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C. Rechatin et al., Phys. Rev. 
Lett. 102, 194804 (2009) 1.5 fs RMS duration : Peak current of 4 kA
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Two laser colliding scheme

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS1404
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Figure 3 | Single-shot spatially resolved undulator spectrum.

a, Smoothed representation of the zeroth and the ± first diffraction order of

the measured undulator spectrum corresponding to the electron spectrum

of Fig. 2c. It consists of a fundamental peak at 17 nm and a second

harmonic peaked at 9 nm, with a high energy cutoff at ∼7 nm. The

theoretical parabolic dependence of the wavelength on the observation

angle Θ is shown by solid lines. An electron energy of 207MeV

corresponding to the peak of the effective electron spectrum of Fig. 2c was

used as a parameter. For the different emission characteristics of the

second harmonic, our simulation yields an on-axis radiation spectrum

peaked at a wavelength of 9.2 nm, which defines the parameter chosen for

the corresponding parabola. b, On-axis lineout summed over 10 pixel rows

around Θ =0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of Θ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2γ ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the

corresponding maxima of the effective electron spectra (determined by the

method of Fig. 2c). The green and blue points correspond to consecutive

shots with two different positions of the magnetic lenses, demonstrating

the wavelength-tunability of the source (see Supplementary Information).

The error bars arise from measurement errors of the electron spectrometer,

the X-ray spectrometer, magnetic lens distances and the undulator field.

The asymmetric error bars of the blue points are due to a non-zero angle of

the electron beam with the spectrometer axis. The red points represent

shots that lie outside the stable electron acceleration regime. The

theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (Θ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle Θ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ≈1.744×1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ∼1mrad and source diameter
of ∼2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as εn = 0.8πmmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ∼1.3× 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.

828 NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics

M. Fuchs et al. 5, 2009, 826

Intense laser focused in a gas jet / cell / capillary
=> ions : accelerator electric field

Laser  WakeField Accelerators

!

ex of the couterpropagating scheme

no collisions between the two lasers:
large wakefield induced by the first laser

collision between the two lasers, beating => 
electron pre-acceleration

pre-accelerated electrons are trapped and 
re-accelerated

1-Introduction : Scientific context

W. P. Leemans et al. , Nature Physics 418, 2006, 696
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Free Electron Laser Configurations

 • short wavelength operation (1 Å)
  • good transverse coherence => low 
emittance required=> gun, energy
• spike
• single spike (low charge, chrip/taper), 
self-seeding

Single optical pass FEL, high gain regime

SASE (Self Amplified Spontaneous Emission) : no laser - electron interaction

GαLond2/Υ3

Seeding :  one laser-electron interaction
 • temporal coherence given by the external seed 
laser
• improved stability (intensity, spectral fluctuations 
and jitter) => pump-probe experiments 
• quicker saturation => cost and size reduction
  • good transverse coherence
• Seed : laser and HHG ( 60 nm) 

Echo : Echo Enable Harmonic Generation : two laser - electron interactions

! 

1
"echo

=
1
"1

+
1
"2
! high order harmonics 

reached in a compact 
manner

1-Introduction : Scientific context

R. Bonifacio et al, Opt. Comm. 50, 1984, 376, K. J. Kim et al, PRL57, 1986, 
1871, C. Pelligrini et al, NIMA475, 2001, 1, A.M. Kondratenko et al, Sou 
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High-Gain Harmonic-Generation Free-Electron Laser 
Seeded by Harmonics Generated in Gas M. Labat, et 
al. , Phys. Rev. Lett. 107, 224801 (2011)
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 LUNEX5 PROJECT 

Motivations of LUNEX5 demonstrator

II-Project general presentation

Beyond third generation light source (undulator spontaneous emission, partial transverse 
coherence), 
progress towards fourth generation light sources (coherent emission, temporal and 
transverse coherence,  femtoseconde pulses, high brilliance) via the latest free electron laser 
seeding schemes, to be validated by pilot user experiments,
and towards fifth generation (Conventional Linac replaced by a LWFA), FEL being viewed as 
an qualifying LWFA application

samedi 3 mars 2012
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 LUNEX5 PROJECT 

II-Project general presentation
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! !

 LUNEX5 PERFORMANCES 

! !

400 MeV
 slice energy spread CLA : 0.02 %, LWFA : 0.1 %
1.5 π mm.mrad emittance : CLA : 1.5, LWFA 1
peak current : CLA : 400 A, LWFA : 10 kA, 50 pC
electron bunch length : CLA : 1 ps, LWFA : 2 fs

II-Project general presentation

samedi 3 mars 2012
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CLA – 1 nC LWFA 20 pC 

CLA and LWFA performances comparison
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Mature and stable, technology mature, solid and 
fertile base for 4G+ development (HHG, 
EEHG...)

New promissing technology, to be qualifed on a laser 
application such as the FEL
Possibly single spike FEL operation
Critical parameter : energy spread
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Brillances rather comparable

III- Modelling and simulations
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Time dependant FEL calculation- CLA

Introduction LEL sur Accélerateur Linéraire Conventionnel (CLA) LEL sur LWFA Conclusion

Paramètres CLA

Paquet d’électrons

Énergie (MeV) 400
Dispersion en énergie relative 2e-4
Émittance εx,y (π mm.mrad) 1.5
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Longueur RMS (ps) 1
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Cascade case
Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / Cascade
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Saturation after 3 sections → P ≈ 100 MW

Light pulses ≈ FT

Saturation after 3 sections (z= 11 m), 0.27 GW, 17 fs FWHM, 0.02 
nm FWHM, Fourier limit pulses

Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / EEHG

U30 U30

15 MW @266nm
30 fs FWHM

30 MW @ 266nm
30 fs FWHM

20nm 20nm

U15 U15 U15U15

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0  10  20  30  40  50  60  70  80

bu
nc

hi
ng

 fa
ct

or

Longitudinal coordinate z [µm]

(i)

 1! 104

 1! 106

 1! 108

 0  1  2  3  4  5  6  7

M
ax

im
um

 p
ea

k 
po

w
er

 [W
]

z along the FEL line [m]

(ii)

0! 100

2! 107

4! 107

6! 107

8! 107

 0  10  20  30  40  50  60  70  80

P 
[W

]

Longitudinal coordinate z [µm]

(iii)

0

1

2

3

 19.6  20  20.4  20.8  21.2  21.6

P(
")

 [a
rb

. u
ni

ts
.]

