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Injector



Magnetic bunch compressor (Chicane)



Long undulators chain



Beam separation



Experimental hall (Single Protein Imaging)





Electron motion in an Undulator:
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The electron trajectory is
determined by the undulator
field and the electron energy

! 

" =
1
#

The electron trajectory is inside

the radiation cone if
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Relativistic Mirrors
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Counter propagating pseudo-radiation Thompson back-scattered radiation in the
mirror moving frame
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Tunability & Red Shift

Doppler effect in the laboratory frame
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Radiation Simulator – T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm



Due to the finite duration the radiation is not monochromatic but contains a
frequency spectrum which is obtained by Fourier transformation of a
truncated plane wave
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   Different electrons radiate indepedently hence the total power depends linearly on the
number Ne of electrons per bunch:

Incoherent Spontaneous Radiation Power:

Bunching on the scale of the wavelength:



Spontaneous Emission ==> Random phases
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Spontaneous Emission ==> Random Claps



Coherent Claps ==> Stimulated Emission



Coherent Light ==> Stimulated Emission
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Free Electron Laser 1D Self Consistent Model
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Energy exchange occurs only if there is transverse motion

Consider“seeding”by an external light source with wavelength λr
The light wave is co-propagating with the relativistic electron beam



Newton Lorentz Equations

Maxwell  Equations
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E,B

((R. R. BonifacioBonifacio, C.Pellegrini, L., C.Pellegrini, L.NarducciNarducci, , OptOpt. . CommComm., 50, 373 (1984)., 50, 373 (1984)))

Problem: electrons are slower than
light

Question: can there be a continuous
energy transfer from electron beam
to light wave?

Answer: We need a Self Consistent
Model



The relative slippage of the radiation envelope through the electron beam can
be neglected, provided that lb>>Nuλr (Steady State Regime)

After one wiggler period the electron sees the radiation with the same phase 
if the flight time delay is exactly one radiation period:
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In a resonant and randomly phased electron beam, nearly one half of
the electrons absorbs energy and one half loses energy, with no net
energy exchange.
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Plane wave with constant amplitude ,
co-propagating with the electron beam:
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The phase of the combined “ponderomotive” (radiation + undulator) field,
propagates in forward direction with a phase velocity that corresponds
to the velocity of the resonant particle:

! 

b z, t( ) =
1
N

e"i# j

j= 1

N

$ = e"i# j

! 

b " 0

! 

b " 1

Spontaneous emission

Stimulated emission

Bunching
Parameter:

If the undulator is sufficiently long the energy modulation becomes a
phase modulation: the electrons self-bunch on the scale of a radiation
wavelength.

The particles bunch around a phase         for which there is weak coupling
with the radiation:
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For particles with off resonance energy                , the ponderomotive
phase is no longer constant
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Motion in the potential well: the electron pendulum
equations
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Two coupled first order differential equations



Combining the two coupled first order differential equations:
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Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)
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High gain FEL regime

! 

˜ E x z, t( ) = ˜ E x z( )ei kl z"# l t( ) =
Eo z( )ei$

2
ei kl z"# l t( )

Test solution

! 

" 2

"z 2 #
1

c2
" 2

"t 2

$ 

% 
& 

' 

( 
) ̃  E x z, t( ) = µo

"jx

"t

! 

2ikl
˜ " E x z( ) + ˜ " " E x z( )[ ]ei kl z#$ l t( ) = µo

%jx

%t

Slowly Varying Envelope Approximation (SVEA):
the amplitude variation within one undulator period is very small
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To be consistent with SVEA we should average also the source term
over a time                  in which          could be considered constant
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Beam model

S: transverse beam area

Exercise: verify there are not misprints (~mistakes):
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Three coupled first order differential equations.

They describe a collective instability of the system which leads to electron self-
bunching and to exponential growth of the radiation until saturation effects set a
limit on the conversion of electron kinetic energy into radiation energy.

Saturation effects prevent the beam to radiate as N2, limting the radiated
power scaling to N4/3, due to a competition between neighbours slices .

When propagation effects and slippage are relevant, i.e. when the elctron beam
is as short as a slippage length, the emitted radiation leaves the bunch before
saturation occurs and the power scaling becomes N2 (Super-radiant or Single
Spike regime)

Bunching parameter



• Case 1: not interesting
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• Case 3: Self Amplification of Spontaneous Emission (SASE)
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• Case 2: Amplification of input signal (Seeding)



A Free Electron Laser is a device that converts a fraction of the
electron kinetic energy into coherent radiation via a collective

instability in a long undulator



SASE

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)



Radiation Simulator – T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm



SASE Longitudinal coherence

The radiation “slips” over the electrons for a distance Nuλrad

ζ

independent 
processes
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Nu"radSlippage length ≈



SEEDING

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)
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SASE SASE with chirped with chirped & & compressed beamcompressed beam

CompensationCompensation  ofof the  the chirpchirp  withwith UM  UM TaperTaper

  E. L. Saldin, E. A. Schneidmiller, and M.V. Yurkov, Self-amplified spontaneous emission FEL with energy-
chirped electron beam and its application for generation of attosecond x-ray pulses, PHYSICAL REVIEW
SPECIAL TOPICS - ACCELERATORS AND BEAMS 9, 050702 (2006)

•• CompressionCompression  withwith  ““VelocityVelocity  BunchingBunching””

– High peak current (up to 380A)

•• CompressionCompression  withwith  ““VelocityVelocity  BunchingBunching””

– High peak current (up to 380A)

•• CompressionCompression  withwith  ““VelocityVelocity  BunchingBunching””

– High peak current (up to 380A)

“Reconstruction” by D. Filippetto
Slippage length ~ 
e-bunch length

Projected r.m.s.
Energy spread ~ 1%

Strong chirp / energy spread in the longitudinal phase space

•• Compression with Compression with ““Velocity BunchingVelocity Bunching””

– High peak current (up to 380A)



Undulator

Resonance condition is a function of
Beam energy (chirp)  / Undulator K
(untapered)

z

Radiation slips off resonance while 
propagating along the undulator
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Central Wavelength 540 nm

SpectrumSpectrum

Average over 100 spectra
Energy 8 uJ (max 38 uJ)
Rel Linewidth 1.6% rms



Undulator
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Resonance 
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Chirp

Taper

Resonance is maintained by tuning the
undulator taper

Compensation with Undulator taper
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Average over 100 spectra:

Energy 140 uJ (max 380 uJ)

Rel Linewidth 0.8% rms

Single Single cooperationcooperation  lengthlength  observedobserved in  in manymany  spectraspectra  
((asas the  the oneone  shownshown  aboveabove))

AverageAverage  energyenergy per  per pulsepulse  18   18 timestimes  higherhigher !!! !!!

…… in a  in a narrowernarrower  bandwidthbandwidth (~1/2) (~1/2)

45 nm


