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Première génération (∼1980) : 
Utilisation parasite du rayonnement 
synchrotron

Ex : ACO

Seconde génération (∼1985-2020...) : Anneaux dédiés 
pour le rayonnement synchrotron, quelques onduleurs et 
wigglers, émittance de quelques mm.rad

Trosième génération (∼1990-..) : faible 
émittance, grand nombre d’ID, cohérence 
transverse partielle, évolution vers USR, 
usage de monochromateur pour sélection 
spectrale, nombre de photons réduits en fs 
(slicing, low-alpha)

Source de lumière sur accélérateur
Introduction 

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

Quatrième génération (2000-...) : impulsions courtes (fs) avec des ERLs et des 
Linacs, cohérence transverse et longitudinale par le laser à électrons libres

Source de lumière sur accélérateur

10 fs-10 ps,
εα1/E
Taux de répétition : dizaine de Hz-

MHz (selon le linac) 
10-30ps, εαE2

Dispersion en énergie : 0.1 %, MHz

Dispersion en énergie :  0.01 %

Ex Jefferson Lab

Ex ARC-EN-CIEL
Ex  : Super-ACO, ELETTRA, UVSOR...

Ex FLASH

M. Tigner Nuovo Cimento 1965

Anneau de stockage Accélérateur linéaire Energy recovery Linac (ERL)

Introduction 
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Principe du laser à électrons libres

GαLond2/Υ3

oscillator

SASE

direct seeding

HGHG

echo

- interaction onde optique (émission spontanée, stockée, source laser externe) accordée sur le 
fondamental λ de l’onduleur

- échange d’énergie entre l’onde et les électrons et mise en micro-paquets séparés par λ
- émission cohérente et amplification

- saturation (augmentation de dispersion en énergie du paquet, condition de résonance insatisfaite)  

Introduction 
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Les configurations laser à électrons libres

 • courte longueur d’onde 
(gamme de 1 Å)
  • bonne cohérence transverse 
=> source d’électrons de faible 
émittance, 

SASE (Self Amplified Spontaneous Emission) pas d’interaction electron-laser

7-10 ordres par rapport au rayonnement 
synchrotron spontané 
impulsions mille fois plus courtes que 3G

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 
Phys. Dokl. 24 (12), 1979, 989

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

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

Introduction 

modulation en énergie modulation en densité émission cohérente saturation
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Introduction 
Les configurations laser à électrons libres

Seeding :  une interaction électron-laser

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

T. Togashi et al., Optics 
Express, 1, 2011, 317-324

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].

PRL 107, 224801 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

25 NOVEMBER 2011

224801-4

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

L. H. Yu et al, PRL912003, 074801

associated with a degradation of the longitudinal coherence of the
FEL pulse, but rather with a natural shortening of the FEL pulse dur-
ation relative to the seed pulse. This effect has been theoretically pre-
dicted43 and also seen in numerical simulations of our conditions. It
is, however, important to point out that even without considering
such a shortening of the FEL pulse, the time–bandwidth product
is already smaller than a factor of 4.

Another very important property of light sources to be used for
energy-resolved experiments is the wavelength (or photon-energy)

stability. The FERMI measurements shown in Fig. 4b indicate that
the normalized photon-energy stability is of the order of 7× 1025

(r.m.s.), a noticeable improvement when compared to previous
SASE FEL results obtained in the same photon energy range12,13,44.

Conclusions
Our results show that the FERMI FEL-1 seeded source is able to
produce high-intensity pulses in the EUV range with close to trans-
form-limited bandwidth and unprecedented stability in intensity,
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Figure 3 | Measured beam profiles and double slit diffraction pattern. a, FEL spot size measured on a YAG screen positioned 52.4 m downstream from the
radiator exit. The main signal is well reproduced by a Gaussian profile and is characterized by a second moment of "2 mm in both the vertical and horizontal
directions. b, FEL spot size measured on a second YAG screen positioned 72.5 m downstream from the radiator exit. In this case the measured horizontal and
vertical beam dimensions are 2.6 mm and 2.4 mm, respectively. c,d, Image and projection of the interference pattern recorded on the second YAG screen
when the FEL beam propagates through two 20mm slits, separated by 0.8 mm, placed "8.5 m before the screen.
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Figure 4 | Single-shot and multi-shot spectra at 32.5 nm. a, Measured FEL and seed laser spectrum (dashed red and continuous blue lines respectively).
b, Acquisition of 500 consecutive FEL spectra.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2012.233

NATURE PHOTONICS | VOL 6 | OCTOBER 2012 | www.nature.com/naturephotonics702

FERMI FEL1

• Amélioration de la stabilité (longueur 
d’onde) et rétrécissement spectral• Réduction de la longueur de 

saturation => coût et taille réduits

• Réduction des fluctuations 
d’intensité et du jitter => 
expériences pompe-sonde

Seeding @ 160 nm (SCSS Test Accelerator)

• Gamme spectrale
- seeding HHG (160 - 60 nm 
@SCSS Test Acc., 160 
nm@SPARC, 30 nm@sFLASH)
- up-frequency multiplication 
(260 nm -> 4 nm at FERMI)
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Introduction 

Les configurations laser à électrons libres

Écho : Echo Enable Harmonic Generation : deux interactions électron-laser

! 