Wavelength [nm]

(iv)

After 2 sections (z=7 m) : 65 MW, 24 fs FWHM

Echo case

Saturation after 2 sections (z= 7 m), 65 MW, 24 fs 
FWHM, Fourier limit pulses

20 nm
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Time dependant FEL calculation- LWFA

! !

!

FEL performances at 19.5 nm in the SASE configuration with a LWFA beam. 
Electron bunch: E=400 MeV, sigma_E=0.1/0.5/1 %, I=10 kA, sigma_Z=2 fs-rms. 

Undulator: 200 periods of 12 mm, K=1.408, emittance=1.0 π.mm.mrad.

III- Modelling and simulations
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Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / Amplifier
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Performances @ 20 nm / Cascade
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Performances @ 400 MeV
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After 2 sections : saturation with 2 GW and 5-7 fs-fwhm

Single spike (time / frequency)

CLA : 400 MeV, 0.02% energy spread, 1.5 π mm.mrad, 400 A, 1 ps rms

LWFA : 400 MeV - 1 GeV, 0.1% energy spread,  1 π mm.mrad, 
10 k A, 2 fs rms

energy spread : 0.5 %, 20 fs rms;
@ 20 nm; so saturation after 3 sections, < MW, > 35 fs FWHM 
energy spread : 0.1 %, 20 fs rms;
@ 20 nm; no saturation after 3 sections, 10 MW, > 20 fs FWHM
energy spread : 0.1 %, 2 fs rms; 
SASE @ 20 nm, saturation after 2 sections z = 7 m, 2 GW, 7 fs 
FWHM, single spike

  FEL Sources on LUNEX5

III- Modelling and simulations
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Direct LWFA bunch

FEL Power over 15 m undulator

GENESIS-TI

Ming-Xie
Chicane energy 

de-mixing

Lower peak current and lower E-spread  = FEL possible
                                        lower emittance

High peak current but high E-spread  = FEL not  possible
                                     high emittance

De-mixing strength -->

dE
/E

 (%
)

dE
/E

 (%
)

Optimum at few tens of MW peak !

20 pC

See A. Loulergue presentation

 Progress on the LWFA electron beam transport 
• Introduction of strong permanent magnet quadrupoles (130 T/m at 5 cm of the gas cell) + a 4 magnet chicane 
enabling to reduce the slice energy spread (0.06%) and emittance by demixing (1π))

III- Modelling and simulations
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 LUNEX5 accelerators

XFEL CM : 8 cavities, thermal shields (4-8 K & 50-80 K), He tranfer lines + Q-pole 

400 MeV : superconducting technology, XFEL modules modified 
to evolve towards CW operation (coupleurs, tuning)

Energy	

       : 400 MeV
Nb of CM 	

       : 2
Eacc	

       : 24 MV/m

RF pulse (TRF)       : 1.5 ms

Rep rate                 : 50 Hz	

 	


Duty cycle 	

       : ~ 10 %

TRF

Nbunch

Tb

~ ~

Tf ∞ QL

Beam macropulse (Tb) : 5 µs  500 µs 

Nb of bunches (Nbunch)  : 1 to 100 
(limited by seed laser rep. rate)
Bunch charge      : 0.1 nC  1nC 
Peak Ibeam   : 1 µA  100 µA

PRF :16 x 16 kW @ 1.3 GHz

 rather than IOT, Solid State Amplifier

10 
Cs2Te

   (emittance 

IV: Accelerator components

CLA

Pcryo ~ 100 W at 2 K, ok for
 « standard » He liquefier

capacity

LWFA
Choice of the solution for LUNEX5 : the colloding scheme 
rather than the bubble regime or capillaries becasue of :
- Good beam quality & Monoenergetic dE/E down to 1 %	

           
- Beam stability	

 	

 	

 	

 	

                                          
 - Tuneable Energy: up to 400 MeV	

 	

                                      
- Adjustable Charge: 1 to tens of pC	

 	

                                      
 - Adjustable Energy spread: 1 to 10 %	

                                      
 - Ultra short e-bunch : 1,5 fs rms	

                                                            
- Low divergence : 4 mrad                                                        
- Low emittance1-3 : π.mm.mrad 

1S. Fritzler et al., Phys. Rev. Lett. 92, 165006 (2004), 2C. M. S. Sears et al., PRSTAB 13, 092803 
(2010) 3E. Brunetti et al., Phys. Rev. Lett. 105, 215007 (2010)

Synergy with APOLLON 10 PW:
• electron acceleration: validate scaling laws in the 100 J laser energy 
(bubble/blow out regime, colliding scheme, two stage accelerators).
• limited access : not dedicated to electron acceleration 
• Rather small repetition rate 
=> a few tens of GeV with good electron quality targeted.

Synergy with LOA Salle Jaune: 2 beams of 60 TW each
=> preliminary tests for LUNEX5 (test of diagnostics, introduction of 
an undulator, tests of electron beam transport....)

