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A2osecond	  diffrac.on	  and	  spectroscopy	  of	  biomolecules	  

Undisturbed electronic structure  Damage-free structure 

All	  laser	  driven,	  a2osecond	  synchroniza.on	  simpler	  

Only	  pico-‐second	  lasers	  at	  1J-‐level	  necessary	  -‐>	  kHz	  opera.on	  
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!	  All	  op.cal	  fully	  coherent	  X-‐ray	  source,	  imaging	  and	  spectroscopy	  
	  	  	  	  	  also	  seeding	  of	  large	  scale	  FELs	  	  



The	  S-‐state	  cycle	  of	  water	  spliJng	  
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S0 

S2 

S4 

 4H++ 4e- +O2 2 H2O 

4 electrons & 4 protons extracted from the manganese cluster in 4 light flashes 
These coincide with a change of the oxidation states the manganese cluster  
Elucidate electronic and atomic structure to understand the mechanism 

S1 

S3 
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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 
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Outline 

§  Why THz acceleration? 

§  Laser driven THz Sources based on 
optical rectification 

§  Accelerating Structures 

§  First results 

§  Conclusions 



THz Acceleration 
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•   Increasing operational frequency:  
 
       higher breakdown fields: 
 
[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. Tantawi and V. Dolgashev, private Communication. 

 
•  reduced pulse energy to achieve same electric field in the cavity: 
    
      stored energy: 
 
      reduced pulsed heating:    
 
      à high repetition rate operation becomes possible! 
•    High-gradient accelerators: reduced size, short bunches and improved 

    electron beam quality! 

Es =
f 1/2

τ 1/4

EP~λ
-3

ΔT ∝ EP
ASURFACE

∝
VCAVITY
ASURFACE

∝ R∝λ



Indications for Scaling 

Peralta, E. A., et al., Nature 503.7474 (2013): 91-94. 
Thompson, M. C., et al., Phys. Rev. 
Lett. 100.21 (2008): 214801. 

Laser-Driven Acceleration 
Demonstrated 190 MV/m   

Dielectric Wakefield Acceleration 
Demonstrated 5.5 GV/m  
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X-rays are produced from accelerated electrons 

10 cm! 10 GeV!
1 km!

Traditional RF accelerator Magnetic undulator 
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X-rays 
Terahertz cylindrical waveguide 

100 μm!
20 cm!

10 MeV! Optical Undulator 
FEL regime:  

X-rays 

EX ∝Ne
2



Interesting THz range 

§  1-10 pC Charge  

§  0.1 – 1 THz range seems to be  
optimum ( 0.3 THz  ~ 1 mm) 
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Wavelength Scaling 

FLASH gun: 1.3 GHz, 100 J 
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Potential 300 GHz gun 

2 mJ, THz Energy 



op|E (ω)|

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

•  THz bandwidth  proportional to optical pulse bandwidth 
 
 

!
k (ω +Ω)−

!
k (ω) =

!
k (Ω)

THZ|E (Ω)|

DFG 

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

•  Most efficient method : ~ 1 % energy conversion efficiency3,  
           ~ mJ THz pulse energy4,5 

•   Must satisfy phase-matching condition 
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Laser driven THz Sources via optical rectification 

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

cascading 



J. A. Fülöp, L. Pálfalvi, S. Klingebiel, G. Almási, F. Krausz, S. Karsch,  
and J. Hebling, "Generation of sub-mJ terahertz pulses by optical 
 rectification," Opt. Lett. 37, 557-559 (2012)  
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THz	  

f	  

γ	  

Image	  of	  the	  
gra.ng	  

Laser driven THz Sources based on optical 
rectification 

J. Hebling et al, Opt. Express 21(10), 1161-1166 (2002).  
 !

k (ω)

!
k (ω +Ω)

!
k (Ω)
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2	  mJ,	  680	  fs	  @	  
1030	  nm	  

Experimental Setup 
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Cascading Effects in Optical Rectification 
Transmi2ed	  IR	  spectrum	  

Pump	  

Transmi2ed	  
Pump	  

THz	  

20	  nm	  

(6	  THz)	  

Up	  to	  13	  cascaded	  orders	  
at	  room	  temperature	  

Manley-‐Rowe	  limit	  efficiency	  =	  0.16%	  	  

Average	  photon	  cascades	  7	  .mes	  

Es.mated	  efficiency	  from	  spectrum	  =	  1.12%	  
Spectrum	  analyzer	  

S.-H. Huang, et al.  Opt. Lett. 38, 796 (2013) 



Spatio-temporal characterization 

0.0 0.5 1.0 1.5 2.0 
0.0 

0.5 

1.0 

In
te

ns
ity

 [a
.u

.] 

