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A A closeclose look at the look at the bunchingbunching processprocess
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Expanded Movie file: beam_bunching_2



CascadedCascaded FEL FEL configurationconfiguration
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λ λ/n

Fields & Particles

CascadedCascaded FEL FEL configurationconfiguration

MODULATOR RADIATOR

Optical klystron operating on a higher order harmonic in the secOptical klystron operating on a higher order harmonic in the second sectionond section

Dispersive section

I.Boscolo, V. Stagno, Il Nuovo Cimento 58, 271 (1980)

R. Bonifacio et al. NIM A296, 787 (1990)

L. H. Yu, PRA 44, 5178 (1991)

… and several other authors



The HGHG ExperimentThe HGHG Experiment

Dispersion Section
L=0.3 m

Radiator Section
Bw=0.47T  λw=3.3cm L=2 m

Seed Laser  
λ=10.6μm  
Ppk=0.7 MW

Electron Beam Input Parameters:  E= 40 MeV     

εn= 4π mm-mrad   dγ/γ=0.043%  I = 110A τe= 4 ps

HGHG FEL  
λ=5.3 μm  
Ppk=35 MW

Modulator Section
Bw=0.16T  λw=8cm L=0.76 m

Courtesy of I. Ben Zvi



The HGHG ExperimentThe HGHG Experiment
Single Shot Spectrum Of HGHG
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HGHG OutputHGHG Output

SASE Output (x10SASE Output (x1066))

L. H. Yu et al. Science 289 (2000) 932



NSLS SDL NSLS SDL 

Titanium Sapphire LaserTitanium Sapphire Laser

BNL Photoinjector IVBNL Photoinjector IV

10 m NISUS Wiggler 10 m NISUS Wiggler 

300 MeV S300 MeV S--Band Linac Band Linac 
Courtesy of J.B. Murphy



SeedingSeeding @ 800 @ 800 nmnm

0.23 nm FWHM

SASE x105
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HGHG
Spectrum of Spectrum of 
HGHGHGHG
and unsaturatedand unsaturated
SASE at 266 nm SASE at 266 nm 
under the sameunder the same
electron beamelectron beam
conditioncondition

800 -> 266



Courtesy of J.B. Murphy, X.J. Wang



SASE & SASE & SeededSeeded pulsepulse & & spectraspectra

SASE

Seeded



SeededSeeded pulsepulse & & spectraspectra,  movie file: seed266,  movie file: seed266.avi.avi
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SASE SASE pulsepulse & & spectraspectra,  movie file: seed266,  movie file: seed266.avi.avi
note the note the pulsespulses structurestructure fromfrom imageimage 2 (32 (3°° HarmHarm SASE) SASE) toto imageimage 3 (33 (3°° HarmHarm inducedinduced byby SASE on the SASE on the 

fundamentalfundamental harmonicharmonic))
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ReducedReduced intrinsicintrinsic fluctuationsfluctuations

CoherenceCoherence propertiesproperties ((transversetransverse//longitudinallongitudinal) ) determineddetermined byby the the 
seedseed

NarrowNarrow bandwidthbandwidth limitedlimited byby ee--bunchbunch lengthlength

CoherentCoherent techniquestechniques, , suchsuch asas CPA and CPA and compressioncompression

WavelengthWavelength tuningtuning byby bunchbunch compressioncompression ((T.ShaftanT.Shaftan, , L.L. H Yu Phys. H Yu Phys. 
Rev.Rev. E E 7171, 046501 (2005) ), 046501 (2005) )

λ λ/n

Fields & Particles
MODULATOR RADIATOR

Dispersive section



Multiple stage Multiple stage cascadecascade and theand the
energyenergy spreadspread budgetbudget

λ λ/n

modulator radiator

Frequency multiplier

Frequency multiplier

Frequency multiplier Frequency multiplier

n1 n2 nm

RequiredRequired energyenergy spreadspread in in orderorder toto bunchbunch
at the at the nnthth harmonicharmonic ((LiouvilleLiouville’’s s theoremtheorem))

EffectiveEffective numbernumber of of periodsperiods in the in the radiatorradiator
((dispersiondispersion))
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The The FreshFresh bunchbunch injectioninjection techniquetechnique

λ λ/n

Modulator Radiator

λ λ/n

Modulator Radiator

Dispersion

L. H. Yu, I. Ben-Zvi  NIM A393 (1997) 96

FEL pulse

High quality e- beam

FEL pulse

High quality 
e- beam

The dispersion “slows down” the
e- beam

Heated e- beam



Short pulses and the Superradiant regimeShort pulses and the Superradiant regime
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SolitarySolitary wavewave--likelike
superradiant superradiant pulsepulse