X. Davoine et al., Phys. Rev. Lett. 102, 6 (2009)
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C.Benabderrahmane    19-04-2007

 Undulator Implementation scheme

mercredi 19 octobre 2011

   FEL line 

C.Benabderrahmane    18-10-2011

Undulators and magnetic 
elements of LUNEX 5

mercredi 19 octobre 2011

Quadrupoles

6T/m
150 mm de longueur
25 mm de cercle de gorge

Chicane 1
Number of dipoles  4
Length :                   1200 mm
Gap:                        25 mm
Bz	

                     0.38 T
Ld:                           150 mm

Chicane 2
Number of dipoles  4
Length                     800 mm
Gap                         25 mm
Bz	

                     0.35 T
Ld                            100 mm

Tosca model 
Gradient : 5.005 T/m
Bore: 40 mm
Length : 150 mm

Quadrupoles of LUNEX 5

mercredi 19 octobre 2011

V- FEL line
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 LUNEX5 Undulators and magnetic elements

In vac. 
gap:5.5/20mm

B=1 T

In vac. cryo
gap:5.5/18mm

B=1.15  T

V- FEL line

R&D on a 3-5 m cryo -reay undulator
Nd2Fe14B and Pr2Fe14B magnets characterisation and modelling for Cryogenic Permanent Magnet 
Undulator applications, C.Benabderrahmane et al, in Nucl. Inst. Meth. A 669 (2012) 1-6
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Synchronisation
Lasers needed in LUNEX5

Summary

Synchronization: global view

LINAC UndulatorsElectron gun Experiments

RF
e. Gun Laser Diagnostics User LaserSeed LaserRF systemsPhotoinj.

4G synchronization system

Master clock

VI- Short pulses issues and synchronisation

Proposed R&D on synchronisation of the gun laser with the 
seeding/ pilot user lasers  (PhLAM, SOLEIL, LAL, CEA-SPAM ?):
 - General study to the locking of laser to an external clock 
at PhLAM on home-made lasers (Yb:KYW).
jitter study before and after the amplifier
- Study on a TiSa oscillator equiped with piezo
- Step 3 with a MEMLO commercail system 
- synchronisation between two different lasers
- synchronisation between RF and the laser 

samedi 3 mars 2012
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 Pilot user experiments

Time-resolved studies of isolated 
species in the x-ray range

 • Electron and nuclear wave packet dynamics in molecules 

• Molecular dissociative core-excited states (pump-probe)
• Ultrafast electronic decay processes in weekly bound systems (clusters) 

• Time and energy resolved electron spectroscopy of isolated nanoparticles 
• Coherence/decoherence and interference  processes in inversion symmetric 
systems 

• Auger-Doppler effects and electron tunneling 

• Electron streaking measurements to correlate emission delay and structure 

Techniques : time-resolved electron spectroscopy - electron-ion correlation 
methods (coincidences or “covariance mapping”) 

Study of magnetisation dynamics

•1996: Observation of a  sub-picosecond reduction of 
remanent magnetisation after an optical excitation  
 => How does occur the kinetic momentum transfer 
considering a ~ 10 ps spin-phonon relaxation? 

• IR pump: 
-magneto-optical probe < 50 fs of pumped electrons 

-XMCD probe ( magnetic moments)  150 fs 

Lunex5 pour l’étude de la dynamique d’aimantation 
(J.Luning et al, LCPMR)
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VII- Pilot experiments and scientific vision
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Fig. VII.5-1: Scheme of the monochromator proposed for LUNEX5 
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 Infrastructure 
SOLEIL booster arena 
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VIII- Building and infrastructure
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Conclusion

 Conclusion 

We continue in the LUNEX5 adventure for ultra short FEL pulses quest, production and use:

- for creating a unique center of exchange of ideas and works, 

- for setting a bridge between different scientific and technical domains,

- for providing a coupled CLA-LWFA based test facility for FEL for complementary use

- for searching of scientific excellence in setting a new collaborating project in the Saclay Plateau area

- for involving our brilliant young collaborators and training new ones

- for paving the path towards a next generation of light sources (4GLS+, 5GLS) with its vision of science

LUNEX5 is open to new collaborations, in particular for joint R&D or targeted complementary studies.

LUNEX5 project is still very flexible, aiming at advancing on the differents R&D subjects.

• Funding.... : ÉQUIPEX CILEX (Laser Apollon 10 PW, LWFA),  ANR DYNACO
• Submitted Funding. proposals : ANRJCJC M. Labat OCTOPUS (LWFA start to end and tests at LOA), ANRJCJC N. 
Delerue (LAL), SP (Smith Purcell); ERC Synergy M. E. Couprie, S. Bielawski, J. Lüning, C. Miron, Coll MAX-IV : cryo -
ready undulator
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 Challenges and outcomes of LUNEX5 
Challenges Outcomes

Success of the echo et seeding innovatie 
schemes at short wavelength (40 - 4 nm)

Component development in close link with industry

Pilot user experiments (seeding with 1-2  
lasers)

Gathering of FEL users around LUNEX5

Qualification of a LWFA by an FEL application 
LEL with the different regimes

A step before the collider LWFA application LWFA, 
contribution to EURONNAc (“Distributed accelerator 

test facility for synchrotron science and particle physics”)

Handling of the fs ultrashort pulses for 
the  LWFA and 4G+ based FELs

New applications of ultra-short pulses => 
elaboration of a scientific vision beyond LUNEX5 
and exploitation of ultra short sources brèves => 
new science

Commun language between laser, LWFA, 
conventionnel accelerator communities

Bridges between scientific domains ( multidisciplinary 
investigations, laser/accelerator synergy)

Structuration of the activities Reinforcement of structuration of the local scientific 
landscape (Saclay area, ESRF, LABEX, EQUIPEX...)