Frequency [THz] 

Center = 0.45 THz 
FWHM = 0.4 THz 

1 2 3 4 5 6 7 

1 
2 
3 
4 
5 

Distance [mm] 

D
is

ta
nc

e 
[m

m
] 

1 2 3 4 5 6 7 

1 
2 
3 
4 
5 

Distance [mm] 

D
is

ta
nc

e 
[m

m
] 

6 mm from crystal surface 

Focus of off-axis parabola 

-0.5 

0.0 

0.5 

1.0 
El

ec
tr

ic
 fi

el
d 

[a
.u

.] 

-4 -2 0 2 4 6 
Time [ps] 

Period ~2.2 
ps 

17 



Impact of Cascading : 1-D model 
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Experiment [9]
Theory

(a)

(b)

(c )

η=0%

η
max/2

η
max

Theory = 0.8%
Experiment[9]=1.15%

•  Cascading + GVD due to angular dispersion -> Strongest 
limitation 

•  SPM not important 
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0
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η
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)

(a) τ
FWHM=500fs

(i)	  GVD-‐AD
(undepleted

pump
approx.)	  

(ii)	  S PM,
GVD-‐AD

(iv)C as cading
E ffec ts ,GVD-‐AD

(V)Cascading Effects, 
GVD-AD,SPM

(iii)C as cading
E ffec ts

K. Ravi et al, Optics Express, 22(17),  
20239-20251 (2014)  

Fpump= 20 mJ/cm2 

Ipeak=  50 GW/cm2 
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(a) SPM, GVD-AD, material dispersion, absorption 

(b) Cascading Effects, GVD-AD, material dispersion, absorption 

(iii). 

χeff
(2) 

=360pm/V 

Optical 
Fluence 

THz 
Fluence 

(ii). 
(i). 

χeff
(2)=0 

(iii). 

χeff
(2) 

=360pm/V 

Optical 
Fluence 

THz 
Fluence 

(ii). 
(i). 

χeff
(2)=0 

Confirmation with 2-D model 
 
•  Without back action due 

to cascading  
-  long interaction, 
- higher efficiency 

•  With back action due to 
cascading,  
- shorter interaction  
- lower efficiency. 

•  OR using TPF in LN 
   max. conv. ~ 1% for  
   single-cycle pulses 

  

 
 
 
 
 
 

100K 
 
 
 
 
 
 

K.Ravi et al, Optics Express, 22(17), 20239-20251 (2014)  19 

100K 

2.27% 

0.85% 



QPM structures for efficient 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) 

IR 

IR 

ETHz 

PPLN  
(also PPLT) 

Λ: domain period 

•  µJ-level energies 
! 10-5 conversion     
            efficiencies 

Scalability: sofar only 
1 cm x 0.3 cm commercially 
available. 

•  mJ  - level energies 
! 10-3 conversion     
            efficiencies 

559 GHz 
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STATE-OF-THE-ART Yb:YAG PS TECHNOLOGY 

Cryogenic technology can scale energy and repetition rate  
simultaneously & simplify laser architecture 
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High	  energy	  and	  power	  laser	  development	  

100 mJ, 200 Hz, Cryogenic Yb:YAG Composite

Thin-Disk Laser Amplifier

F. Reichert1, M. Hemmer1, A.-L. Calendron1,2, H. Cankaya1,2, K. Zapata1, M. Smrž1,3,
L. E. Zapata1,4, and F. X. Kärtner1,2,4

1. Center for Free-Electron Laser Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany
2. The Hamburg Centre for Ultrafast Imaging, Luruper Chaussee 149, 22761 Hamburg, Germany

3. Hilase Center, Institute of Physics AS CR, Za radnici 828, 252 41 Dolni Brezany, Czech Republic
4. Department of Electrical Engineering and Computer Science and Research Laboratory of Electronics, Massachusetts

Institute of Technology (MIT), Cambridge, Massachusetts 02139, USA

High energy pulsed, high average power laser systems producing diffraction limited beams are essential
for various applications, such as pump sources for optical parametric chirped pulse amplifiers, in the
construction of laser driven X-rays sources and materials processing to name only a few. To achieve
Joule level output energies, cryogenically cooled solid state amplifiers based on Yb-doped gain media
have shown great potential due to the superior thermo-optic properties of the gain material [1].

