr ¼ 4.41) and teflon (ϵr ¼ 2.13) for delaying the
arrival time. The structure shown in Fig. 7(a) is the ultrafast
THz gun designed for operation based on two single-cycle
THz Gaussian beams with each 1.1 mJ energy and central
frequency 300 GHz. Without loss of generality, the beam
profile is flat top along the acceleration axis and Gaussian
in the transverse direction with 2 mm spot size. For a
completely Gaussian beam, individual couplers should be

designed to couple the beam energy into the gun input (see
Supplementary Material [38]). We assume that two linearly
polarized plane waves with the aforementioned temporal
signature and peak field 0.5 GV=m illuminate the multi-
layer gun from both sides. An eight layer configuration is
designed for the considered excitation with the thickness
of each layer hi ¼ f0.1; 0.27; 0.35; 0.40; 0.42; 0.43; 0.44;
0.45g mm, and the length of the quartz inclusions
Li ¼ f0.2; 0.865; 1.55; 2.25; 2.95; 3.7; 4.4; 5.1g mm. The
size of the acceleration channel is considered to be

FIG. 6. Schematic illustration of the high-energy ultrafast gun concept.

(a)

(b)

(c)

FIG. 7. (a) Schematic illustration of the optimized ultrafast
electron gun, (b) electron energy EeðzÞ versus the traveled
distance and position of the electron superposed on the accel-
erating field map Ezðz; tÞ as the subset, and (c) snapshots of the
field profile at four different instants labeled in (b).

SHORT ELECTRON BUNCH GENERATION … PHYS. REV. ACCEL. BEAMS 19, 081302 (2016)
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THz Acceleration and Streaking 

D. Zhang, to be published 
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THz Acceleration 

50L.J. Wong et al., Opt. Exp. 21, 9792 (2013). 

Dispersion Relation 

w/dielectric 

w/o dielectric 

Copper Inner Diameter = 940 µm 
Fused Silica Inner Diameter = 400 µm 

~1-5 cm 

Dielectrically loaded metal waveguide  

•  Increasing operational frequency: higher breakdown fields, reduced pulse 
energy ~ λ-3, reduced pulsed heating and average power load 
 
•  High-gradient accelerators: reduced size, short bunches and improved 
electron beam quality 
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Figure 2: Demonstration of terahertz acceleration (a) Image of the elec-
tron beam from an MCP at 59 kV for THz off and (b) THz on. The bimodal
distribution is due to the presence of accelerated and decelerated electrons which
are separated spatially by the magnetic-dipole energy spectrometer. The im-
ages are recorded over a 3 s exposure at 1 kHz repetition rate. (c) Comparison
between simulated (red) and measured (black) electron bunch at the MCP, at
59 kV with 25 fC per bunch, a σ⊥ = 513µm and ∆E/E = 1.25 keV. After the
pin-hole the transverse emittance is 25 nm-rad and the longitudinal emittance
is 5.5 nm-rad. (d) Comparison between simulated (red) and measured (black)
electron bunch at MCP after acceleration with THz. Decelerated electrons are
present due to the long length of the UV pulse which generates the electron
bunch.
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Figure 3: (a) THz LINAC and source with the THz acceler-
ation chamber and accompanying power supplies, chillers
and pumps fit on a portable optical cart. (b) Image of
the electron beam from an MCP at 50 kV. (c) Compari-
son between simulated (black) and measured (red) electron
bunch at MCP, with 25 fC per bunch, a σ⊥ = 513µm and
∆E/E = 1.25 keV. After the pin-hole the transverse emit-
tance is 25 nm-rad and the longitudinal emittance is 5.5 nm-
rad.

THz LINAC

A 60 kV DC photo-emitter electron gun was used as the
injector for the THz-driven LINAC. Dielectric-loaded circu-
lar waveguides, described in the previous section, were op-
timized for non-relativistic electron beams and used as the
acceleration structures. The accelerating waveguide is 10
mm in length, including a single tapered horn for coupling
the THz into the waveguide. The electron beam produced
by the DC electron gun, shown in Fig. 3(a), operates with
25 fC per bunch at a repetition rate of 1 kHz. The photo-
emission laser is a 350 fs UV pulse produced by 4th har-
monic generation from the 1 µm laser. Fig. 3(b) shows an
image of the electron beam produced by the MCP camera.
A focusing solenoid is used to collimate the beam after the
THz LINAC. The electron beam energy is determined via
energy-dependent magnetic steering with a dipole located
after the accelerator. PARMELA simulations were used to
model the DC gun, Fig. 3(c), and the THz LINAC. Align-
ment between the THz waveguide and the DC gun is pro-
vided by a pin-hole aperture in a metal plate with a diameter
of 100 µm that abuts the waveguide. The THz pulse is cou-
pled into the waveguide downstream of the accelerator and
it propagates the full length of the waveguide before being
reflected by the pin-hole aperture, which acts as a short at
THz frequencies. After being reflected the THz pulse co-
propagates with the electron bunch. The interaction length
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Figure 4: (a) Measured (circles) and modeled (asterisk) en-
ergy spectrum with THz on (red) and off (black) for a DC
bias of 59 kV. (b) Measured energy spectrum at a gun volt-
age of 59 kV (black), 55 kV (red), 50 kV (blue) and 45 kV
(magenta).