Scientific excellence and training  of future 
generations

Maintenance and growth of expertise via synergy and 
mutual exchanges

Conclusion
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 CLA proposed R&D 
Pulse shaping: pulse stacking

αBBO αBBO

φ=π/4 φ=π/4φ=π/2

z

ts p s sp p s p s sp p s p

L L/2
αBBO

L/4

Advantages: simple, cheap, relatively low losses
Drawback: lack of flexibility (no change of profile)

J.G. Power and C. G. Jing, AAC AIP Conf. Proc., 689 (2009); H. Tomizawa et al,

Proc LINAC08, 1105 (2008)

 1) Longitudinal laser pulse shaping (PhLAM, CEA-SPAM, LAL, SOLEIL, Faslite ?)
1) pulse stacking on a laser at PhLAM (robust technics, but not very flexible)
2) Spectral components manipulation with a DAZZLER (CEA-SPAM, PhLAM); 
Enables to easily modify the pulse shape (C. Vicaro et al., Proc. CLEO 2011 (2011) )
3) application with a purchased laser on the PHIL electron gun at LAL and 
validation

J.G. Power and C. G. Jing, AAC AIP Conf. Proc., 689 (2009);
 H. Tomizawa et al, Proc LINAC08, 1105 (2008) 

2) Gun fabrication 
- type PITZ (DESY-Zeuthen, cathode CsTe) /alternatives : C band gun (LAL) 
- Tests on PHIL station at LAL with laser shaping

10 µJ 

Cs2Te

   (emittance compensation)

Electron Gun

Elementary RF system Gun

Fabrication :
 - one 9 cell cavity (XFEL type), modified for CW 
operation;
        - one solid state amplifier of  15 kW at 1.3 GHz *; 
         - un LLRF system synchronisation part.
Validation with cold tests in CryHolab cryogenic station at 
CEA, evaluation of the different compoenents in pulsed and 
CW mode, comparison between 1.8K and 2K
            

* SOLEIL is pionneer for design, construction and  
exploitation  of solid states amplifiers

Collaboration CEA-SACM and SOLEIL

IV: Accelerator components
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 Proposed R&D on Diagnostics
Moniteur de Smith Purcell Monitor for bunch length measruement: 
CLA (1ps) LWFA (few fs)
Ex of non invasive monitor tested at SLAC 

Build a prototype for 5ps to few fs durations

Tests of several systems on the SOLEIL Linac ~5ps; SPARC FEL~300 
fs; LOA LWFA ~few fs

Electron bunch profile diagnostics in the few fs regime using 
coherent Smith Purcell radiation, R. Bartolini, C. Clarke, N. 
Delerue, G. Doucas, K. Pattle, C. Perry, A. Reichold and R. Tovey, 
Proceedings of IPAC2011, San Sebastián, Spain, 1970-1972 
(2011). 

Pulse	
  reconstruc2on

Spectrum	
  measurement

Cavity BPMs

• Needs: resolution : 5 µm 10 pC bunches  

• A 20 mm beam pipe BPM at SACLA-Spring-8 yields a position 
resolution of less than 0.2 µm with a 0.3 nC bunch charge. 

• Equivalent to about 6 µm with 10 pC bunch charge-invasive 

• Build a prototye following the SPring-8 / Swiss FEL design

Ver2cal	
  posi2on	
  port

Horizontal	
  
posi2on	
  port

Reference	
  port

Time of Arrival Monitor

• Technics : Electro Optical Sampling (EOS) 

•  Developed in EUROFEL 1 ( LCP-ELYSE, H. Monard (now at 
LAL), LULI (J. R. Marques)), adopté à DESY

• Prototype test on SOLEIL transfer lineBeam profile monitor

Question of COTR (LCLS, SACLA) du au microbunching après compression (H. 

Tanaka talk at IPAC 11). 
Prototype,tests at SPARC (?) or FERMI (?), LWFA (LOA).

IV: Accelerator components
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 Expected outcomes of LUNEX5 

Innovation : 

• Innovative FEL schemes (cf ANR DYNACO) : Echo Enable harmonic Generation / seeding High order harmonics in 
Gas at very short wavelength (40- 4 nm) range (multiple electron -photon interaction and HHG seeding) on the 
same demonstator 

• Validation of the latest FEL schemes (4GLS+) with users

=> Contribution to the design of Fourier transformed limited, compact and cost efficient X FEL source

Example of the Triple Modulator Chicane

Introduction FEL based on CLA FEL based on LWFA Conclusion

Conclusion

Triple Modulator Chicane Scheme :

e!

!1 !2 !3

Introduction FEL based on CLA FEL based on LWFA Conclusion

Conclusion

Triple Modulator Chicane Scheme :
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!1 !2 !3
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Conclusion

Triple Modulator Chicane Scheme :
Motivation : decrease the required undulator length to reach saturation
→ transpose to GeV machines for Xrays delivery at moderate cost

Exemple : TMC Scheme @ 1.3 nm with E=1.5 GeV :
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Triple Modulator Chicane Scheme :
Motivation : decrease the required undulator length to reach saturation
→ transpose to GeV machines for Xrays delivery at moderate cost
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 Progress on the LWFA electron beam transport 
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Development of a variable gradient 
permanent magnet quadrupole (SOLEIL, 
ESRF)
stretched wire measurement (cf ESRF)
=> design original, fabrication : T2M, SEF, 
SIGMAPHI  (Fr), ...