Our approach employs cryogenic composite thin-disks (CTD) [2], which increases the energy storage
limits compared to traditional thin-disks [3]. The CTD in this work consists of a 1 mm thick Yb:YAG
disk diffusion bonded to a parabolic, 4 mm thick cap of undoped YAG (inset Fig. 1a). The shape of the
CTD facilitates the efficient ejection of spontaneous emission from the gain medium. Liquid nitrogen
cooling of the CTD improves the thermal conductivity, expansion coefficient, and thermal-lens as well as
the cross sections for absorption and emission.

The CTD is implemented in a multipass amplifier (cf. Fig. 1a) using strict image relaying to ensure a
high beam quality. The input to the amplifier consisted of stretched seed pulses ∼ 2.1 ns in duration with
an energy of 1 mJ picked at 200 Hz from a home-built 1 kHz Yb:KYW front-end. The seed beam is put
through a TFP and then injected into a telescope off-axis. It passes the telescope, is reflected at the CTD
and passes the telescope a second time after which a mirror switch yard displaces the beam and reflects
it back. In this way the beam completes a total of three bounces off the CTD and then passes a quarter

Mirror
Switch Yard

Angled
Kaleidoscope

CTD

Vacuum Telescope

QWP BR TFP

CTD 5 mm

Spatial Filter

Figure 1: (a) Setup of the 12-pass amplifier. (b) Output characteristics and far field profile (dashed ring indicates
1/e 2 of a diffraction limited beam).

wave plate (QWP) in front of the telescope and is back reflected by a mirror (BR) for an additional three
bounces. This leads to a total of 12 passes through the active region after which the beam is ejected off
the TFP. The pump power was delivered by a fiber coupled laser diode module with a maximum output
power of 2.2 kW at 937 nm operated at 5% duty cycle.

In this configuration it was possible to extract from a single gain element pulses with an energy of
106 mJ at a repetition rate of 200 Hz and a peak pump power of 2 kW. The optical-to-optical efficiency was
20% (cf. Fig. 1b) and the gain ∼ 100. During amplification the pulse duration was reduced from 2.1 ns to
700 ps. Thermally induced effects were not observed and the beam retained an excellent far-field profile
near the diffraction limit (cf. inset Fig. 1b). Future experiments will deal with scaling the repetition rate
to the kHz regime and the output energy to the 1-Joule level.

[1] B. A. Reagan, C. Baumgarten, K. Wernsing, H. Bravo, M. Woolston, A. Curtis, F. J. Furch, B. Luther, D. Patel, C.
Menoni, and J. J. Rocca, ”1 Joule, 100 Hz Repetition Rate, Picosecond CPA Laser for Driving High Average Power Soft
X-Ray Lasers,” in CLEO: 2014 (OSA, 2014), p. SM1F.4.
[2] L. E. Zapata, ”Cryogenic Composite Disk Laser for Peak and Average Power Scaling,” in CLEO: 2014 (OSA, 2014), p.
SM1F.1.
[3] A. Giesen and J. Speiser, ”Fifteen Years of Work on Thin-Disk Lasers: Results and Scaling Laws,” IEEE J. of Selected
Topics in Quantum Electronics, 13 (3), 598-609 (2007).
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Our approach employs cryogenic composite thin-disks (CTD) [2], which increases the energy storage
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In this configuration it was possible to extract from a single gain element pulses with an energy of
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Gain > 8 dB single pass; 
Ø  160 mJ, 100 Hz, 
Ø  from 4 mm aperture 
 
> 1 J, 1 kHz  
from 1.5 cm aperture	

1 m 
250 Hz	

Cryo-Yb:YLF: enables sub-ps pulses 



Photo cathode front-end: optical synthesizer  

Yb:KYW 
regen. amp. 

