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wavelength on the order of Angstrøm                                         
investigation of atomic-sized objects

fs pulses                                             
fs: time scale of chemical reactions        
as: time scale of electron motion in 

ultrahigh brilliance (HEP rings)

(Synchrotron Rings)

(Synchrotron 
Rings with 

Undulators)

Why XWhy X--Ray FELs ?Ray FELs ?



picture:
Soleil, 
France

Third generation undulator sourceThird generation undulator source



undulator period: λu

magnetic field [on axis]: B
deflection parameter:
electron energy:  

FEL Theory I

ultrarelativistic
electron beam



period

FEL theory IIFEL theory II

phase slippage



SASE:
Stimulated Amplification

of 
Spontaneous Emission

electron trajectory

electron 
accelerator



Microbunching

electron
energy



QuickTime™ and a
Animation decompressor

are needed to see this picture.

Microbunching

courtesy: S. Reiche



incoherent
emission:

coherent
emission:

electron trajectory

electron 
accelerator

λ

it’ all about coherence !



FEL: power gainFEL: power gain

startup from 
noise

exponential
amplification:

stronger light field increases 
micobunching

stronger microbunching 
increases emission

saturation



KeyKey--ingredients for a ingredients for a tabletable--toptop FELFEL

picture:
picture:

FLASH, DESY

FLASH, DESY
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MPQ, Bavaria

15 mm long
up to 0.8 GeV electrons

Accelerating fields are up to 1 TV/m

SLAC, California

2 km long
14.3 GeV electrons

Accelerating fields are 20 MV/m



• laser ionized atoms as it moves 
through the gas

laser
power: ~ TW to PW 
energy: ~ J
pulse length: ~ 5-50 fs

gas jet or
capillary:
plasma

LaserLaser--wakefield electron acceleration wakefield electron acceleration 

• laser excites a plasma wave: 
wakefield

•for high enough laser energy: 
wave breaks & electrons are 

injected into wakefield

Particle-in-

Simulation

Bubble”
Vehn, 

Pukhov
Appl Phys B,

74, 355 (2002)



ParticleParticle--inin--Cell simulation of LWFACell simulation of LWFA

PIC-Simulation by Michael Geissler, MPQ / Queen’s University of Belfast



ParticleParticle--inin--Cell simulation of LWFACell simulation of LWFA

QuickTime™ and a
GIF decompressor

are needed to see this picture.

PIC-Simulation by Michael Geissler, MPQ / Queen’s University of Belfast



Laser-wakefield acceleration scalings (1D)

accelerating electric fields:
= 1018 cm-3 =>  Emax = 100 GV/m

dephasing length: 

max. electron 
energy

electron bunch 
duration

point of
injection

maximum
energy

fraction of plasma wavelength:
= 15 µm (50 fs)



Duration of the accelerated bunchDuration of the accelerated bunch

laser 
pulse

typical length scale = plasma 
wavelength (here 8 µm)

~ e bunch length: 3 µm = 10 fs!!
~ nC charge ~ 100 kA

bubble



ATLAS
1 J

35 fs

Experimental setup: LWFAExperimental setup: LWFA



Gas capillaryGas capillary

ATLAS



Measured Electron SpectraMeasured Electron Spectra

Electron
energy
[MeV]



Measured Electron SpectraMeasured Electron Spectra

J. Osterhoff, et al., PRL 101, 085002 (2008)



Electron Spectra: LineoutsElectron Spectra: Lineouts
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simplest estimate: ideal 1D FEL 
theory (no energy spread,                                    
emittance, diffraction, time-

dependence)

e-folding length:

Pierce parameter:

undulator length:

startup from 
noise

exponential
amplification

saturation

#



DESY FLASH (fs mode)

MPQ test case

simulation

FLASH 
(fs)

TT-
FEL

radiation 
wavelength

30 nm 32 nm

undulator period 27.3 mm 5 mm

electron beam 
energy

461.5 
MeV

150 MeV

beam size 170 µm 30 

current 1.3 kA 50 kA

Pierce parameter ρ 0.002 0.01

energy spread 0.04% 0.5%

pulse length 55 fs 4 fs

saturation length 19 m 0.8 m

: Alfven 
current 
(17kA)