• Introduction of strong permanent magnet quadrupoles

Test at LOA- salle jaune

LWFA low energy spread electron 
beam
Start to end simulations
PIC- ASTRA/ELEGANT- GENESIS

III- Modelling and simulations
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Cost comparisons

Annexe- Expectations after the TDR Phase 
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Supplément

Étape à 200 MeV
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Étape à 200 MeV
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Calcul LEL Time dependant- CLA

Introduction LEL sur Accélerateur Linéraire Conventionnel (CLA) LEL sur LWFA Conclusion

Paramètres CLA

Paquet d’électrons

Énergie (MeV) 400
Dispersion en énergie relative 2e-4
Émittance εx,y (π mm.mrad) 1.5

Courant crête (A) 400
Longueur RMS (ps) 1

Maille FODO

0.015150x0.015= 2.25 0.15
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Performances @ 20 nm / Amplifier
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III-Présentation plus détaillée du projet

Cas de la cascade
Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / Cascade
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Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / EEHG
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 Revue de l’Avant-Projet Sommaire 
extrait:
«The committee congratulates the project team on the impressive progress achieved in the limited time available.
The committee supports the scientific relevance of the proposal. LUNEX5 will open new scientific opportunities in France for 
seeding and first pilot experiments. It could demonstrate the first operational LWFA linac and FEL.
The committee is confident that all technical feasibility issues have been identified and will be further addressed in the TDR. The 
proposal is challenging and sound.»

General Recommandations

• Start the TDR phase.
• Address with priority the following critical issues: 
RC Studies Priority1. Generation of the low energy spread LWFA beam.
RC Studies Priority2. Diagnostics needs.
RC Studies Priority3. Analysis of timing jitter and stability.

• Address with priority the following R&D:
RCR&DPriority1. R&D on permanent magnet quadrupoles for matching the LWFA beam to the undulator
RCR&DPriority2. Test of a 3 m long cryo-ready undulator	


RCR&DPriority3. R&D on femtosecond synchronisation.	


RCR&DPriority4. R&D on pulse length measurements for electron beam and photons

• Study possibilities to extend LUNEX5 to two FEL lines in the future, which would allow to make simultaneous use of the two 
electron beams.

• Investigate in more detail the Orme des Merisiers 

IV-Targeted complementary studies and associated R&D

samedi 3 mars 2012
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1-Introduction : le contexte scientifique 

Cas sans interaction électron -laser externe

Self seeding démontré à LCLS

1 GW 25 GW

Self-seeding of 1-μm e− pulse at 1.5 Å yields 
10−4 BW with 20-pC mode.  Und. taper 
provides 20brightness & 25 GW.
P. Emma (SLAC), A. Zholents (ANL)

!"#$%&'()*+&,-$%&
'(,."/'&0%1)*,2&

3"/"04%".,50&
)$$'&6"#$%&

7&µ.&

8&39&

Low charge single spike operation

Y. Ding
Z. Huang

Simulation at 1.5 Å based on measured injector & 
linac beam & Elegant tracking, with CSR, at 20 pC.

1.5 Å,
3.6! 1011 photons
Ipk = 4.8 kA
 #   0.4 !m

SIMULATED FEL PULSES

Y. Ding
Z. Huang

15 Å,
2.4! 1011 photons,
Ipk = 2.6 kA,
 #   0.4 !m 1.2 fs

Simulation at 15 Å based on measured injector & 
linac beam & Elegant tracking, with CSR & 20 pC.

S. Reiche et al., NIMA  593 (2008) 45-48 

fluctuation of emittances (50%) and slice energy spread
(13%) which can be attributed to this phase jitter. About
50% of the acquired spectra were characterized by a pat-
tern similar to that shown in Fig. 6 [image (a)], where
typical SASE spikes are absent and the spectrum is com-
posed by a single coherence region. Image (b) in Fig. 6,
obtained by postprocessing the GENESIS 1.3 simulation
data with an algorithm introduced to model the spectrome-
ter input slit or grating transformations to reproduce
the image on the CCD camera, exhibits a similar form.
While the number of single spike events in the simulations
(! 30%) was lower than in the experiment, the agreement
in the details of the reconstructed spectra in these cases is
striking. A Gaussian profile fitting the main structure in the
spectrum of Fig. 6 has a standard deviation of 1.45 nm. It
likely results from the contribution of a partially nonlinear
chirped radiation field spike [31]. A Fourier limited pulse
with the same width would have a rms duration of !50 fs
and a peak power of about 2 GW.

In this Letter, we have demonstrated the possibility of
generating isolated spike radiation pulses in a single pass
FEL operating in SASE mode, by combining a chirped
electron beam with a tapered undulator. This was obtained
without increase in the gain length or loss of efficiency, but
in fact yielding an increase by a factor of !20 in the pulse
energy due to the involvement of the entire beam in the
FEL gain. This higher efficiency is accompanied by a
narrowing of the spectral width. These studies provide a
further insight into ways for controlling the longitudinal
coherence of SASE FELs that are of particular interest for
sub-fs x-ray radiation applications.
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FIG. 6 (color online). Typical FEL spectrum showing a single
spike from the experiment (a) and from the GENESIS 1.3 simu-
lation (b). The total pulse energy is !300 !J.

PRL 106, 144801 (2011) P HY S I CA L R EV I EW LE T T E R S
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144801-4

Single spike operation with 
energy chirp and tapering

L. Giannessi et al., Phys. Rev. Lett. 106, 144801 (2011) 

Courtesy B. Hettel (SLAC)

Chirp on the electron beam : 
detunes the local resonant 
frequency
Taper scalining preserving the 
resonant condition
the correlated energy spread is 
compensated only for spikes 
drifting with the appropriate 
velocity associated to the taper
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!