CEP 
Seed DOPA 1 DOPA 2 

SHG 

NOPA 1 NOPA 2 

22 µJ 
τTL = 9 fs 

24 µJ 
τTL = 18 fs 

NOPA 2 Parameters: 
•  Ep= 200 µJ 
•  Es= 22 µJ 
•  Ip= 65 GW /cm2 

•  λs= 700-990 nm 

DOPA 2 Parameters: 
•  Ep= 470 µJ 
•  Es= 24 µJ 
•  Ip=  69 GW /cm2 

•  λs= 1800-2500 nm 

Calculated synthesized pulse shape 
Flat phase 
EDOPA/ENOPA=2.5 
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Pump 
Laser 



Dielectrically Loaded Circular Waveguide 

§  Traveling wave structure is best for coupling broad-band 
single cycle pulse  

§  Phase-velocity matched to electron velocity with thickness of 
dielectric 

Dispersion Relation 

w/ dielectric 

w/o dielectric 

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

~1-5 cm 

L.J. Wong et al., Opt. Exp. 21, 9792 (2013). 24	




Electron Acceleration using THz Waveguides 
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Electron Acceleration using THz Waveguides 
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Electron Acceleration using THz Waveguides 

Space Charge Limit 
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16 pC is easily possible 
16 pC x 10 MeV = 160 µJ,  
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Simultaneous acceleration and compression 
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THz Acceleration Experiments 
with µJ – single-cycle THz pulses 
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THz Pulse Properties 

§  Single cycle THz pulse (~2 ps) centered at 0.45 THz 
§  10 µJ pulse measured ~1 m from source 

Electric Field from EO Sampling Transverse Intensity Profile 
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THz Acceleration Chamber 

60 kV 
UV delay 

THz Generation  

THz Input for Accelerator 

UV Generation  

UV Input   
for Photocathode  
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60 keV DC Gun from Dwayne Miller Group 



DC Ceramic 

UV Input 

Focusing Solenoid 

THz Input 
MCP 

Zoom Next Slide 

DC Gun and THz LINAC 

Steering Dipole 
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DC Gun and THz LINAC 
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THz Input 

THz LINAC 

60 kV DC Bias 

Electron Beam Tunnel 

100 µm Pinhole 
Aperture 

UV Input 

Focusing Solenoid 

10 mm 



Dielectrically Loaded Horn 

§  Coupling of THz into waveguides with dielectrically loaded 
structure that is simple to fabricate 

Coupling into TM01 - HFSS  Dielectrically Loaded Horn 
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Transmission Measurements 

THz 

IR 

Collimating Lens 

Segmented Waveplate Dielectric Loaded 
Waveguide 

sLN Joule Meter 

Ein = 2 µJ 
Emax = 9.7 MeV/m 
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Electro-Optic (EO) Sampling 

§  THz waveguide is highly dispersive over a large bandwidth 
§  Dispersion in waveguides measured with EO sampling 

Waveguide Parameters 
L = 4 cm 

rw = 474 µm  
Electric Field Frequency Spectrum 
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THz Acceleration Modeling 

§  Time domain acceleration of a single particle 
§  Small change in field has big impact due to low particle 

energy  

2 µJ THz  
10 MeV/m, 13 kV Acceleration 

0.5 µJ THz  
5 MeV/m, 2.5 kV Acceleration 
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Electron Beam Parameters 

V = 50 kV 
Q = 25 fC 
Rep Rate = 1 kHz 
CCD Exposure = 2 s 

§  Electron beam imaged on a microchannel plate (MCP) 
detector 

§  Solenoid is optimized to focus electron bunch at MCP 
§  PARMELA is used to simulate from photo-emission to 

detection UV Laser = 0.7 µJ, 250 nm, 350 fs 
Electron Bunch Image 

Simulated 
Measured 

Charge Profile 
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Energy Spectrometer 

§  A magnetic dipole is used to steer the electron beam in an 
energy dependent manner 

§  Resolution limit set by drift distance and pixel size 

rg=γmv/eB 

e-beam 

e-beam 

B 

MCP 
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Terahertz-driven Linear Electron Acceleration!

39 

THz Off THz On 

•  Signal integrated over 3 seconds with 1 kHz repetition rate 
•  Measured energy spectrum for 59 keV start energy 
•  Modeled on-axis gradient of 4.9 MeV/m 
•  Electron bunch σz = 45 µm 



Terahertz-driven Linear Electron Acceleration!
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THz Off THz On 



Future Work 
§  Extending THz acceleration to GeV/m and relativistic 

energies  
§  Improvements to IR laser pulse energy (1 J) with cryo-YAG or cryo-

YLF multi-pass amplifiers 
§  High energy accelerator development underway using single and 

multi-cycle pulses 
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L. J. Wong, et al., Optics Express 21.8 (2013): 9792-9806. 