1
"echo

=
1
"1

+
1
"2
! ordre élevé 

harmonique atteint 
de façon compacte

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

D. Xiang et al., PRL 105, 114801 (2010)

D. Xiang et al., PRL 105, 114801 (2010)

Echo 15 démontré à SLAC
sur NLCTA

Zhao et al., Nature Photonics

D. Xiang, FEL 2013
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32 années après le premier LEL, 50 années après la découverte du laser

2 mJ, 1.4 Å 
1.5 Å saturation at 65 
m (of 112 m)
now 6 mJ
96.7 % availability

http://www-ssrl.slac.stanford.edu/lcls/
P. Emma et al., Nature Photonics, 2010,.176)

LCLS et SACLA dans le domaine de l’ Ångström 

LCLS

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

http://www-xfel.spring8.or.jp/index.htm

 4 fs-50 fs, mJ, GW, brillance crête : flux moyen 1016 ph/s, 1033  (1024) ph/s/mm2/mrad2, deux couleurs 

I. LELs : état de l’art et tendances 
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FLASH, FERMI et SCSS Test Acc. dans le VUV, les X mous 

FLASH : 30 nm (2005) 6 nm (2007), 4.5 nm (2010), FLASH-II under construction

FERMI :  4-60 nm, sub-ps to 10 fs, 0.3 GW range, polarisation variable, 25-100 µJ / impulsion
7

Figure 3. (a) Seed laser tunability curves. (b) Coverage of the 20–66 nm tuning
range through different FEL harmonics seeded by two of the ranges of the OPA.

the simplest way to tune the FEL. An alternative way has been proposed that takes advantage of
the process that is responsible for the bunching [22, 23].

3.1. The seed laser

Details of the exact layout and parameters of the FERMI@Elettra seed laser can be found
elsewhere [24]. Here we will only summarize its main features briefly. An extensive computer
simulation campaign has been performed at the early stages of the FERMI@Elettra design
to obtain a set of starting parameters for the seed laser system. It was found that a broadly
tunable deep-UV pulse (wavelength range 200–300 nm) having a peak power of the order of
100 MW is needed in order to obtain strong enough bunching. The seed pulse duration has been
chosen in the 100–200 fs range, leading therefore to the need to have about 10–20 µJ of UV
energy per pulse reaching the modulator. In the broadly tunable version, which is expected to
become the main mode of operation after completion of the commissioning, the only feasible
solution was to use an optical parametric amplifier (OPA). The implemented one is a Light
Conversion/Coherent Opera Solo. It is pumped by a 3.3 mJ femtosecond regenerative amplifier
(Coherent Elite), which was later upgraded at Elettra-Sincrotrone Trieste to reach 6.5 mJ per
pulse by adding a single-pass amplifier stage. The signal and idler waves of the OPA span
from 1.08 to about 2.6 µm; up-conversion to UV is achieved through a sequence of nonlinear
harmonic generation and mixing. The OPA output energy per pulse in the spectral range that
can be used for seeding the FEL is shown in figure 3(a). The optical beam transport from the
seed laser table to the undulator is rather long and complex, and efforts have been made to
find a proper multilayer system that would cover a range as wide as possible with losses as
small as possible. In the currently installed version, the overall optical transport loss (reflective
telescope and 8–10 folding and steering mirrors) is about 40% and allows us to deliver to the
FEL sufficient seeding power in the 215–275 nm range.

As can be seen from figure 3(a), four different up-conversion processes have to be used
in order to cover this range. So far, due to limited time, only one of them, namely SH SF-
Signal (second harmonic of the frequency-mixed OPA signal and fundamental 780 nm light,
the blue curve in figure 3(a)) has been used during FEL operation, with the seed laser tunable
with sufficient power in the 228–262 nm range. The corresponding ranges of FEL tunability

New Journal of Physics 14 (2012) 113009 (http://www.njp.org/)

E. Allaria et al. New J. Phys. . 145, 112009, 2012
Allaria E et al 2012 Nature Photon. 6 699–704

SCSS Test Acc. :  40-60 nm vers 4 nm, 250 MeV -> 1.2 GeV

T. Shintake et al., Nat. Phot. 2, 555-559 (2008)
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Panorama des LEL de courte longueur d’onde 

LCLS
LCLS-II SACLA

SCSSPohang FEL
FERMI

FLASH
FLASH-II

Swiss FEL
LUNEX5

Wisconsin FEL

VUV- soft X ray

EFELMarie
SPARC

project operating FEL

NLS

hard X ray

Shanghai FEL

Dialan FEL
Stockholm FEL
MAX IV FEL

Polish FEL

Tohoku FEL

GALAXIES

BNL FEL DUV FEL

MAX-lab FEL

Duke FEL
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 Qu’est-ce que la cinquième génération? 