T. Togashi et al., Optics 
Express, 1, 2011, 317-324G. Lambert et al., Nature Physics Highlight, (2008) 296-300

∆λ=0.46%

∆λ=0.54%

∆λ=0.54%

HHG seeding at 160 and 60 nm on SCSS Test Accelerator 
(coll. Franch-Jap), at 160 nm at SPARC :

- improvement of temporal coherence,
 - jitter reduction, quicker saturation, 

- higher order harmonic level

T. Tanikawa et al. , submitted to EPL

Wavelength (nm)
302622 24 28 32

HNL6 
(0,2 nJ)

HNL7 
(0,1 nJ)

HNL5
 (19 nJ) T.  Tanikawa et 

al. , EPL 106, 3 
(2011) 34001

1-Introduction : le contexte scientifique 

Injection avec les harmoniques d’ordre élevé générées dans les gaz
Cas d’une interaction électron -laser externe
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! ¼ N", i.e., the displacement of the optical pulse with
respect to the electron beam at the end of the N periods of
the undulator. The present quest of compact and short
wavelength devices tends to reduce it. The possible slip-
page configurations are represented schematically in
Fig. 1. In (a), a short seed pulse with respect to the bunch
length is injected and slips within the undulator distance
over the whole electron bunch. In (b), the slippage is
shorter than the electron bunch length, which limits the
interaction region. This is the operating area of several
existing FELs, such as SCSS test accelerator [17],
SPARC [18,19], and sFLASH [20]. We will see that using
a longer seed pulse [case (c)] enables us to increase the
interaction region but also eventually leads to complex
spatiotemporal deformation of the optical pulse such as
pulse splitting.

In universal scaling [9], the FEL dynamics can be de-
scribed by the one-dimensional Colson-Bonifacio [6,16]
model:

@#j

@!z
¼ pj; (1a)

@pj

@!z
¼ "½Að !z; $Þei#j þ c:c:'; (1b)

!
@

@!z
þ @

@$

"
Að!z; $Þ ¼ %ð$Þbð!z; $Þ: (1c)

Each particle j, j ¼ 1 . . .Ne with Ne the total number of
electrons, in the optical field A, is followed in the phase
space using #j, the particle relative phase, and pj, the
particle relative energy both normalized to the reference
particle. The variables #j, pj, and A are functions of the
longitudinal coordinates $ along the electron bunch and !z
along the undulator. $ is defined within 0< $< Le, with
Le the electron bunch length, and !z is defined within 0<
!z < Lu, with Lu the undulator length. All dimensions are in
cooperation length [10,21] units: lc ¼ "

4&' , with ' the

Pierce fundamental scaling parameter [6] characterizing
the gain of the FEL. % is the macroscopic electronic
density normalized to 1 and bð!z; $Þ is the bunching coeffi-
cient: bð!z; $Þ ¼ 1=Ne

P
e"i#j . Equations (1a) and (1b)

describe the particle dynamics while Eq. (1c) includes
the pulse propagation.

The initial conditions required for the various regimes
can be defined more precisely using Se comparing the
slippage length to the electron bunch length, and Sseed
comparing the slippage length to the seed pulse duration.
In the scaled units, with Lseed the seed pulse duration, the
slippage length corresponds to the final !z ¼ 4&'N, so that

Se ¼
4&'N

Le
and Sseed ¼

4&'N

Lseed
: (2)

In the short electron bunch limit, i.e., Se ( 1, the FEL
evolves in the weak superradiant regime [10]: the strong

slippage enables the development of a narrow spike in the
leading edge of the electron bunch which rapidly escapes
of the electron bunch. Because of the limited interaction
time, the final output power remains lower than the satu-
ration power defined in the steady-state approximation. In
the present seeded FEL context, Se tends to decrease via
the reduction of "R for the short wavelength operation and
of N for the shortening of the undulators. SPARC [18]
(Se ) 0:2) and SCSS test accelerator [17] (Se ) 0:3)
seeded FELs already fall in the Se < 1 area, illustrated in
Figs. 1(b) and 1(c).
The FEL evolution is simulated with Eq. (1) in the long

electron bunch limit, i.e., Se ) 1, for various Sseed values.
The dynamics of the FEL pulse is illustrated in Fig. 2 using
2D diagrams with the longitudinal coordinate along the

FIG. 2 (color online). Evolution of the FEL longitudinal nor-
malized optical field intensity jAj2ð$Þ along the undulator ac-
cording to Eq. (1). Seed parameters: (a) Sseed ¼ 0:25 (with
hyper-Gaussian shape, (seed ¼ 40), (b) Sseed ¼ 10 (with
Gaussian shape, (seed ¼ 1), and (c) Sseed ¼ 2 (with Gaussian
shape, (seed ¼ 5), (continuous line) calculation of !zsat according
to Eq. (5). (d)–(h) Phase space of the electron beam at locations
indicated on (a)–(c). Maximum seed field amplitude at !z ¼ 0:
A0 ¼ 0:15. Electron bunch discretized along the $ axis. Phase
space consisting of 200* 200 particles associated to each
$ coordinate. Initially: )j uniformly distributed within
½"&;þ&' and pj following a normal distribution centered
around zero with standard deviation 0.2%-RMS. Electron
beam profile: flat top using super Gaussian of parameter m ¼
4 and Le ¼ 40, corresponding to Se ¼ 0:25.