Single Molecule Imaging

protein
structure

usage of sub-10fs FEL pulses
FEL: ultrahigh brilliance
3x1012, 12 keV photons

Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. Hajdu, J. (2000) Nature 406, 752-757

diffraction 
pattern



• medical applications require photons above 20 keV
• smaller FELs (Undulator 20m) could fit into hospitals
• co-operation with ESRF on phase-contrast imaging study:

2

conventional X-ray 
absorption same w/ phase-contrast imaging

less dose

better 
resolution

phase shifts much stronger than absorption: 

refractive index:  n = 1- δ - iβ

refraction ~ Eph
-2

absorption ~ 
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undulator period: λu

magnetic field [on axis]: B
deflection parameter:
electron energy:  

Undulator Radiation Theory I



Theory: Undulator Radiation



L = 30 cm

λu = 5mm

K = 0.55
gap = 
1.2mm

field gradient: 500 T/m
aperture 6 mm5mm

withwith Magnetic LensesMagnetic Lenses
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s

transmitted radiation (0.th order)

±1st diffraction orders



Measured Undulator Spectrum



Undulator Wavelength vs Electron Energy



179

20% 
(FWHM)

Electron 
spectrum

Undulator 
spectrum

Electron- & Undulator Spectrum



240 MeV

horizontal envelope

vertical envelope

1 m

position 
of CCD

210 MeV

190 MeV

electron
beam

single
electron
emission

undulator beam 
size:



System Response Function



6% 
(FWHM)

Filtered Electron Spectrum



tuning by moving the lens’ position: 

➡ changing the response curve

Tuning of the Undulator RadiationTuning of the Undulator Radiation



Tunability of the Source



Properties of the Undulator SourceProperties of the Undulator Source

radiation measured down to ~6 nm
stable operation: detected undulator spectra in 70 % of    
consecutive laser shots
shot-to-shot wavelength variation of 5%
tunable in wavelength by changing lens’ positions

photons in the fundamental (whole CCD)

10,000 photons/(shot mrad2 0.1%b.w.) in 10 fs

[ BESSY femtoslicing:  1,000 photons in 100 fs ]

perfectly synchronized to the laser (pump-probe experiments) 
pulse duration intrinsically few 10 fs (already spontaneous radiation)



Outlook I: Demands on Electron Beams

Ultrashort laser-driven hard-X-ray (incoherent) 
undulator source:higher electron energy: 1 GeV =>  ~1 keV 

photons
more charge: 1 pC  => few 100 pC

numbers of photons independent of emitted                      
photon energy:

increase undulator length (# periods), larger K

FEL:
improve energy spread: < 0.5%
more charge (few 100 pC)
higher electron energy
improve beam optics & undulator design (cryo-cooled)

T. Meier, P. Polzer et al., 
SCIENCE 308 (2005)

protein structure
analysis



Outlook II: Electron Beam Improvements

higher electron energies: => plasma channel

more charge/less energy spread: target engineering

counter propagating pulses

downramp injection

laser pulse shaping (low emittance, counteract beam 
loading)

ATLAS laser system (MPQ) has been upgraded (100 TW)

LBNL, Berkeley: 1GeV

LOA: 1%
energy spread

(10 pC)

LBNL: 0.5-1 nC from 
backside of gasjet

low longitudinal and 
transverse momentumcourtesy: W. Leemans

courtesy:  V. Malka
C.Rechatin et al, PRL 102 

(2009)

C.Geddes et al, PRL 100 
(2008)

W.Leemans et al, Nat 
Phys 2 (2006)



Conclusions: Path towards TTConclusions: Path towards TT--FELFEL

(banquet) table-top FELs possible with laser
plasma accelerators: peak current above Alfven 

current

(banquet) table-top FELs possible with laser
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current

world’s first laser-driven soft-X-ray undulator source world’s first laser-driven soft-X-ray undulator source 

stable electron acceleration at MPQ
➡in terms of charge, pointing, divergence, energy

stable electron acceleration at MPQ
➡in terms of charge, pointing, divergence, energy

ultrashort
ray undulator source

ultrashort
ray undulator source