Approcher les limites de diffraction et de Fourier dans une large gamme 
spectrale, avec de la flexibilité pour les utilisateurs

ultimate 
storage rings, 
ERL, FELs

impulsions as / résolution en énergie 
élevée (BW : 10-6) => faible dispersion 

en énergie et émittance

manipulation des propriétés du 
LEL => seeding, echo, single 
spike, modified SASE,  XFELO

haute 
stabilité

énergies de 
photons plus 
hautes (en LEL)

utilisateurs 
unique / 
multiples

haute cadence : 
anneaux, linacs 
supraconducteur
s

combinaison avec 
lasers et THz (e.g. 

pump-probe...)

Réaliser des systèmes plus «compacts» 

nouveaux schémas d’ 
accélération compacts : Laser 

wakefield acceleration, dielectric 
acceleration, inverse FEL

Onduleur compact  / 
onduleur plasma/ laser 
(Compton / Thomson 
backscattering)

schémas de  
multiplication
de fréquence

Physics and applications of High Brightness Beams : towards a fifth generation light source, Puerto-Rico, March 25-28, 2013

impulsions 
courtes
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Fonctionnement dans les X en single spike
• Régime de faible charge paquet d’électrons courts

• iSASE (improved SASE)

LCLS

allongement du slippage par chicane

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
week ending
8 APRIL 2011

144801-4

• Electron beam energy chirp and undulator taper

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

SPARC

LCLS

• Self-seeding

Demonstration of self-seeding in a hard-X-ray free-electron laser, J. Amann, W. Berg, V. Blank, F.-J. 
Decker, Y. Ding, P. Emma, Y. Feng, J. Frisch, D. Fritz, J. Hastings, Z. Huang, J. Krzywinski, R. Lindberg, 
H. Loos, A. Lutman, H.-D. Nuhn, D. Ratner, J. Rzepiela, D. Shu, Yu. Shvyd'ko, S. Spampinati, S. 
Stoupin, S. Terentyev, E. Trakhtenberg, D. Walz et al., Nature Photonics 6, 693–698 (2012)

Feldhaus et al., Opt. Comm 140 (1997) 341
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LEL à deux couleurs 

Magnetic 
Chicane 1st undulator section 

K1 

e- 

x-ray 
1st Color 

2nd undulator section 

x-ray 
2nd Color 

Controlled 
Delay 

K2 

Eb =  5800 MeV 
and Eγ = 1.5 keV

- double slotted emittance spoiler enabling to control the 
delay (fresh bunch)

- iSASE with delay (phase shifter), undulators slightly detuned 
to act as phase shifters.  U1 5K1), U2 (K2), U1(K1), U2(K2)

A. A. Lutman et al., Experimental 
demonstration of fs two-color X-ray 
FELs, PRL 110, 134801 (2013)

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 

The method we propose overcomes all the issues related to
the previously mentioned schemes.

Seeded FELs can rely on different configurations
[9–14]. In this work, we focus on the so-called harmonic
generation scheme, in which a relativistic electron beam
propagating through the static and periodic magnetic field
generated by an undulator (called a modulator) interacts
with a collinear externally injected optical pulse (seed)
having wavelength !0; see Fig. 1. The interaction modu-
lates the electron-beam energy. Energy modulation is
transformed into spatial bunching, when the electron
beam propagates through a magnetic chicane (dispersive
section). The bunching (as the energy modulation) has a
periodicity equal to the seed wavelength. However, it also
presents significant components at the harmonics of the
latter, i.e., at n!0 (where !0 ¼ 2"c=!0, c being the speed
of light and n an integer number). Finally, the bunched
electron beam is injected into a long undulator chain
(called a radiator), where it emits coherently at one of
the seed harmonics. In the radiator, the electromagnetic
intensity generated from bunched electrons is amplified,
until, due to bunching deterioration, electrons are no longer
able to supply energy to the wave and the process reaches
saturation.

Consider now an FEL, in which a homogeneous electron
beam is seeded by a Gaussian monochromatic laser pulse,
e.g., the one generated by a Ti:Sa laser. In standard opera-
tion mode, the seed peak intensity, the strength of the
dispersive section, and, as a consequence, the bunching
at the radiator entrance are tuned, so as to maximize the
emission from the part of the electron beam seeded by the
center of the Gaussian pulse [see Fig. 2(a)]. The parts of
the beam seeded by the tail of the Gaussian pulse will
instead arrive at the radiator entrance with a local bunching
smaller than optimum. As a result, the output FEL pulse
will approximately reproduce the Gaussian shape of the
seed, both in time and in spectrum. Suppose now we
maintain constant the strength of the dispersive section
and steadily increase the seed intensity [(see Fig. 2(b)].
For high enough intensities, the part of the electron beam
that, in the modulator, interacted with the center of the

Gaussian seed will have, at the radiator entrance, a bunch-
ing larger than optimum (overbunching). Because of the
large laser-induced energy spread, the FEL emission from
this part of the bunch will be significantly attenuated. The
larger the seed peak intensity, the larger the overbunched
zone will be. The beam portions having optimum bunching
(seeded by the lateral parts of the Gaussian seed) will be
located both at the right and at the left of that zone. As a
consequence, in these conditions the FEL pulse will be
characterized, in the time domain, by two lateral peaks
[(see Fig. 2(b)] or, if the seed is sufficiently intense to
suppress the emission from the central part, by two
separated subpulses [8]. Because the seed is assumed to
be monochromatic, the two subpulses have the same
wavelength.
The situation changes if the seed carries a significant

frequency chirp. Indeed, in this case, the two subpulses
will be also characterized by different wavelengths; see
Fig. 2(c). This opens up the possibility of using the FEL as
a self-standing source to carry out two-color pump-probe
experiments.
Let’s consider a seed pulse carrying a controllable

linear chirp [15]. The pulse electric field reads [16]:

EðtÞ $ expð%!Rt
2 % i!It

2Þ; (1)

where !R and !I are constant parameters controlling,
respectively, the pulse duration and bandwidth. According
to the previous equation, one can define the time-dependent
phase of the pulse as #ðtÞ ¼ !It

2. Switching to intensity
(’ jEðtÞj2), one finds that the rms pulse temporal duration,

$l, is given by $l ¼ 1=ð2
ffiffiffiffiffiffi
!R

p
Þ.

The instantaneous frequency within the seed pulse,
!instðtÞ, is defined by the following relation:

FIG. 1. Schematic layout of a seeded single-pass FEL
(harmonic generation scheme).

FIG. 2. Seed-electron interaction and resulting FEL (temporal
and spectral) outputs for different seed configurations: no chirp
and moderate seed intensity (left panel), no chirp and high
seed intensity (central panel), chirped seed with high intensity
(right panel). The meaning of the symbols is explained in the
text.
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!instðtÞ #!0 ¼
d!ðtÞ
dt

¼ 2!It: (2)

In order to illustrate our findings, we consider the para-
digmatic example of the FERMI@Elettra FEL [17], whose
relevant parameters are listed in the caption of Fig. 3. The
left panel of Fig. 3 shows the measured spectral evolution
of the FERMI@Elettra FEL pulse, as a function of the
seed power.

As expected, above a given power threshold the FEL
pulse splits, both in time and in spectrum [18]. Larger seed
powers correspond to larger extensions of the overbunched
zone around the pulse center and, therefore, to larger
temporal and spectral separations.

The central panel of Fig. 3 reports the spectral evolution
of the FEL pulse, simulated using the numerical code
PERSEO [19]. As can be seen, the agreement with experi-
ments (left panel) is very satisfactory. This confirms the
correctness of our interpretation of the pulse splitting
mechanism. The left panel of Fig. 3 shows the correspond-
ent (simulated) temporal pulse splitting. We remark that
the maximum obtainable temporal split is limited by the
electron-beam duration and by the possibility of generating
long-enough (chirped) seed pulses characterized by
significant local power at their tails.

In the following, we concentrate on the analysis of the
so-called low-gain regime. In this low-gain regime, the
relative FEL gain bandwidth B (approximately equal to
the relative maximum spectral separation) is proportional

to the inverse of the number of radiator periods (Nu):
B ’ 1=Nu.
Exploiting a chirped seeded FEL for carrying out pump-

probe experiments relies on the possibility of controlling
independently the spectral and temporal distance between
subpulses. Let us show how this can be achieved.
Suppose we want to generate, at the radiator exit, two

subpulses having constant spectral distance and variable
temporal separation. First, let’s see how, for a given chirp,
one can decide the subpulses’ spectral distance. We indi-

cate the latter with "̂! ¼ !̂1 # !̂2, where !̂1 ¼ n!1 and
!̂2 ¼ n!2 are the central frequencies of the two subpulses,
!1 and !2 being the corresponding instantaneous frequen-
cies carried by the seed [determined according to Eq. (2)],
and n the selected harmonic number; see Fig. 2. In general,

"̂! will be given by "B!rad, where " is a factor (smaller
or slightly larger than one) fixed by the user and
!rad ¼ n!0 is the central frequency at which the radiator
is tuned.
According to Eq. (2),

j"̂!j ¼ nj!2 #!1j ¼ 4n!I #t ’ "nB!0; (3)

where #t is the temporal position of !1 and !2 (symmetric
with respect to !0; see Fig. 2), determining the (identical)
seed powers experienced by the portions of the electron
beam emitting in the radiator at the two frequencies !̂1 and
!̂2. Such a power is given by

P ¼ P0 exp

 
##t2

2#2
l

!
; (4)

P0 being the maximum seed power. Knowing P, one can
find the electron-beam energy modulation, "$, induced by
the laser-electron interaction inside the modulator [20]:

"$ðrÞ ¼
ffiffiffiffi
P
#P

s
KLu

$0#r
J0;1

"
K2

4þ 2K2

#
exp

 
# r2

4#2
r

!
: (5)

Here #P ’ 8:7 GW, K is the modulator parameter, Lu the
modulator length, $0 the nominal (normalized) beam
energy, J0;1 is the difference between the J0 and J1 Bessel
functions, r is the radial position inside the electron beam,
and #r is the seed-laser spot size in the modulator. The
energy modulation is related to the bunching, b, created in
the dispersive section by the following relation [9]:

b ¼ exp
"
# 1

2
n2#2

$d
#
Jnðn"$dÞ; (6)

where #$ is the (normalized) electron-beam incoherent
energy spread, d is the strength of the dispersive section
and Jn the Bessel function. The parameter d is usually
expressed in terms of the parameter R56, as d ¼
2%R56=ð&0$0Þ. Our aim is to find the optimum value of
the dispersive section which, for a fixed seed power, allows
maximizing the FEL emission at the two wavelengths we