PRL 103, 264801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
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264801-2

High-Gain Harmonic-Generation Free-Electron Laser Seeded by Harmonics 
Generated in Gas M. Labat, et al. , Phys. Rev. Lett. 107, 224801 (2011)

represented. Simulations confirm that in all the configura-
tions the FEL reaches saturation at the end of themodulator.
In the 5M=1R configuration (a) the deep saturation in the
long modulator, results in a very strong bunching with a
high harmonic content, enabling the emission of coherent
radiation at !rad ¼ 133 nm in the last radiator module. This
regime is known as the coherent harmonic generation [31].
The longitudinal pulse structure reveals the overbunching,
which occured in the modulator with multiple peaks deter-
mined by the particles synchrotron oscillation at 266 nm
[32]. In the experiment, we observe a broad spectrum with
sidebands and large shot to shot fluctuations [see Fig. 5(a)].
In the 4M=2R configuration (b), the radiation at !rad ¼
133 nm is progressively amplified along the available two
radiator modules. In the leading edge of the pulse, a super-
radiant peak develops, slipping toward the unmodulated
electron beam region, which offers a higher gain. The
generated output power is higher and the spectrum is nar-
rower, as confirmed by the experiment. The PERSEO simu-
lation, in the 3M=3R configuration [Fig. 6(c)], shows amore
pronounced build up of the superradiant peak together with
a clear modulation at the second harmonic wavelength in
the phase space. In the GENESIS 1.3 simulation, and in
agreement with the experiment, no further increase of the
output power could be observed. This is likely due to the

electron beam matching degradation in the last modules in
the 3M=3R configuration (see Fig. 3), which is not included
in the PERSEO model.
In this Letter, we have experimentally demonstrated the

feasibility of a cascaded FEL configuration seeded by
harmonics generated in gas. Up to about 4" 1012 photons
with high coherence at 133 nm were produced. The tran-
sition between the coherent harmonic generation and
superradiant emission was investigated, providing insights
in novel methods for producing coherent radiation at short
wavelengths.
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(a) (b) (c)

FIG. 5 (color online). Cascaded FEL pulse energy and band-
width at 133 nm at the end of the undulator in the 5M=1R,
4M=2R and 3M=3R configurations; experimental data (black
squares) and simulations by GENESIS 1.3 (red stars). Data aver-
aged over 100 shots. Error bars represent #1 standard deviation.
Electron beam parameter of Table I(b). Seed energy: 40# 10 nJ.
Simulation data: current I ¼ 49# 6 A and beam energy
E ¼ 176:2# 0:35 MeV [similar to those of Table I(b)], emit-
tance "x;y ¼ 0:9# 0:25 mmmrad (estimate of the slice parame-
ters based on a 80% charge cut) and energy spread
!E=E ¼ 10$4 # 10$5 (minimum slice energy spread along
the longitudinal bunch coordinate). The images in (a),(b),(c)
correspond to single shot spectra acquisitions in the various
configurations.

(a)

(b)

(c)

FIG. 6 (color online). Radiation power (solid line, a.u.) and
phase profiles (dotted line) on the left side, and e-beam phase
space (energy E vs phase z) in the highlighted region at the
end of the six undulator sections, on the right side.
(a) Configuration 5M=1R, (b) 4M=2R and (c) 3M=3R.
Simulation with PERSEO [33].
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Pulse splitting in short wavelength free electron laser, 
M. Labat, N. Joly, S. Bielawski, C. Swaj, C. Bruni, M. E. Couprie, 
Phys. Rev. Lett. 103 (2009) 264801 

1-Introduction : le contexte scientifique 

Dymanique complexe
Cas d’une interaction électron -laser externe

Configuration en cascade des onduleurs 
(entre modulateur et radiateur)

Seeding, super-radiance et pulse splitting
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• avec mise en phase des émetteurs sur linac : 
première proposition sur Linac pour LEL (Stanford)
Demo expérimentales à Stanford et à Shanghai dans le proche UV 

Cas de deux interactions électron - laser externe (écho)

G. Stupakov., PRL 102, 074801 (2009)

D. Xiang et al., PRL 105, 114801 (2010)
Zhao et al., Proceed FEL 
conf, Mamö (2010)

1-Introduction : le contexte scientifique 
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 CLA electron beam dynamics

CLA@ undulator entrance

«Complete» modelling along the CLA 
and adaptation to the undulators

Low emittance < 1 10-6 mrad
Low dE/E         < 1 10-4

FWHM pulse duration     ~  0.5 ps
400 – 800 A peak

Injecteur Linac Onduleurs

Final slice parameters (1 nC)

400 MeV

III- Modelling and simulations
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LWFA electron beam dynamics
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Energy : entre 0.4 et 1 GeV
Few fs
High peak current : 10 kA
Normalised emittance γε= 1 π mm.mrad
Energy spread : between 1 % (present value) 
et 0.1 % (targeted value)

Injection in the dogleg

differential pumping

UndulatorsSource Matching 400 MeV

Final slice parameters (20 pC)

LWFA electron beam modelling du 
faisceau LWFA and adaptation to 
the undulators

Emittance < 4. 10-6 mrad
dE/E           < 2. 10-3 
FWHM duration         ~  10 fs
>2000 A peak

III- Modelling and simulations
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 The Conventional Linear Accelerator (CLA)

High brilliance Photo-injector
typically 1 nC, 1 π mm.mrad, 4 
ps rms, 
100 A peak current
transverse and longitudinal laser 
flat-top distribution

Solutions :
RF gun type :  FLASH, EXFEL 
type

Laser heater : 
enlarges the energy spread
 laser modulation laser in a wiggler 
to avoid the micro-bunching in the 
compressor
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chicanes)  : Longitudinal 
phase space linearisation

Collimation section  : cleaning of the halo 
and of the dark current, undulator 
protection for small gaps
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quadrupôles to preserve the emittance
 

