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OutlineOutline

 OverviewOverview of short  of short radiationradiation  pulsespulses  dynamicsdynamics in in
single pass single pass FELsFELs at  at saturationsaturation (Superradiance - (Superradiance -
SuperfluorescenceSuperfluorescence))

 BunchingBunching and  and harmonicharmonic generation generation

 CascadedCascaded FEL  FEL dynamicsdynamics at  at saturationsaturation

 HarmonicHarmonic  CascadeCascade  andand  SPARCSPARC  examplesexamples



SuperradianceSuperradiance

Regime of  Regime of  ““field/particlesfield/particles”” evolution with evolution with
–– Power scaling typical of superradiance a la Power scaling typical of superradiance a la ““DickeDicke””

 ( (DickeDicke, PR 93, 99 (1954)), PR 93, 99 (1954))

–– Solitary wave-like pulse propagationSolitary wave-like pulse propagation
–– Peak power exceeding the saturation thresholdPeak power exceeding the saturation threshold
–– Longitudinal self-focusingLongitudinal self-focusing

First observed in simulations of FEL amplifiers inFirst observed in simulations of FEL amplifiers in

R. R. BonifacioBonifacio, B. W. J. Mc Neil, P. , B. W. J. Mc Neil, P. PieriniPierini, PRA 40, 4467 (1989), PRA 40, 4467 (1989)

R. R. BonifacioBonifacio, L. De Salvo Souza, P. , L. De Salvo Souza, P. PieriniPierini, N. , N. PiovellaPiovella, NIM A296, 358 (1990), NIM A296, 358 (1990)
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Two ingredientsTwo ingredients

 SlippageSlippage
–– The light The light pulsepulse  advancesadvances over the electron over the electron

distributiondistribution of a  of a distancedistance N N__ in N undulator  in N undulator periodsperiods
((__  isis the  the resonantresonant  wavelengthwavelength))

 SaturationSaturation
–– WhenWhen the FEL laser power  the FEL laser power reachesreaches  ~~__PPE,E,  saturationsaturation

occursoccurs: : therethere  isis a  a cycliccyclic  energyenergy  exchangeexchange  betweenbetween
electronselectrons and  and fieldfield  (in steady state regime   (in steady state regime ––
ignoringignoring  slippageslippage))



Steady state FEL Steady state FEL phasephase space  space evolutionevolution



What happens if we have a short pulse that slips over the
electrons in a time shorter than the synchrotron period ? 

Steady state FEL Steady state FEL phasephase space  space evolutionevolution



Short pulse slipping in a synchrotronShort pulse slipping in a synchrotron
periodperiod

Uniform current density

Trapped Particle

Detrapping 

Initial energy

Final energy
Energy loss



ConditionCondition

 DistanceDistance  coveredcovered  byby the light in a  the light in a synchrotronsynchrotron  periodperiod

 SlippageSlippage  lengthlength over a  over a synchrotronsynchrotron  periodperiod

 Relation Relation betweenbetween  pulsepulse  lengthlength and power and power
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SolitarySolitary  wave-likewave-like
superradiant superradiant pulsepulse



PulsePulse  evolutionevolution
(Perseo http:\\www.perseo.enea.it)(Perseo http:\\www.perseo.enea.it)



Pulse evolutionPulse evolution
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41          zPzE s ∝∝ ω (3)…… and  and alsoalso::

ScalingScaling  lawslaws

41−∝ Psrσ

Prop. to number of electrons interacting with the pulse

Prop. to the depth of the bucket in phase space, i.e.
Average energy lost by one electron

(1)

… from which follows:

21−∝ zsrσ 2/3zE ∝

Pulse length Pulse energy

4/3PPE sr ∝= σ (2)PulsePulse  EnergyEnergy

24/341 zPPzP ∝⇒∝Comparing (2) & (3) …

Power Power scalingscaling  lawlaw

PulsePulse  lengthlength



ScalingScaling  lawslaws

Pulse propagation in Pulse propagation in ““scaledscaled””
units: units: ““field/zfield/z”” vs.  vs. ““zz1/21/2””

“Perseo” 1D simulations

Pulse energy and power do not saturate
because of the “fresh” electrons injection



3D3D with diffraction (Genesis) with diffraction (Genesis)

Example:Example:
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3mm-mrad3mm-mradEmittanceEmittance

350 Amp350 AmpBeam currentBeam current

100 MeV100 MeVBeam energyBeam energy

1.1251.125Undulator KUndulator K

512512Number of periodsNumber of periods

3.9 cm3.9 cmUndulator periodUndulator period

150 150 fsfsInput pulse length (FWHM)Input pulse length (FWHM)

800 nm800 nmWavelength Wavelength λλ

1 MW1 MWInput seed powerInput seed power
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Takahiro Watanabe,Takahiro Watanabe,
WG3WG3  11°° talk this afternoon talk this afternoon

Reconstructed frog trace at the end of the undulator

NSLS  SDL FacilityNSLS  SDL Facility



Phase space in a superradiant pulse (Perseo simulation)



Superradiant harmonicsSuperradiant harmonics

 Short bunching peaks on the pulse front side at the higher order harmonicsShort bunching peaks on the pulse front side at the higher order harmonics
 Dynamics for non-linear harmonic evolution Dynamics for non-linear harmonic evolution ““fasterfaster”” by the harmonic factor by the harmonic factor

n. (i.e. n. (i.e. LLg,ng,n ~  ~ LLgg  /n )/n )
 Short bursts of harmonic radiationShort bursts of harmonic radiation
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WhatWhat  happenshappens in a  in a ““cascadecascade”” ? ?