FIG. 3. Projected spectral and temporal FEL intensities for
different seed powers. Left panel: experimental spectral splitting,
measured at FERMI@Elettra [7]; central and right panels:
simulated spectral and temporal splitting (using the code
PERSEO). The set of parameters, valid both for the experiment
and for the simulation, is the following: normalized energy
ð$0Þ ¼ 2:544& 103, energy spread ð#$Þ ¼ 2:544& 10#1, peak
current ðIpeakÞ ¼ 200 A, bunch duration ¼ 1 ps (rms); modula-

tor period ¼ 0:1 m, modulator length ðLuÞ ¼ 3 m, modulator
parameter ðKÞ ¼ 5:7144, radiator period ð&wÞ ¼ 55& 10#3 m,
number of radiator periods ðNuÞ ¼ 264, central modulator wave-
length ð’ 2%c=!0Þ ¼ 261 nm, central radiator wavelength
ð&radÞ ¼ 32:6 nm, harmonic number ðnÞ ¼ 8; seed-laser power
ðP0Þ ¼ 50–500 MW, strength of the dispersive section ðR56Þ ¼
20 'm, laser spot size in the modulator ð#rÞ ’ 300 'm,
ð!R;!IÞ3 ¼ ð5& 10#5 fs#2; 3:2& 10#5 fs#2Þ.
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Pulse splitting + chirp @ FERMI

LCLS avec délai par chicane

G. De Ninno et al. PRL, 110, 064801 (2013)  

X-ray direct splitting @LCLS
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Accélérateur compact : Laser WakeField Accelerators

Laser intense focalisé dans un 
gaz (jet, cellule, capillaire)

laser 
beam

electron
beam

plasma 
wave

gas jet

Wake Patterns Boat Design Forums - AxSoris.

Le sillage du laser en résonance avec le plasma : τlaser∼Tp/2
=> perturbation de la densité électronique et champ 
longitudinal accélérateur

!"#$%%&'(()*++,-./0123454678625895:;

+(<=>(?=8@4

50 pC 30 pC

Acceleration to 1 GeV in 

33 mm long pre-formed 

plasma channels 

5% shot-to-shot 

fluctuations in mean 

energy

!"#$%%&'()*#+#,"-../%0*#12'340%#567)89)#:;;<=

E = 0.48 GeV±6% 

and an r.m.s. 

spread <5%.

12TW (73fs) - 18TW (40fs)

E = (0.50 +/-0.02) GeV

!E = 5.6% r.m.s

!" = 2.0 mrad r.m.s.

Q = 50 pC

Laser ~ 1 J

!g !"#$

!"#$!%&'()*+,-.(/(01-21314

2

0

max

2
2000

3

g a!
! " #

energy spread : 0.75%
emitttance 2.2 ±0.7 π mm.rad

W. P. Leemans et al. , Nature Physics 418, 2006, 696

Texte

Différents schémas :
- auto-injection transverse
- auto-injection longitudinale
- injection dans un gradient de densité
- à deux lasers collision chaude
- à deux lasers collision froide
- collision transverse
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C. Rechatin et al., Phys. Rev. 
Lett. 102, 194804 (2009)

1.5 fs RMS duration : Peak current of 4 kA

O. Lundh et al. Nature Physics,
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Energy spread (%) 100       5       1
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 Laser Wakefield Accelerator

Faisceau LWFA
- très court (fs)
- divergent (1 mrad)
- de petite taille (1 µm)
- dispersion en énergie large (1 %)
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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.
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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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Maintenant jusqu’à 4 nm

- Diffusion Thomson

- Source d’électrons pour la diffraction

- Rayonnement onduleur spontané 

 Accélération laser plasma et applications

Courtesy V. Malka

A. Rousse et al., Phys. Rev. 
Lett., 93, 135005 (2004)

- Rayonnement Betatron

=> Projet FEL : validation intermédiaire des LWFA avant application aux collisionneurs 
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S. Formaux et al., New J. Phys. 
13, 033017 (2011)

K. Nakajima, Nature Physics, 4 (2008) 92
H. P. Schlenvoigt et al., Nature Physics, 4, 130-133, 2008
M. Fuchs et al., Nature Physics 5, 826 (2009)

Ec = 8.5, 3.2 et 6.6 keV)

- Rayonnement onduleur amplifié (FEL)?  
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GALAXIE Subsystems

Accelerator Design

Fabrication and Testing

Mid-IR Pulsed Laser

S-Band Photoinjector and Skew Quads

Dielectric Accelerator and Microquads

THz Undulator

Dielectric Accelerator

Accelerator eigenmode
1

Resonant spatial harmonic provides acceleration.

Nonresonant spatial harmonics provide focusing.

