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I-Introduction

R. Bonifacio et al, Opt. Comm. 50, 1984, 376

A.M. Kondratenko et al, Sou Phys. Dokl. 24 (12), 1979, 989 K. J. Kim et al, PRL57, 1986, 1871

C. Pelligrini et al, NIMA475, 2001, 1

¥ limited temporal coherence: start-up from noise, bunching on different trains of 
the bunch => ÒspikesÓ in spectral and temporal distribution

¥ jitter from pulse to pulse

SASE

Advantages

Drawbacks

¥ short wavelength operation 
(1 • region)

¥ good transverse coherence 
=> requirement on the 
emittance
=> gun, beam energy 
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I-Introduction

Non Linear Harmonics

L. H. Yu et al, Science 289, 2000, 932 L. H. Yu et al, PRL912003, 074801

¥ Temporal Coherence properties 
given by the seed (external laser) 
=> High degree of temporal coherence

SEEDING

Spectral narrowing

Stability (reduction of intensity 
ßuctuations and jitter ) for 
user applications (pump probe)

Quicker 
Saturation

=>
Compactness

and cost

Linac based : BNL
Storage ring based : ACO, Super-ACO, UVSOR, ELETTRA
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I-Introduction

¥ Synchronisation between the laser and the electron beam

 SEED/e BEAM INTERACTION

¥ high level of synchronisation required for the seeding to be well operational
¥ synchronisation however also needed for the SASE for pump-probe experiments
¥ high level of synchronisation obtained from a seeded FEL and the seed laser for 
user applications 

¥ Transverse overlap between the laser and the electron beam

¥ Spectral tuning the laser and the undulator resonant wavelength

¥ Rayleigh range / beta functions

¥ resonance condition
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I-Introduction

SEEDING SHORT WAVELENGTH OPERATION
¥from a doubled Ti-Sa laser, by High Gain Harmonic Generation in cascade
not yet experimental demonstration
Limits :  maximum number of cascades ? How far down can we multiply in frequency? 

=> a possible solution : use of coherent seed at shorter wavelength
Mc Pherson et al., JOSA B  4, 595 (1987) (Chicago)
M. Ferray et al., J. Phys. B 21, L31 (1988) (Saclay)

High Harmonics generated in Gas

High Harmonics generated on solid target

heating of the electron bunch => proposed solution, fresh bunch technique
nber of stages with a given beam energy : wide range of undulator periods 

Noise issues

L. H. Yu et al, NIMA 483 (2002) 493

Saldin: laser 50 MW, noise!  n2

Yu : fresh bunch technique1 GW input 
laser->1.5 • 

Convolution with the spectral width of the gain : 
Giannessi : no need of a very intense laser seed, Bolton

J. Wu et al, Appl. Phys. Lett.  90 (2007) 488

L. Giannessi et al, FEL04 (2004) 37 G. Penn et al, EPAC2004; 488

3 µJ @3 keV, B. Dromey.  et al, Phys. Rev. Lett.  99 (2007) 085001
B. Dromey. et al. Nature Physics  2 (2006) 456
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HHG seeding : Basic concept of ARC-EN-CIEL proposal

ARC-EN-CIEL

II-Considered HHG seeded FEL

Accelerator Radiation Complex for 
ENhanced Coherent Intense Extended Light

http://arcenciel.synchrotron.fr/ArcEnCiel

Also initially proposed for MIT-BATES

M. E. Couprie et al, NIM A528, 2004, 557
D. Garzella et al., Nucl. Instrum. Methods Phys. Res. Sect.A 528, 502 (2004).

D. Wang, PAC05, 2005, p1961. 

=> Demo experiment on SCSS prototype accelerator and on SPARC
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Strategy :demonstrate experimentally seeding with HHG (coll SCSS, SPARC), 
¥ SCSS (Japan) : Seed at 260-60 nm, 2 undulator segments tuned on the same wavelength
¥ SPARC (Frascati) : Seed at 260, 160, 114 nm, test harmonic cascade with 6 undulators 
segements

ARC-EN-CIEL spectral range covered by HHG seeded 
LEL1, LEL2, LEL4

ARC-EN-CIEL

II-Considered HHG seeded FEL



C band accelerator, 40MV/m
CeB6 crystal 

thermo-ionic gun In vacuum undulator (15 mm) 