Modeling THz Acceleration 
10 cycle, 20 mJ pulse, 0.74GeV/m 

Demonstrated cryo-YAG amplifier   
160 mJ IR pulse, uncompressed  

ΔE = 9 MeV 
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THANK YOU FOR YOUR 
ATTENTION 
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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. 
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Modeled Acceleration vs UV Delay 
§  Due to propagation in waveguide THz pulse suffers from 

dispersion 
§  Acceleration very sensitive to input spectrum 

Eon-axis = 2.5 MeV/m  
Peak at Input 
Ebeam = 55 keV 

44	




Radial Polarizer w/ Cryo Pulse 

EO sampling should be insensitive to radial polarization at 450 GHz 
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Energy Spectrum vs. Voltage 

§  Tuning voltage with THz On 
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Key Laser Parameters 

§  IP beam waist is 3 microns 
§  Green pulse length is 2 ps 
§  Target conversion efficiency – 50% 
§  IR pulse energy 100 mJ 
§  Desired repetition rate for cavity is 5 ns or LTot ~ 1.5 m 
§  Damage threshold – 0.28 J/cm2  for 2 ps pulse 
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Detailed Parameters 
Cavity Length (m)	   1.50	  

Focal Length (cm) - f1	   34.50	  

Focal Length (cm) -f2	   3.00	  

Green	   w0 (microns)	   3	  

Green	   w1 on Lens (mm)	   18.85	  

Green	   w1 on Mirror (mm)	   3.28	  

Green	   Peak Surface Intensity (GW/cm^2)	   73.9678	  

Green	   Peak Surface Field (GV/m)	   0.53	  

Green	   Energy (mJ)	   50	  

Green 	   Pulse width (ps)	   2	  

Red	   w1 (mm)	   26.66	  

Red	   Peak Surface Intensity (GW/cm^2)	   26.15	  

Red	   Peak Surface Field (GV/m)	   0.44	  

Red	   Energy (mJ)	   100	  

Red	   Pulse width (ps)	   2.83	  

SiO2	   Lens Thickness (mm)	   2.8	  

SHG - LBO	   Total Thickness (mm)	   3.15	  

Surface Safety Factor	   1.91	  

B-integral (SHG)	   2.37	  

B-integral (Total)	   5.29	  

Number of Passes 100	  

Loss 1%	  
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THz Generation 
§  THz generation via optical rectification of IR pulses 
§  Optical rectification: intra-pulse difference frequency 

generation 
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§  Yb:KYW regenerative amplifier 
§   1 µm, 1.2 mJ, 700 fs, 1 kHz  

§  ~1% THz conversion efficiency with pulse front tilting and 
cryogenic cooling 

THz Generation Setup 

50	
Huang, Shu-Wei, et al., Optics letters 38.5 (2013): 796-798. 



THz Generation Setup 

Regenerative Amplifier 

Fiber Oscillator 

Compressor 

Cryogenic Chamber 

THz Output Window 

IR Input Window 
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Energy Gain vs Voltage 
§  Energy gain depends on initial electron energy 
§  Increase in energy decreases phase slippage 
§  Single particle model with 5 MeV/m gradient 

7 keV Energy Gain 
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THz Generation Efficiency 

§  Conversion efficiency of 1.7% in room temperature sLN 
§  Cascaded IR pulse is associated with high conversion 

efficiency 
Transmitted IR spectrum of room-temp cLN 

Huang, Shu-Wei, et al., Optics letters 38.5 (2013): 796-798. 53	




Coherent emission from LCLS (2009) 

Tabletop X-ray Laser? 

X-ray Lasers 

European XFEL (2017) 

•  X-ray FELs provide new opportunities for scientists 

•  Will accessibility remain in issue? 



State-of-the-Art 

Why are X-ray Sources so Big? 

22
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•  Size is driven undulator period and need for high 
energy  

3 cmuλ =1 nmxλ = 2 GeVE ≈

Static Undulator RF Accelerator 

LCLS XFEL SC 1.3 GHz 

Research Instruments GmbH 



§  High Gradient Accelerators 
§      50 MeV/m 

§  Electromagnetic Undulator 

§  Microbunching of     
Electron Beam 

Compact X-ray Source Technologies 
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Graves, W. S., et al.  Phys. Rev. Lett. 108.26 (2012): 263904. 