Hole diameters approximately 800 nm.
1
B. Naranjo, A. Valloni, S. Putterman, and J.B. Rosenzweig, “Stable Charged-Particle Acceleration and Focusing in a Laser

Accelerator Using Spatial Harmonics,” Phys. Rev. Lett. 109, 164803 (2012)

10 / 40

GALAXIE Subsystems

Accelerator Design

Fabrication and Testing

Breakdown Testing

Single-layer device

Stacked structure

Fabricated structure

[Max Ho, UCLA Nanolab]

35 / 40

B. Naranjo, A. Valloni, S. Putterman, J. B. Rosenzweig, stable charge-particle accleration and 
focusing in an laser accelerator using spatial harmonics, Phys. Rev. Lett. 109, 176803 (2012)

GALAXIE Subsystems
Accelerator Design

Fabrication and Testing

Mid-IR Pulsed Laser
S-Band Photoinjector and Skew Quads
Dielectric Accelerator and Microquads
THz Undulator

Overview

Mid-IR Pulsed Laser

S-Band Photoinjector

Skew Quads

Skew Quads

Dielectric Accelerator

Microquads
THz Undulator 40-50 keV

Coherent X-rays

3 / 40

GALAXIES (UCLA)

Dielectric accelerator Inverse FEL

High power laser

W. Kimura et al. PRL92, 154801 (2004)
P. Musumeci et al. PRL94, 154801 (2005)

P. Musumeci EAAC , Elba, May 2013

• STELLA 2 : gain of 17% of the energy

• IFEL @ UCLA : 15 => 35 MeV in 25 cm 
(0.5 TW @ 10.6 µm), 70 MeV / m

• RUBICON, LLNL : 105 MeV achieved recentyly

10 TW laser system
5J -500 fs

RF Linac

4.5 m 1.5 m 3.5 m

45 MeV

0.5 m

RF photogun
Linear 
Prebuncher

Strongly tapered undulator

Cryogenic short-period 
FEL undulator

FEL

1 GeV

 Autres techniques d’accélération compacte 

• Resonant spatial harmonic provides acceleration
• non resonant spatial harmonics provides focusing
 •hole diameter typically 800 nm

J. Breuer, P. Hommelhoff, Phys. Rev. Lett. 111, 134803 (2013)
E. A. Peralta et al. Demonstration of electron acceleration in a laser driven dielectric 
microstructure, Nature Lett. 12664, 2013
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40-4 nm, 20 fs and shorter

Un démonstrateur de LEL de cinquième 
génération :  

 linac supra : cohérence transverse et 
longitudinale, vers la haute cadence et les lignes 
LEL multiples  
LWFA:  FEL vu comme une application qualifiant le 
LWFA
 expériences pilote etvision scientifique au-delà du 
démonstrateur
  
une étape avant une installation serveur multi-
utilisateurs

!

 LUNEX5
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 La genèse du projet

2011 : 
«Dossier d’opportunité 
SOLEIL»
Discussions avec des 
membres du Conseil : 
CNRS (B. Girard, C. Simon) , 
DSM (J. P. Duraud); 

Revue d’ APS, 2 déc 2011 Conseil SOLEIL : Décembre-15, 2011

Présentation au Conseil 
de SOLEIL
Juin  2011:

Demande d’APS
Demande de revue par un 

comité (en lien avec le 
SAC) 

Présentation au Conseil 
SOLEIL de  Déc. 2011

PHASE d’Avant-Projet Sommaire 

Planning, coût et ressources, 
Partenariat  
CDR draft : fin Nov. 2011

Définition technique de la configuration de 
référence avec les différentes options 
(accélérateur, implantation), les composants, les 
premières simulations, la description des 
expériences pilote et de la vision scientifique

Première idée.....

TREIZIEME RESOLUTION 

Le Conseil prend connaissance du document d’avancement du projet LUNEX5 et 
approuve le démarrage d’une phase d’études complémentaires ciblées et de R&D 
associées, sur la base de financements spécifiques. 

Il prend note du rôle de coordinateur rempli par le synchrotron SOLEIL dans le projet 
LUNEX5.

P. Georges (Institut d'Optique, France) : laser à fibres, laser, 
optique
R. Bartolini (Diamond / Oxfrod, UK) : FEL physique accélérateur 
R. Assman (CERN, CH) : Responsable de EURONNAC, physique 
accélérateurs
J. E. Rubensson (Uppsala, Sweden). Physique atomique / 
moléculaire, SAC
J. Feldhaus (DESY, Germany). Optique, lignes de lumière, FLASH. 
E XFEL
Carl Schroeder (Berkeley): Accélération plasma

Conseil SOLEIL 2012 et 2013

Points d’avancement
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Partenariat LUNEX5

Partenaires actuels : 

• SOLEIL   
• CNRS :
- le Laboratoire de l’Accélérateur Linéaire  (LAL), 
- le Laboratoire d’Optique Appliquée (LOA) / ENSTA, École Polytechnique,
- le Laboratoire de Physique des Lasers Atomes et Molécules (PhLAM) et Université de Lille, CERLA
- le Laboratoire de Chimie Physique, Matière et Rayonnement (LPCMR).
• CEA :
, la Direction des Sciences de la Matière du CEA (CEA-DSM) :
-  le Service des Accélérateurs, de la Cryogénie et du Magnétisme (SACM) de l’Institut de Recherches sur les 
Lois Fondamentales de l’Univers (IRFU) 
- le Service des Atomes, Photons et Molécules (SPAM) de l’Institut de Rayonnement Matière de Saclay 
(IRAMIS). 
• ESRF

Les utilisateurs au-delà des user pilote seront considérés comme membres associés. 