THE SCSS PROTOTYPE ACCELERATOR

II-Considered HHG seeded FEL



Collaboration SPring-8: seed@260-60 nm
G. LambertÕs PhD

H3 H13

THE HHG CHAMBER @ SCSS

II-Considered HHG seeded FEL



HHG TRANSPORT @ SCSS

II-Considered HHG seeded FEL
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Magnetic Chicane

e- beam:
150-200 MeV

HoHG seed:
Pulsed ÒcellÓ
~! J in 130 fs

@ H3 : 266 nm, @ H5 : 160 nm, @ H7 : 114 nm

Ti:Sa:
2.5 mJ in 120 fs
10 Hz @ 800 nm

SASE:
500 to 108 nm

IR filter Spherical mirror

Expectations (Perseo): with ~ 100 kW
Saturation at @H3: 50 MW, @H5: 25 MW, @H7:15MW
Non linear harmonics  0.5 pJ @ 53.2 nm (H7/5)

TDR, Seeding @ SPARC,www.frascati.enea.it/SPARC/tdr_seeding.pdf

SPARC

Collaboration SPARC
seed@266, 190 nm, 117 nm Cascading HGHG

(EUROFEL, DS4), Marie LabatÕs PhD

II-Considered HHG seeded FEL
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THE HHG CHAMBER

II-Considered HHG seeded FEL
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THE HHG CHAMBER

Seeding chambers tested on LUCA laser at CEA-Saclay
Energy: @ H3 ~2.5 ! J (19 MW), @ H5 ~1 ! J (7 MW)

Beam quality: M" ~1.6
Validation of beam focusing system: 

 translation over 1.5 m

Versus gas pressure

Gas line (Ar)

Drive laser parameters:
800 nm, 2.5 mJ, 60 & 120 fs pulse duration.

II-Considered HHG seeded FEL
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IV-HHG seeding at SPARC

 HHG CHAMBER TESTS IN CEA/SPAM

Energy on H3:
10 ! J (150 MW) with 60 fs pulse duration
2.5 ! J (19 MW) with 120 fs pulse duration

Energy on H5:
4 ! J (60 MW) with 60 fs pulse duration
1 ! J (7 MW) with 120 fs pulse duration

Energy Beam shape

SM: T=90% on H3, ROC: 150 and 200 mm
Focal spot size: 300 ! m
Transverse Gaussian shape
Focal spot position: 7.9 m
Possible translation  of the focal spot on > 1.5 m
Theoretical fit: Source size: 72 ! m, M " = 1.6

12
0

80
40

0 12080400
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Drive laser parameters:
800 nm, 2.5 mJ, 60 & 120 fs pulse duration.

Versus focus cell positionVersus laser diameter

 HHG CHAMBER TESTS IN CEA/SPAM

O. Tcherbakoff et al., FEL06, Berlin
M. Labat et al., Proceedings FEL Frontiers 07, ELBA, Nucl. Inst. Meth.

II-Considered HHG seeded FEL
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Ti:Sa Regenerative amplifier
800 nm - 2.5 mJ Ð 1 kHz

Laser system (Coherent, Legend)

 SEEDING COMPONENTS AT SPARC

II-Considered HHG seeded FEL

Lower periscope chamber

HHG chamber in SPARCChicane and upper 
periscope chamber 



III-Demonstration of HHG seeding on FEL

FIRST DEMONSTRATION AT SCSS 
PROTOTYPE ACCELERATOR

Seed : 160 nm, 1 4.5 m long section 
of undulator, 150 MeV

Rather good alignement and spectral tuning, 
0.3 nJ seed

¥ Larger ampliÞcation

¥ Spectral narrowing => Improvement 
of the longitudinal coherence

"# =0.46%

"# =0.54%

"# =0.54%

G. Lambert et al., Nature Physics Highlight, (2008) 
296-300



Workshop on Adanced Photon Sources, Daresbury, June 3rd-4th, 2008 

SEEDING AVEC HHG (PROTO  SCSS)
Seed : 160 nm, 2 sections of 4.5 m long undulator, 150 MeV

Imperfect alignement, seed 3 nJ

¥saturation for the HHG 
seeded FEL
(sidebands)

¥ larger redshift

¥ smaller spectral narrowing

¥ limited ampliÞcation with 
respect to SASE

"# =0.91%

"# =0.67%

G. Lambert et al., Nature Physics 889 (2008) 
296-300

"# =0.75%

III-Demonstration of HHG seeding on FEL
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III-Demonstration of HHG seeding on FEL