22°° orderorder FROG FROG tracetrace of the of the 
superradiant superradiant pulsepulse,,

reconstructedreconstructed fromfrom 1D PERSEO 1D PERSEO simulationsimulation

2nd order

1D simulation Frog trace



Courtesy of J.B. Murphy, X. Wang, T. Watanabe

EXPERIMENT



SUPERRADIANT PULSE SUPERRADIANT PULSE 
reconstructedreconstructed fromfrom measuredmeasured

FROG FROG tracestraces





PhasePhase spacesspaces correspondingcorresponding toto differentdifferent partsparts of the superradiant of the superradiant pulsepulse
Movie file: Movie file: particlesvsparticlesvs bunchbunch.avi.avi



Evolution of a superradiant Evolution of a superradiant 
pulse in a cascadepulse in a cascade

Modulator Radiator

Exponential/superradiantExponential/superradiant
growthgrowth

Growth of theGrowth of the
harmonic &harmonic &

harmonic bunchingharmonic bunching

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

Short pulse at Short pulse at λλ/n/n
by CHGby CHG

Seed

e- beam

NEW superradiant NEW superradiant 
pulse pulse at λ/nThe pulse at The pulse at λλ in the radiator in the radiator 

is off resonanceis off resonance

No exponential gain !!No exponential gain !!



FEL FEL cascadecascade in in SRmodeSRmode
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L. Giannessi, P. Musumeci, S. Spampinati J. Appl. Phys 2005



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

10 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
Pulse length
18 fs (fwhm)
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ExistingExisting and and ProposedProposed seededseeded HG HG FELsFELs

ProjectProject λλFELFEL,, P.lenP.len.. Accel.Accel.
(nm)nm) ((fsfs)) typetype

•• 4GLS4GLS IRIR--XUVXUV ERLERL
• ARCARC--ENEN--CIEL CIEL 200200--0.82    0.82    ~20~20 SCSC--LinacLinac
•• BESSYBESSY 5151--11 ~20 ~20 ERLERL
•• DESYDESY 66--0.10.1 ~100~100 SCSC--LinacLinac
•• FERMI FERMI 100100--10      10      ~~100100 LinacLinac
•• MAXMAX--44 260260--1010 ~50  ~50  Linac Linac 
•• SparCSparC 400 400 –– 66 66 ~50~50--100100 LinacLinac

•• SDL (BNL)SDL (BNL) 800800--200  200  600600--80    80    LinacLinac
•• LUX (LLBL)LUX (LLBL) 240240--11 200200--10   10   ERLERL
•• MITMIT--BATES BATES 100100--0.3     0.3     50/1      50/1      LinacLinac
•• SDUVSDUV--FELFEL(Shanghai(Shanghai) ) 264, 88      264, 88      LinacLinac
•• SCSS (Phase 1)SCSS (Phase 1) 8080--4040 LinacLinac



Courtesy of G. De Ninno

Test Test facilityfacility
Seeding and HG tests (3rd Seeding and HG tests (3rd harmonicharmonic, 90 , 90 nmnm) ) 
on the on the currentcurrent MAX MAX injectorinjector

Courtesy of Atoosa Meseck



StabilityStability

The The fluctuationsfluctuations are are amplifiedamplified in the multi stage in the multi stage configurationconfiguration..

A A seededseeded FEL FEL isis notnot affectedaffected byby intrinsicintrinsic fluctuationsfluctuations asas SASESASE
BUTBUT

AnyAny changechange in the input in the input parametersparameters asas seedseed power, power, beambeam energyenergy, , 
currentcurrent, , beambeam qualityquality ((sliceslice--fullfull), ), alignmentalignment, time , time jittersjitters,, inducesinduces
output output fluctuationsfluctuations
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Courtesy of G. De Ninno

S2E simulations necessary in HGHG cascades to predict
local bunch parameters

Big effect on the radiator output power

Tunable hardware necessary to adjust to varying bunch
properties

Tolerance studies directly influence hardware layout

Longer devices to make up for reduced coupling of 
imperfect bunches to radiation

Output
30% pulse to
pulse stability

Single Stage

Experience from Bessy
B. Kuske

The cross is commonly found on top 
of mountains. Nobody is buried there. 