LUNEX5 est ouvert à de nouveaux partenariats, en fonction de la contribution scientifique ou financière. 

Partenaires industriels : dans un second temps.
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TRF

Nbunch

Tb

~ ~

Tf ∞ QL

5µs-500 µs macropulse
1-100 bunches, 0.1-1 nC, 1-100 µA

Le linac supraconducteur
Le LWFA

- base solide et mûre pour l’études des lignes LEL 
avancées

- évolution vers la haute cadence

- évolution vers un centre serveur LEL multi-users
(réduction des coûts de fonctionnement)

- le LEL vu comme «une application» qualifiante

- compact / Lab. scale

- «high risk», «challenging»
retombées dans les études pour des multi-étages 
LWFA

- relativement basse cadence

- fiabilité de l’opération? 

400 MeV Superconducting Linear Accelerator

400 MeV Laser WakeField Accelerator

Advanced FEL line

266 nm

HHG
40-20 nm

 Complémentarité des accélérateurs 

Pilot user experiments
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 Expériences d’utilisateurs pilote
Systèmes isolés (atomes froid/molécules, clusters, 
nanopaticles)   

 Instrument : sepctromètre imageur à haute résolution  

• Dynamique de la fonction d’onde électronique et nucléaire  
dynamics dans les molécules 

• Dissoication molécualire de  dissociative niveaux de cœeur 
excités  (pump-probe)
• Dynamique ultra rapide dans des systèmes faiblement liés 
(clusters) 

• Effets Auger-Doppler (tunneling electron)
• Electron streaking pour corréler temps d’émission et délai  

Matière condensée

Analyse résolue spatialement de la dynamique d’aimantation 
ultra-rapide suivante une excitation d’un film ferromagnétique 
limpilsion laser fs infra-rouge

coherence => images X single shot du domaine magnétique
IR pump- X ray probe :
resonant magnetic small angle scattering - Seuil M des niveaus 
de transition

Lunex5 pour l’étude de la dynamique d’aimantation 
(J.Luning et al, LCPMR)
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“pilot user experiments” et non “user’s facility”

vision au delà de LUNEX5  : le démonstrateur LUNEX de centres serveurs vers  :
- la génération d’impulsion ultra-rapides u (attosecond?) 
- accès aux niveaux seuils du C,N,O et L des métaux de transition (< 4 nm)
- “single shot”
- phase diluée – nanoparticules, magnétism, réactivité chimique, biologie (time resolved)
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Implantation
arène booster SOLEIL 

tunnel/ salles de l’ ALS 

Site vierge 
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LUNEX5, Lundi  28 Janvier 2013, Séminaire CEA-DAM/DPTA

Composants de LUNEX5  

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
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

Compression Chicane : 
Reduction of the bunch length to 
1 ps

Harmonic cavity (or 
chicanes)  : Longitudinal 
phase space linearisation

Cryomodule  :
superconducting accelerating 
section, 24 MV/m, 1.5 ms RF pulse, 50 
Hz, 10 % duty cycle
Cryogenic power : 100 W at 2 K

10 
µJ 
~ 

266 
nm 

Cs2Te

   (emittance 
compensation)

200 MeV

TRF

Nbunch

Tb

~ ~

Tf ∞ QL

5µs-500 µs macropulse
1-100 bunches, 0.1-1 nC, 1-100 µA
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Composants de LUNEX5

Collimation section  : 
cleaning of the halo and of 
the dark current

LWFA chamber 

Echo modulators  : in-
vacuum undulators 
period 30 mm

Echo chicane  :
Chicane 1 (2)
Number of dipoles  4
Length :                   1.2 (0.8) m
Gap:                        25 mm
Bz	
             0.38 (0.35) T
L

d
:                           150 (100) mm

 3 Variable permanent magnet 
transport Qpole  : 130 T/m

CILEX (Centre Interdisciplinaire du Lumière 
Extrême)  :
• APOLLON laser 10 PW
• LUIRE
• «Proximity centers» : LOA Salle Jaune : 2 
beams of 60 TW each, UHI 100, LASERIX...

Seed laser 

HHG chamber

Cryomodule  :
superconducting accelerating 
section
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Composants de  LUNEX5 

Echo radiators  : in-vacuum 
cryo-ready undulators period 
15 mm

Beam dump 
dipole  

Quadrupole  : 6T/
m, 150 mm length, ∅ 
= 25 mm

gap:5.5/20mm
B=1 T

In vac. cryo
gap:5.5/18mm

B=1.15  T

Monochromator  

Condensed matter 
user station  

Isolated species 
user station  

Multipurpose source chamber 
for isolated species production 
under UHV 
Full	  3D	  ion	  momentum	  spectrometer
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 Dynamique du faisceau d’électrons du linac supra 

CLA@ undulator entrance

Modélisation « complète » du 
faisceau le long du CLA et 
adaptation au niveau des 
onduleurs