NON LINEAR HARMONICS OF THE HHG 
SEEDED FEL (PROTO  SCSS)

Seed : 160 nm, 2 sections of 4.5 m long 
undulator, 150 MeV, bunched beam 400 fs

Rather good alignement and spectral tuning, 
0.3 nJ

¥ Large redshift

¥ Spectral narrowing

"# =0.84%, 0.3 nJ

"# =1.1%, 0.012 nJ
"# =2.54%

"# =2.66%

DŽcembre 2007 35
Wavelength (nm)

NLH 5-6-7 observed in 
December 07 



electron beam : 150 MeV, 0.35 nC, 425 fs RMS, 10 Hz, slice energy spread 0.13% 
energy spread, 500-600 A, slice emittance 1.3 $  mm.mrad, energy stability 0.37%

COMPARAISONS WITH SIMULATIONS
PERSEO TD*, 

good agreement with GENESIS TD included in SRW

III-Demonstration of HHG seeding on FEL

Brillance~200 A/(! .mm.mrad)2



IV-HHG seeding adjustments

ALIGNEMENT AND SYNCHRONISATION

IR
laser

e. beam

FrŽquence rŽfŽrence
de lÕaccŽlŽrateur

DŽclancheur gŽnŽral de
lÕaccŽlŽrateur

1/6 diviseur

1/79333
diviseur

Bo”te de dŽlai

Tsunami
Oscillateur

Evolution
dŽclancheur

Regen
Spifire

Pockels A

Surelite
Q switch

Surelite
Lampes flash

Regen
Spifire

Pockels A

1 KHz

Mise ˆ zŽro

476 MHz 10 Hz

79.333 MHz

DG 535
AB   CD

DG 535
AB   CD

DG 535
AB   CD

"e= 500 fs =>

With 1 undulator section, bunched 
mode:

100 fs synchronisation : 40 % 
intensity ßuctuation

10 fs synchronisation : 2.6 intensity 
ßuctuation
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"# =0.44%

"# =0.89%

EFFECT OF SPECTRAL AND SPATIAL TUNING

"# =0.46%

"# =0.54%

"# =0.54%

Seed : 160 nm, 1 4.5 m long section of undulator, 150 MeV
Imperfect alignement, seed 3 nJ Better alignement and spectral tuning, 0.3 nJ

"# =0.75%

IV-HHG seeding adjustments
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SYNCHRONISATION

e bunch 200fs rms, laser 100 fs FWHM, Seed 14 nm, conf 1-3

" T=30 fs (e. before seed), the pulse  moves backwards
" T=183 fs, the pulse  moves further backwards

" T=-126 fs (seed before e.), the pulse  moves further forwards

±35 fs for 10% intensity variation

Tseed-Telec= -126 fs (-38 µm)0 fs +126 fs +200 fs

Modulator

Radiator

IV-HHG seeding adjustments

Case of the HHG seeded FEL 
(LEL2) on ARC-EN-CIEL
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Reduction of the cut-off wavelength:
-Ionisation potential: atoms (Ne Ip=21.6 eV, He 
Ip=24.6 eV), => ions Milosevic et al. PRA63 (2000)

- laser of long wavelength Chang et al., PRA 65 (2001)

- short pulsesZ. Chang et al, PRL 79, 1997, 2967
Gibson, Science, 2003. Seres et al, Nature 2005

V-HHG seeded FEL properties

SPECTRAL RANGE OF HHG SEED

M. LabatÕs PhD

M. Zepf et al, PRL 99, (2007), 143901
> 10 nJ/ pulse @ 4.37 nm



Workshop on Adanced Photon Sources, Daresbury, June 3rd-4th, 2008 wavelength (nm)

V-HHG seeded FEL properties

SPECTRAL RANGE OF HHG SEED
HHG seed intensity:
- 10 mJ laser => XUV 10 µJ (100 nm) to 10 nJ (10 nm) laser energy scaling : 1 J => Exuv X 100

Rather low HHG seed intensity required:
exp. Dec 07

December 07, unpublished yet

Debunched mode (3 ps, 1 undulator)

Saturation reached using :
200 W @  = 266 nm (H3) 
600 W @  = 160 nm (H5)
8 kW @  = 114 nm (H7)