Focus of Seminar 



X-Ray FELs operating and under construction 
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FERMI 2010 

European XFEL 2017 

FLASH 2005 

LCLS 2009 



THz streaking of FEL - pulses 

58	
Schulz et al. Nat. Communications    (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
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Cross
correlator

Laser
amplifier
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Ne gas jet

Photoelectron
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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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THz Acceleration 

59	
L.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 

Dielecrically 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 



§  Single cycle THz pulse (~2 ps) centered at 0.45 THz 
§  J. Hebling et al. Opt. Express 21(10), 1161-1166 (2002).  
§  1mJ à 10 µJ pulse measured ~1 m from source (1 - 2 %) 

Electric Field from EO Sampling Transverse Intensity Profile 

Efficient THz Generation 

S.-W. Huang et al., Opt. Lett. 38:(5),  796-798 (2013). 
S. Carbajo, CLEO US (2015).  60	
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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

45 50 55 60 65 70 75
Energy (keV)

(a)

45 50 55 60 65 70
0

0.2

0.4

0.6

0.8

1

Energy (keV)

C
ou

nt
s 

(A
rb

.)

(b)

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). 61	
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THz driven FEL like source 
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High energy cryogenic lasers 

20 mJ, inband 0.5 mJ 
inband 

160 mJ, 5 ps, 100 Hz 

Goal CTD-amp.: > 1J, 1 kW  

F. Reichert, et al. CLEO-EU (2015); CA-10.2 THU 64 
L. Zapata, et al. Opt. Lett. 40, 2610 (2015).   	
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Fig. 1. (Left) Scheme of the >2-octave-wide multi-mJ parametric waveform synthesizer. BS, beam splitter; SHG, second-harmonic generation; WLG, white-
light generation; DBS, dichroic beam splitter; NOPA, non-collinear OPA; DOPA, degenerate OPA; DCMs, double-chirped mirrors; BOC, balanced optical
cross-correlator. (Right) Photo of the experiment, the BOC setup can be seen in the front.

Section II we present our ongoing development of a novel
multi-mJ 3-channel parametric waveform synthesizer (shown
in Fig. 1) for generating a >2-octave-wide spectrum with
∼1.9-fs transform-limited (TL) duration. In Section III, we
present our recent progress toward a waveform synthesizer
based on a two-color-driven gas-filled hollow-core fiber com-
pressor (shown in Fig. 13), which is expected to be compress-
ible close to the 0.9-fs FWHM TL.

II. 3-CHANNEL PARAMETRIC WAVEFORM SYNTHESIZER

Starting point of the synthesizer [59]–[61] shown in Fig. 1
is a cryogenically cooled Ti:sapphire chirped-pulse amplifier
(140 fs, 18 mJ, 0.8 µm, 1 kHz). We generate a CEP-stable
supercontinuum (0.5-2.5 µm) shown in Fig. 2 by white-light
generation in a 3-mm-thick YAG crystal pumped by the second
harmonic (1.06 µm) of the self-CEP-stabilized idler [62] of
a NIR OPA. The continuum is split with custom-designed
dichroic beam splitters (which will also be used for the final
beam recombination, see Subsection II-A) and seeds three
OPA channels, a VIS non-collinear OPA (NOPA), a NIR and
an IR degenerate OPA (DOPA) channel, pumped by the pulses
at 0.8 µm (IR DOPA) and its second harmonic at 0.4 µm (VIS
NOPA, NIR DOPA). All OPAs employ type-I BBO crystals
(the phase-matching angle θ is 31◦, 29◦, and 20◦ for the
VIS NOPA, NIR DOPA and IR DOPA, respectively). After
parametric amplification, the three OPA channel outputs can
individually be recompressed using custom-tailored double-
chirped mirrors (DCMs), as discussed in Subsection II-A.
Finally, in order to synthesize a coherent ultrashort waveform
from these OPA channels, the relative timing of the pulses
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Fig. 2. Passively CEP-stabilized white-light seed continuum generated in a
3-mm-thick YAG crystal pumped by the second harmonic (1.06 µm) of the
CEP-stable idler [62] of the NIR OPA shown in Fig. 1.

will be tightly locked using feedback loops with balanced
optical cross-correlators (BOCs), that can achieve sub-cycle
synchronization with <30-as rms timing jitter [55]–[57].