0λ

UM1 UM2

n
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Dispersion

Energy (/density) modulation
Density
modulation

Emission at _1



BunchingBunching  coefficientscoefficients
in the in the steady state casesteady state case

Optimized for a cascade



Time dependent - superradiantTime dependent - superradiant
pulsepulse

 HigherHigher  fieldfield  inducesinduces  higherhigher
bunchingbunching  coefficientscoefficients and a  and a lowerlower
sensitivitysensitivity  toto  ““spectralspectral  broadeningbroadening””
factorsfactors, , asas  energyenergy  spreadspread,,
emittancesemittances, , magneticmagnetic  errorserrors, etc., etc.

 A A bunchingbunching  factorfactor  optimizedoptimized  forfor
the the cascadecascade  willwill  alwaysalways  occuroccur
somewheresomewhere  alongalong the  the pulsepulse

 The The coherentcoherent  spontaneousspontaneous
emissionemission  fromfrom  thisthis  portionportion of the of the
bunchbunch  willwill induce a  induce a new new pulsepulse at at
the the harmonicharmonic    wavelengthwavelength

Optimized for the cascade



Evolution in a cascadeEvolution in a cascade

Modulator Radiator

Exponential/superradiantExponential/superradiant
growthgrowth

Growth of theGrowth of the
harmonic &harmonic &

harmonic bunchingharmonic bunching

““Fresh Bunch Fresh Bunch IjectionIjection Technique Technique”” by slippage: by slippage:
The pulse slips over the beam bunched at  The pulse slips over the beam bunched at  __

Short pulse at Short pulse at __/n/n
 by CHG by CHG

Seed

e- beam

NEW superradiant NEW superradiant 
pulse pulse at _/n  The pulse at The pulse at __ in the radiator  in the radiator 

is off resonanceis off resonance

No exponential gain !!No exponential gain !! 



Transition in a cascadeTransition in a cascade
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ExampleExample of a  of a cascadecascade
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Harmonic Cascaded FELHarmonic Cascaded FEL
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 The gain (The gain (beambeam  currentcurrent) ) isis  notnot  playingplaying  anan  essentialessential  rolerole. The. The
importantimportant  parametersparameters are: are:

–– Slippage length (NSlippage length (N__))

–– DepthDepth of the  of the potentialpotential  bucketbucket (Laser  (Laser IntensityIntensity +  + couplingcoupling  parametersparameters))

 In the second undulator:In the second undulator:

–– The first harmonic field (the seed) is off resonanceThe first harmonic field (the seed) is off resonance

–– The harmonic pulse at the wavelengthThe harmonic pulse at the wavelength
still slips over the electron with velocity still slips over the electron with velocity __22 per period !! per period !!

Harmonic CascadeHarmonic Cascade
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Example with Sparc undulator/beam parameters 
1D Perseo simulation (http://www.perseo.enea.it) 

2 MWInput Laser power

1 mm-mradEmittance

100 fsInput pulse length (fwhm)

77 / 77*5Number of periods

10-4Energy spread

266 / 200Res. wavelength (nm)

200 MeVBeam energy

110 AmpE-beam current

1.95 / 1.53Undulator K (UM1/UM2)

2.8 cmUndulator period

1 UM @ 266 nm

5 UM @ 200 nm 

n = 4 m = 3
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Pulse length
48 fs (fwhm)
(was 30 fs)

As before … but with n = 4 and m = 5

1 mm-mradEmittance

100 fsInput pulse length (fwhm)

77 / 77*5Number of periods

10-4Energy spread

266 / 332Res. wavelength (nm)

200 MeVBeam energy

110 AmpE-beam current

1.95 / 2.4Undulator K (UM1/UM2)

2.8 cmUndulator period

1 UM @ 266 nm

5 UM @ 332 nm 

n = 4 m = 5

Main parametersMain parameters

Peak power 
 ≈ 90 MW

__ = 66  = 66 nmnm

Pulse energy 
4.86 _J
(was 4.5 _J)
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0 37.5 75 112.5 150

5th harmonic

z (um)

44 44.2 44.4 44.6 44.8

wavelength (nm)

Pulse length
55 fs (fwhm)

As before … but with n = 6 and m = 5

1 mm-mradEmittance

100 fsInput pulse length (fwhm)

77 / 77*5Number of periods

10-4Energy spread

266 / 222Res. wavelength (nm)

200 MeVBeam energy

110 AmpE-beam current

1.95 / 1.69Undulator K (UM1/UM2)

2.8 cmUndulator period

1 UM @ 266 nm

5 UM @ 222 nm 

n = 6 m = 5

Main parametersMain parameters

Peak power 
 ≈ 12 MW

__ = 44  = 44 nmnm

Pulse energy 
0.76 _J



ConclusionsConclusions

 Simpler cascade scheme with multiple stagesSimpler cascade scheme with multiple stages

 SignificativeSignificative extension of the FEL cascade operating range extension of the FEL cascade operating range
with the harmonic cascadewith the harmonic cascade

 Reduced sensitivity to tolerances and fluctuations:Reduced sensitivity to tolerances and fluctuations:
–– No exponential gainNo exponential gain
–– The bunching is transmitted through  the cascade (with aThe bunching is transmitted through  the cascade (with a

characteristic length scaling with zcharacteristic length scaling with z1/21/2))

 Pulse shape determined by FEL dynamicsPulse shape determined by FEL dynamics

 Sub-Sub-fsfs pulses at short wavelength (Soft X-rays) pulses at short wavelength (Soft X-rays)