is limited to 3 mm due to the low initial energy of the elec-
tron which results in the rapid onset of a phase-velocity mis-
match between the electron bunch and the THz pulse once
the electrons have been accelerated by the THz pulse.

The energy spectrum from the electron bunch with and
without THz is shown in Fig. 4(a) for an initial mean en-
ergy of 59 kV. The electron bunch length after the pin-hole,
σz = 45 µm, is long with respect to the wavelength of the
THz pulse in the waveguide, λg = 315 µm, resulting in
both the acceleration and deceleration of particles. The THz
waveguide is sensitive to the initial voltage of the electron
bunch, due to the rapidly varying velocity of the electrons.
If the initial voltage is too low, acceleration is not observed
as shown in Fig. 4(b). With the available THz pulse energy,
a peak energy gain of 7 keV was observed by optimizing
the electron beam voltage and timing of the THz pulse. The
modeled curve in Fig. 4(a) was fit with on on-axis gradient
of 4.9 MeV/m indicating some loss of THz pulse energy
due to misalignment. At the exit of the LINAC, the mod-
eled transverse and longitudinal emittance are 240 nm-rad
and 370 nm-rad, respectively. This increase in emittance is
due to the long electron bunch length compared to the THz
wavelength and can be easily remedied with a shorter UV
pulse length.

CONCLUSION

THz pulses generated via optical rectification of a 1µm
laser were used to accelerate electrons in simple and prac-
tical THz traveling-wave accelerating structure. A gradient
of ∼10 MeV/m with 2 µJ was achieved during transmission
testing. A energy gain of 7 keV was achieved over a 3 mm in-
teraction length. Performance of these structures improves
with an increase in electron energy and gradient making
them attractive for compact accelerator applications. With
upgrades to pump laser energy and technological improve-
ments to THz sources, GeV/m gradients are achievable in
dielectric-loaded circular waveguides. The available THz
pulse energy scales with IR pump energy, with a recently re-
ported result of 0.4 mJ and ∼1% conversion efficiency [11].
Multiple stages of THz acceleration can be used to achieve
higher energy gain with additional IR pump lasers for sub-
sequent stages.

THz	Accelera+on	

Nanni, E.A., et al. arXiv :1411.4709 (2014). 51



Quasi – phase matching for multi-cycle terahertz generation 
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Lee, App. Phys. Lett. 77 (2000) 
Lee, App. Phys. Lett. 78 (2001) 
Yu, Opt. Comms. 284 (2011) 

•  µJ-level energies 
à 10-5 conversion     
            efficiencies 

•  mJ  - level energies 
à 10-3 conv. eff. 

Carbajo, Opt. Lett. 40, 5762 (2015). 

IR PPMg:LN  
Λ: domain  
period 

IR 

ETHz 

Chirp and Delay with 100 mJ Ti:Sapphire pulses 

K. Ravi et al., Opt. Lett. 24, 25582 &  Opt. Lett. 41, 3806 (2016).   
R. Ahr et al., Opt. Lett. 42, 2118 (2017). 
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§  Poling period of 125µm – 1200µm feasible 
§  clear aperture of 10x15 mm2,  40 mm long 
§  clear aperture of 4x4 mm2, 40 mm long 

Thanks to Professor Taira, IMS Japan 

∼ 1 J  ∼ 100 mJ  

Quasi – phase matching for multi-cycle terahertz generation 

PPMg:LN  



1	Joule,	1	kHz	Cryogenic	Yb:YAG	Laser	

•  The	CTD	produced	100	mJ	at	250		Hz	
ü ASE	rejec*ng	geometry	enables	high	gain	

•  Beam	quality	at	power	
ü 160	mJ@100	Hz	

•  1-Joule,	1	kHz	in	procurement	

Design	by	Luis	Zapata	and	MaShias	Schust	
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§  FELs are combined accelerator and laser facilities with 
unique challenges to Ultrafast Optics 

 
 

3.5 km 

Injector 
laser	Probe laser	

§  Towards a laser driven compact coherent FEL source 

•  Modulated electron beams source 
•  THz generation & accelerators 
•  Joule class picosecond lasers 

Sub-fs link 

•  Precision timing 
•  High energy and power ultrafast sources 
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Programme Information 

Max Planck Research Award 

International Research Award 
of the Alexander von Humboldt Foundation and the Max Planck Society  

Deadline for nominations: 31 January 2014 
 

 
The Alexander von Humboldt Foundation and the Max Planck Society jointly confer the             
Max Planck Research Award, which is funded by the German Federal Ministry of Education and 
Research, on exceptionally qualified foreign and German scientists who have already achieved 
international recognition and are expected to continue to produce outstanding academic results in 
international collaborations – not least with the assistance of this award. 
 