!"#"$"%&"'()"$"!"*+,"-./012"2(34567

8"# 9"# :&"#;"#<=%"#

>/2(?".(/4(?"
@"A5/B

C.53/7(
@"A5/B

*D7

!"#$%& '!"#$%& (""#$%&

<:"#<"#

!+

<:"# <:"#<;"#
<=%"#

*D7

<"#

!+ >/2(?".(/4(?""@"C.53/7(@"A5/B

%:"#

<:"#"$":&&"'()"$"<=!"*+,""EFG>"3?H6#6ID0(

<:"#

%&"'() <%&"'() ;&&"'()

C>J"K"%:"# C600"L"A5/B"K"<&"# M7ID0/46?"057("K":&"#
AD#N
:"#

9;"#

:&&"'() ;&&"'()

III- Modelling and simulations

samedi 3 mars 2012



M. E. Couprie, ICFA Workshop on Future Light Source, Thomas Jefferson Nat. Acc. Facility.  March. 5-9, 2012, LUNEX5-WG Compact sources

Accelerator choice for FEL

10 fs-10 ps,
εα1/E

Storage ring Linear accelerator

Energy recovery LINAC 
(ERL)

Repetition rate : depending on the linac (room 
temperature or superconducting) 

Laser WakeField Accelerator   
few fs, 1 π mm.rad, few % of energy spread

Accelerator Radiation Complex for 
ENhanced Coherent Intense Extended 

Light
http://arcenciel.synchrotron.fr/ArcEnCiel

10-30ps, 
εαE2

Energy spread : 
0.1 %

Energy spread : : 
0.01 %
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Figure 1 Set-up of the experiment. The laser pulse is focused by an off-axis parabolic mirror into a supersonic helium gas jet where it accelerates electrons (blue line) to

several tens of mega-electron volt energy. The electron beam profile may be monitored by a removable scintillating screen. The electrons propagate through an undulator,

producing synchrotron radiation, and into a magnetic electron spectrometer. Radiation is collected by a lens and analysed in an optical spectrometer. The spectrometer is

protected against direct laser and plasma exposure by a thin aluminium foil in front of the undulator.

simultaneously recorded for each individual shot, as shown in the

Methods section.

Relativistic electrons undergo transverse oscillations as they

pass through the undulator under the action of the Lorentz force

of the periodic magnetic field and emit polarized radiation. The

wavelength l of the emitted light is mainly given by the undulator

period lu and the electron energy Ee = γm0c2
, where γ is the

relativistic Lorentz factor, m0 is the electron rest mass and c is the

speed of light. The small reduction in the longitudinal velocity due

to periodic deflection results in a slight decrease in the frequency of

the radiation field by a factor of (1+ K 2/2). The wavelength of the

emitted radiation also depends on the angle of emission, ϑ, with

respect to the optical axis and is peaked in the forward direction.

This is given by l = (lu/2hγ2)(1+ (K 2/2)+γ2ϑ2), where h is

the harmonic order. For electron energies of 55–75 MeV, the

wavelength emitted by our undulator is in the visible spectral range.

Figure 2 shows a measured electron spectrum (inset) and the

corresponding undulator radiation spectrum (black squares) for

the same laser shot. The electron spectrum is peaked at 64 MeV,

has a width of 3.4 MeV (full-width at half-maximum, FWHM) and

contains a charge of 28 pC. As the electron beam is not focused into

the undulator, the relevant Twiss beam parameters at the centre

of the undulator are β = 100 m and α = −115. The normalized

emittance of the beam is taken as εn ≈ 1.3πmm mrad, which has

been estimated from the source size, σr.m.s. = 3 µm derived from

simulations and the beam divergence σ �
r.m.s. = 1.6 mrad determined

from the beam spot size. This value of emittance is consistent

with simulations
9
. The measured undulator radiation spectrum,

shown in Fig. 2, is peaked at 740 nm, has a bandwidth of 55 nm

and contains 284,000 photons. We also show a similar peak (red

circles) at 900 nm produced by a 58 MeV, 14 pC, σγ/γ ≈5%, bunch

in another shot (not shown). The expected undulator radiation

spectrum has been calculated for the measured electron spectra,

taking into account the 1 MeV resolution of the spectrometer,

by integrating the Liénard–Wiechert potentials
17,18

for a collection

angle of 2 mrad. The calculated undulator spectra indicated by the

solid lines in Fig. 2 are in excellent quantitative agreement with

the measured photon spectra peak positions, spectral widths and

photon numbers.
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Figure 2 Undulator radiation spectrum and corresponding electron spectrum.
The measured electron spectrum (inset) shows a distinct maximum at 64MeV with a

width of 3.4MeV (FWHM), and a total charge of 28 pC. The corresponding undulator

radiation spectrum (black squares) is simultaneously recorded. The peak centred at

740 nm contains 284,000 photons. The red circles show an undulator radiation

spectrum from a different shot, produced by a 58MeV, 14 pC electron bunch. The

simulations of the undulator spectra (solid lines) take into account the measured

electron spectrum, the undulator parameters and the optical imaging system, and

compare well with the measured signals.

The measured optical spectrum provides a valuable method

for estimating the beam quality and sets an upper limit on

the energy spread and emittance. The total relative spectral

width must include contributions from the natural spectral

width δl/l = 1/Nu, which is 2% for our undulator. The

measured spectral width imposes an upper limit on the combined

angular spread, ϑ2γ2
, and energy spread, 2σγ/γ , because

(δl/l)2

measured
= (2σγ/γ)2 + (ϑ2γ2)2 +1/N 2

u
. This places an upper

limit on the emittance of εn ≈ 1πmm mrad and electron beam
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