SeedingSeeding withwith high high orderorder harmonicsharmonics
generatedgenerated in gasin gas

ArcArc En En CielCiel
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0,0 0,5 1,0 1,5
Time (cycle)

x

• Multi-cycle laser pulse

Train of
XUV “atto” pulses

TemporalTemporal--spectral structure of XUV spectral structure of XUV emissionemission

Initial state (t=0) 2: Acceleration in 
the laser field

• “Three-step” model

Discrete
odd harmonics

Mairesse et al. SCIENCE (2003)

ELaser

1: Tunnel ionization
(OFI)

3: Recombination

VC + exELsinωt

XUV

~200as

Courtesy of B. Carrè

40 35 30 25 20 15
0 ,01

0 ,1

1

10

Cutoff

P lateau

65

25

 

 

λ  (nm )

Ne



Seeding with HHG generated in gasSeeding with HHG generated in gas

SimpleSimple model of model of anan HHG HHG pulsepulse
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Movie of Movie of pulsepulse amplificationamplification in a FEL in a FEL amplifieramplifier. Movie file: . Movie file: SparxinoSparxino --
114nm 114nm -- seeded seeded -- narrow narrow -- time & spectrum time & spectrum -- 3.avi3.avi

Observe the pulse Observe the pulse ““cleaningcleaning”” in fig 3 and the third harmonic that follows in fig 4in fig 3 and the third harmonic that follows in fig 4
1 2

3 4





SCSS SCSS SeedingSeeding withwith harmonicsharmonics generatedgenerated in gasin gas

GAS CELL

Guillaume LambertGuillaume Lambert, Michel Bougeard, Willem , Michel Bougeard, Willem BoutuBoutu, , BertrandBertrand CarrCarréé, David Garzella, Marie , David Garzella, Marie 
Labat (CEA, Labat (CEA, GifGif--sursur--YvetteYvette), ), ToruToru HaraHara, , HideoHideo KitamuraKitamura, , TsumoruTsumoru ShintakeShintake (RIKEN Spring(RIKEN Spring--8 8 
HarimaHarima, , HyogoHyogo), ), OlegOleg ChubarChubar, Marie, Marie--Emmanuelle Couprie (SOLEIL, Emmanuelle Couprie (SOLEIL, GifGif--sursur--YvetteYvette))



Service des Photons, Atomes et MolService des Photons, Atomes et Moléécules Saclay, DSMcules Saclay, DSM--DRECAM DRECAM CEA     CEA     
O. O. TcherbakoffTcherbakoff, M. Labat,, M. Labat, G. Lambert, D. Garzella, M.E. Couprie, M. G. Lambert, D. Garzella, M.E. Couprie, M. 
Bougeard, P. Bougeard, P. BregerBreger, P. , P. MonchicourtMonchicourt, H. Merdji, P. Sali, H. Merdji, P. Salièères, B. res, B. CarrCarréé

3° h. – 10 μJ
5° h. – 3 μJ



ConclusionsConclusions
Computing and s2e Computing and s2e simulationssimulations are are preciousprecious toolstools in in exploringexploring new new possibilitiespossibilities and and 
in the design of new in the design of new facilitiesfacilities

New New ideasideas are are comingcoming: : MantainMantain flexibilityflexibility in in machinemachine designdesign

The The experimentsexperiments on on seededseeded FELsFELs combinedcombined toto harmonicharmonic generation generation havehave providedprovided
confirmationsconfirmations toto theorytheory and and deeperdeeper understandingunderstanding on the FEL on the FEL amplificationamplification processprocess
((credit credit toto BNLBNL) ) 

SeveralSeveral new new experimentsexperiments are are requiredrequired and some are and some are foreseenforeseen in the in the nextnext future: future: 
–– The The FreshFresh BunchBunch injectioninjection techniquetechnique
–– The multiple stage The multiple stage cascadecascade
–– Superradance in a Superradance in a cascadecascade
–– FEL FEL amplificationamplification fromfrom a HHG a HHG sourcesource//harmonicharmonic generationgeneration
–– ……
MAKE EXPERIENCE !!!MAKE EXPERIENCE !!!

Conventional lasers and FEL are merged in a single device. CollaConventional lasers and FEL are merged in a single device. Collaboration with laser boration with laser 
people community is becoming fundamental in short wavelength FELpeople community is becoming fundamental in short wavelength FEL researchresearch

New New advancesadvances in the in the fieldfield of of harmonicharmonic generation generation fromfrom conventionalconventional laser laser sourcessources
couldcould provideprovide meansmeans toto extendextend the the cascadecascade wavelengthwavelength operationoperation rangerange in the futurein the future