The call for nominations rotates on an annual basis between partial fields within the natural and 
engineering sciences, the life sciences and the humanities. The Max Planck Society and the 
Alexander von Humboldt Foundation choose partial fields in order to give additional impetus to 
disciplines which have not yet established themselves in Germany or which should be developed 
further. 
 
The 2014 Max Planck Research Award will be awarded in the field of natural and engineering 
sciences  with the subject 

Quantum Nano Science. 
 

 
113 years after the foundation of quantum theory by Max Planck, researchers succeed in 
controlling materials with ever higher precision to realize exotic quantum states. Thus nano 
structured materials and devices arise, that by exploiting the most bizarre features of quantum 
mechanics – take discretisation, superposition, entanglement and many body systems as 
examples - are designed for special purposes. Such phenomena form the focus of the relatively 
young experimental field of Quantum Nano Science that has emerged at the interfaces of nano 
science, quantum optics, photonics, materials technology and quantum information. 
 
 

Sechs neue Forschergruppen, eine neue Kolleg-Forschergruppe

Themen von Mythen-Forschung über Neurodegeneration bis zu Mehr-Teilchen-Systemen

(01.10.15) Die DFG richtet sechs neue Forschergruppen und eine neue Kolleg-Forschergruppe
ein. Dies beschloss der Senat der DFG jetzt in seiner Herbstsitzung. Die neuen Einrichtungen
erhalten in ihrer ersten Förderperiode insgesamt 16 Millionen Euro. Im Ganzen fördert die DFG
damit aktuell 175 Forschergruppen sowie 15 Kolleg-Forschergruppen.

Pressemitteilung
http://www.dfg.de/../../../service/presse/pressemitteilungen/2015/pressemitteilung_nr_50/index.html

Mehr zu Forschergruppen und Kolleg-Forschergruppen
http://www.dfg.de/../../../foerderung/programme/koordinierte_programme/forschergruppen/index.html

Akademien und DFG fordern verantwortlichen Umgang mit den neuen
Methoden des „Genome Editing“

(29.09.15) Neue molekularbiologische Methoden, die gezielte Eingriffe in das Erbgut erlauben,
eröffnen vielversprechende Möglichkeiten in Forschung und Anwendung. Gleichzeitig machen
die unter dem Begriff des „Genome Editing“ zusammengefassten Methoden einen
gesamtgesellschaftlichen Dialog über Chancen und Grenzen ihrer Anwendung notwendig.
Darauf weisen die Nationale Akademie der Wissenschaften Leopoldina, acatech ─ Deutsche
Akademie der Technikwissenschaften, und die Union der deutschen Akademien der
Wissenschaften sowie die DFG in einer gemeinsamen Stellungnahme hin.

Pressemitteilung
http://www.dfg.de/../../../service/presse/pressemitteilungen/2015/pressemitteilung_nr_49/index.html

Zur Stellungnahme (pdf | 637 KB)
http://www.dfg.de/../../../download/pdf/dfg_im_profil/reden_stellungnahmen
/2015/stellungnahme_genome_editing_2015.pdf

Der Blick in die Erde und auf die Sonne – Bernd Rendel-Preis 2015 zeichnet
frühe Erfolge in den Geowissenschaften aus

Eleanor Berryman und Benedikt Soja erhalten Auszeichnung im Rahmen der Jahrestagung der
Deutschen Geologischen Gesellschaft am 6. Oktober 2015 in Berlin

(25.09.15) Vielversprechende geowissenschaftliche Forschung mit internationalem Potenzial,
das zeichnet der Bernd Rendel-Preis der DFG aus. Geradezu prototypisch stehen dafür die Britin
Eleanor Berryman und der Österreicher Benedikt Soja, die den Preis für noch nicht promovierte
Wissenschaftlerinnen und Wissenschaftler 2015 erhalten. Die Jahrestagung der Deutschen
Geologischen Gesellschaft in Berlin gibt zudem den passenden Rahmen für die Preisverleihung
am 6. Oktober.

DFG - Deutsche Forschungsgemeinschaft http://www.dfg.de/
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