Figures 3 and 4(a) show the measured output spectra from
the first and second amplification stages operating in parallel,
respectively. After the second stage, the VIS NOPA and NIR
DOPA continuously cover the region from 520 nm to 960 nm,
the IR DOPA spectrum extends from 1130 nm to 2290 nm.
The TL pulse duration from the synthesis of these three spectra
(assuming 1:1.3:1 intensity weighting and all CEPs to be 0)
is 1.9 fs FWHM, corresponding to 0.7 optical cycles at 785
nm center wavelength, as shown in Fig. 4(b).

Afterwards, the energy can be scaled to the multi-mJ level
in the third amplification stages (see Fig. 5). First, the energy
of the IR DOPA is increased to 1.7 mJ in a third IR DOPA
stage employing a 4-mm-thick BBO crystal pumped by 7.7 mJ
pulses, i.e., we achieve a pump-signal conversion efficiency
of 22%. Although a strong energy imbalance between the
channels is obviously suboptimum for waveform synthesis,
we intentionally targeted a predominantly high energy of this
IR DOPA channel, aiming to use it later for long-wavelength
HHG into the water-window region and potentially even
beyond [52], [53]. Second, depending on the requirements of
the attosecond experiment, that we want to perform in the
future, we can split the remaining pump pulses for scaling
the energy in VIS NOPA and NIR DOPA. Using 2-mm-thick
BBOs, we so far have obtained the VIS NOPA3 and NIR
DOPA3 spectra and energies shown in Fig. 5.

The feasibility of performing a coherent pulse synthesis
from the different channels was confirmed by the observation
of interference fringes in the region of spectral overlap, as
shown in Fig. 6 for the VIS NOPA1 and NIR DOPA1.

500 1000 1500 2000

0.0

0.5

1.0

in
te

n
si

ty

wavelength (nm)
600 800700

2.5 2.0 1.5 1.0 0.5

VIS NOPA

1 µJ

(a)

IR DOPA

2.5 µJ

NIR DOPA

1 µJ

photon energy (eV)

Fig. 3. Output spectra and energies from the first OPA stages.
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Yb:KYW 
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τTL = 18 fs 

NOPA 2 Parameters: 
•  Ep= 200 µJ 
•  Es= 22 µJ 
•  Ip= 65 GW /cm2 

•  λs= 700-990 nm 

DOPA 2 Parameters: 
•  Ep= 470 µJ 
•  Es= 24 µJ 
•  Ip=  69 GW /cm2 

•  λs= 1800-2500 nm 
Calculated synthesized pulse shape 

Flat phase 
EDOPA/ENOPA=2.5 

A-L Calendron, et al., CLEO/EU (2015) CF-9.1 THU  
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§  FELs are combined accelerator and laser facilities with 
unique challenges to Ultrafast Optics 

 
 

3.5 km 

Injector 
laser	Probe laser	

§  Laser driven compact coherent FEL source is possible 

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

Sub-fs link 

•  Precision timing 
•  High energy and power ultrafast sources 
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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. 
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AXSIS - Source Characteristics 

Parameter C-ICS  
4 keV 

C-ICS  
12.4 keV 

X-ray FEL 
9.6 keV 

Units 

Bunch charge 3 3 150 pC 
e-beam 
energy 

20 35 10,000 MeV 

Photon 
number 

109 109 2.1012 
 

Photons 

Pulse length 23 7.5 100,000 
(5,000) 

as 

Peak 
brightness 

6 180 2 1022 ph / (s 2% 
bw mm2 mrad2) 
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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 



•  High-gradient accelerators are attractive due to reduced 
size and improved electron beam quality 

•  Increasing operational frequency reduces complications 
from pulsed heating, breakdown and average power load 

•  Commercial IR laser can generate a 20 MW THz pulse 

•  Proof of concept: accelerate 60 keV electrons with THz 
pulse 

Motivation for THz Acceleration 

THz LINAC 



76	


C7 

CTD1 

DRAMATIC	  INCREASE	  IN	  

GAIN-‐HOLD	  REALIZED	  
	  

Composite disk 
 with fashioned edges 

Standard disk 

ASE-control and gain hold-off 