Nonlinear harmonics:
1.5 MW @ 53.2 nm (H3-H5)
5 kW @ 32 nm (H5-H5)

Sensitivity to Seed power
±10%on FEL power for ±14% on HHG seed

SPARC case:
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V-HHG seeded FEL properties

SPECTRAL RANGE OF A HHG SEEDED FEL
¥ Case of the HHG seeded FEL on SCSS prototype accelerator

E = 150 MeV, HHG seed = 160 nm, modulator and radiator tuned at 160 nm, 1-7th NLH  (160-23 
nm)

¥ Case of the HHG 
seeded FEL on SPARC

L. Giannessi et al., FEL06, Berlin

L. Giannessi, P. Musumeci, New Journal Phys.  8, 
(2006), 294 

¥ Combine HHG seeding 
and HGHG in cascade

L. H. Yu et al, NIM A 393 (1997) 96
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V-HHG seeded FEL properties

SPECTRAL RANGE OF A HHG SEEDED FEL
Case of the HHG seeded FEL on ARC-EN-CIEL

LEL1 : Seed 50 fs, 30 kW, LEL1@1 GeV (1.5 kA)
U26 : 100 to 200 periods, HU30 : 400-700 periods, 

R56=1.5 µm

helical
planar

x 1 GeV
"  1.2 GeV

LEL2 : Seed 50 fs, 50 kW, LEL2@1 GeV (1.5 kA)
U26 : 400-500 periods, U18 : 400-500 periods

R56=1.5 µm

LEL4 :
¥ Much more prospective, 
using the 2 GeV beam 
once more accelerated
¥ Foresees further 
improvement in the HHG 
seed
¥ Cryogenic undulators in 
series

Seed 50 fs, 50 kW, LEL4@3 GeV 
U35 : 400-500 periods

U18 : 1000 periods
R56=1.5 µm
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HHG seeding in collisionally 
pump X ray ampliÞer, Neonlike 

Gallium Plasma 
T. Ditmire et al, Phys. Rev. A 

51 (6), R4337

0.7 µJ Seeded XRL

35 nJ HHG seed

AmpliÞcation: 13 (HHG 
seed==2XASE=4.5 Isat) 200 

(HHG seed=Isat/50)
Seeded laser : 50-60 nJ

DV : >12 mrad -> 1 mrad

HHG seeded opical Þeld ionised plasma, Kr8+

P. Zeitoun et al, Nature 431, 2004, 466

V-HHG seeded FEL properties

SPECTRAL RANGE OF A HH SEEDED FEL
HHG seeding in Xray laser/HH on solid target + FEL +  HGHG in cascade

TUIXS project (2005-2008), LASERIX

Twso steps HHG seeded X ray laser 
Perspective:  ~ mJ, 100 fs, diffraction limited, 1-4 nm

AmpliÞcation: 
64

Seeded laser : 
50-60 nJ

DV : 10 mrad -> 
2.2 mrad

Seeded transient 
laser on solid 

target

Wang, PRL 97,
123901 (2006). 

ASE

Seeded
OFI
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V-HHG seeded FEL properties

TUNEABILITY
Tuneability of the HHG seed:
- by the laser tuneability
- by frequency mixing  ~70% tunability from 180 to 18 nm with Ti:Sa + OPG Gaarde et al., J. Phys B 29, L163 (1996)

- by ajustment of the laser energy, chirp

Full tunability from 220 nm to 8 nm with 1.1 to 1.6 ! m pump (Ti:Sa + OPA) Chang et al..Phys. Rev. A 65  (2001)

¥Kim et al., PRA 67 (2003)

¥ Tuneability of the seed

S. Biedron et al., NIM A475, 401; T. Shaftan, PRE 71, 2005, 046501

¥ Combinaison of the chirp on
the electron beam and the laser

T. Shaftan, BNL workshop, 04

Tuneability of the seeded FEL

Tuneability of the HHG seeded FEL
¥ Not yet studied systematically

Gap scan for the HHG seeded FEL
¥ Tuneability With respect to the Ògap scanÓ on synchrotron radiation facilities (change of gap, FFWD of orbit 
corrections, change of the monochromator adjustment), add also the control of the seed wavelength

S. Biedron et al., NIM A475, 401; T. Shaftan, PRE 71, 2005, 046501



HHG TEMPORAL COHERENCE OF HHG SEED
Temporal structure : 
as structure in fs envelop

Y. Mairesse et al, Science 302, 1540
Sola et al., Nature Physics (2006)
Baltuska et al. Nature 421 (2003)

Spectral domain:
as : harmonic train
fs : single harmonic

quadratic phase

Traj 2

Traj 1

H17  (47 nm)

With 60 fs-1 mJ IR pulse

in Argon

Merdji et al., Phys. Rev. A 74 (2006)

V-HHG seeded FEL properties



TEMPORAL / SPECTRAL PROFILES AT 
SATURATION OF HHG SEEDED FEL

V-HHG seeded FEL properties

¥ smearing out of the as structure L. Giannessi et al., Proc. FEL06
B. McNeil et al., Proc. FEL06

Case of the HHG seeded FEL on SPARC

¥  no need of spectral selection of the HHG
spectral selection done by the FEL gain (narrow band pass)

smothing of the temporal structure



26 fs rms 25 fs 20 fs

0.015 % 0.0075% 0.0054%

0.014 % 0.009% 0.006%

23 fs rms 16 fs 14 fs

ARC-EN-CIEL : Cas standard LEL1@1 GeV : Seed 12.3 nm, conf 1-1  

Z=5.1 m
21 fs rms

Z=6 m
20.7 fs

PERSEO TD GENESIS

PROFILES AT SATURATION OF HHG SEEDED FEL

V-HHG seeded FEL properties

¥ stability of saturation regime
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Spectral width (%)

Pulse duration (fs)

Few GW

700MW

12 MW

at saturation
PROFILES AT SATURATION OF HHG SEEDED FEL

V-HHG seeded FEL properties

Seed 38 -10 nm, 50 fs, 50 kW, conÞg. 1-3, LEL 2



SUPERRADIANT REGIME

V-HHG seeded FEL properties

L. Giannessi, P. Musumeci, S. Spampinati, Appl. 
Phys. Lett., 98, 2005, 043110

T. Watanabe et al. Phys. Rev. Lett., 98, 2007, 
034802

Simulations in  the case of the  seeded FEL on SPARC by crytal-harmonis of a Ti-Sa laser

R. Bonifacio et al, Phys. Rev. A 40 (1989) 4467, R. Bonifacio et al. Phys. Rev. A 44 (1991) R3441

Experimental demonstration on the Ti-Sa  seeded FEL at BNL
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V-HHG seeded FEL properties

POLARISATION

¥ Case of UVSOR, Second and Third harmonic CHG

¥ Variation of !  :
Ð Optimization of the intensity
Ð Max: Polar. laser = Polar. e-

Can be applied to
Futur HGHG FELs

¥ Variation of Pinjection:
Ð Broadening of the plots
Ð Overbunching

Polarisation of the seed should be adjusted to that of the radiation in the 
modulator => shorter interaction region

Application to HHG seed : linear polarisation : use a planar modulator

M. Labat et al, sub. Phys. Rev. Lett. 



HHG TRANSVERSE COHERENCE OF HHG 
SEED

Fresnel bi interferometer

E.J. Takahashi et al., Apply. Phys. Lett 84, 4 (2004)
Opt. Lett. 27, 2000, 1920
Phys. Rev A 68, 2003, 023808
Y. Tamaki et al, JJAP 40, 2001, L1154

Young pinholesH17-23

Bartels et al., Science 297,376 (2002)

Young pineholes

Le DŽroff et al., PRA61 (2000) 043802

Ne, 13.5 nm, 25 nJ, DV=0.35 mrad
He, 8.9 nm, 1 nJ, DV=0.3 mrad

1.2<M2<4

Le DŽroff et al., Optics Lett. 23 (1998)

V-HHG seeded FEL properties
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CONCLUSION

On the SCSS prototype accelerator (Japan)
¥ Seeded FELs and CHG (ELETTRA, UVSOR) : better knowledge
¥ First very promising results on SCSS prototype accelerator
¥ Further systematic measurements on seeding SCSS prototype accelerator
¥ First results from the HHG seeding @SPARC expected soon
=> Improved understanding

Conclusion

Next steps

=> An improved conÞdence in the HHG seeding scheme for 
FEL (scheme adopted for FLASH now!)

Future : combination of the HHG seeding (or ampliÞed seed 
in Xray laser) + 

other FEL HG shemes (HGHG in cascade) 