Faible émittance < 1 10-6 mrad
Faible dE/E         < 1 10-4

Durée FWHM      ~  0.5 ps
400 – 800 A crête

Injecteur Linac Onduleurs

Final slice parameters (1 nC)

400 MeV
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 Cas d’un LWFA optimiste

Énergie : entre 0.4 et 1 GeV
Quelques fs
Fort courant crête : 10 kA
Émittance normalisée γε= 1 π mm.mrad
Dispersion en énergie : entre 1 % (actuel) 
et 0.1 % (valeur visée)

Injection au niveau du dogleg

pompage différentiel

Source Matching 400 MeV

Final slice parameters (20 pC)

Modélisation du faisceau LWFA et 
adaptation au niveau des onduleurs

Emittance contenue < 4. 10-6 mrad
dE/E contenu           < 2. 10-3 
Durée FWHM          ~  10 fs
>2000 A crête

III.  Projet LUNEX5: études d’APS 

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

Performances CLA et LWFA comparées

LWFA : 1 Hz, 400 MeV et davantage.  

Technologie mature, stable, base solide et fertile 
pour développer une interaction LEL avancée 
(HHG, EEHG...)

Nouvelle technologie prometteuse, à qualifier sur une application 
laser à électrons libres
Si la dispersion en énergie est bien de 0.1 %, alors possible single 
spike LEL possible.
=> revoir le transport en partant de 1 % de dispersion en énergie

2-3 1017 4-5 1016Brillances assez comparables
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Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / Amplifier
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(iv)

After 3 sections (z=11 m) : 50 MW, 30 fs FWHM and Signal/noise!3

Amplifier @ 20 nm, 
après 3 sections z = 11 m, 50 MW, 30 fs FWHM, signal/ noise= 
3

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

Cascade @ 20 nm, 
saturation après 3 sections z = 11 m, 100 MW, 25 fs FWHM, FT

Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 20 nm / EEHG
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(iv)

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

Echo @ 20 nm, 
saturation après 2 sections z = 7 m, 65 MW, 24 fs FWHM, FT

Introduction FEL based on CLA FEL based on LWFA Conclusion

Performances @ 400 MeV

Q Q Q
1 kW@ 20 nm 20 nm 20 nm 20 nm 20 nm
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With nominal parameters :
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(ii)
SASE

Amplifier

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

dispersion en énergie : 0.5 %, 20 fs rms;
@ 20 nm; no saturation après 3 sections, < MW, > 35 fs FWHM 
dispersion en énergie : 0.1 %, 20 fs rms;
@ 20 nm; pas de saturation après 3 sections, 10 MW, > 20 fs 
FWHM
dispersion en énergie : 0.1 %, 2 fs rms; 
SASE @ 20 nm, saturation après 2 sections z = 7 m, 2 GW, 7 fs 
FWHM, single spike

  Sources LEL sur LUNEX5 
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=> Vers des sources compactes LEL à la limite de Fourier : exemple de la  Triple Modulator Chicane

Au delà de LUNEX5 avec linac conventionnel avec TMC
Calcul time-dependent

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 :
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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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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On pourrait encore à terme réduire la longueur d’onduleur par une triple 
interaction laser/HHG onduleur
Cas d’un LUNEX5 upgradé à 1.5 GeV à 1.3 nm : réduction de la longueur d’onduleur 
de 80 m à  (SASE) à 20 m (TMC)
=> Réduction de taille et de coût 

Ex : TMC @ 1.3 nm @ 1.5 GeV
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extrait du rapport du comité de revue:
«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.»

PHASE d’études complémentaires et de R&D associée
• Lancer des programmes de R&D et rechercher les fonds pour cette R&D
• Poursuivre les études complémentaires, en particulier en suivant les recommandations du 
comité de revue

 Phase actuelle du projet
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Steering Committee

Project Leader

Deputy Project Leader 
source and accelerator

Deputy Project Leader 
Science

WP1 : 4G+ S2E simulations

WP2 :5G S2E simulations

WP3 :Superconducting Linac R&D

WP4 : LWFA R&D and test experiment

WP5 : FEL optical line

WP6 : R&D on magnetic elements

WP7 : R&D on diagnostics

WP8 : Short pulse and synchronisation

WP9 : Pilot user and science vision

WP10 : Management and integration

X-Five

Electro-optics (BQR)

QUAPEVA

Cryo-ready undulator

SP

GDRI XFEL science

COXINEL

ULTRAFAST-X

SpectroX-XFEL

DYNACO

Ta
sk
s

Pr
og
ra
m
s

mardi 20 août 2013

 Organisation en tâches et programmes

QUAPEVA

GDRI XFEL Science
Ultra-fast X
SpectroX-XFEL

ANR DYNACO
PhLAM/SOLEIL

BQR Electro-optics
PhLAM/Lille 1 Univ. 

Diagnostics : SP

Onduleur 
cryo-ready

Programmes

ERC COXINEL
ERC X Five

20

20
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 Vers LUNEX5 à haute cadence en linac froid
Dynamique faisceau 

Simplification et raccourcissement de la chaîne accélérateur sur le linac supraconducteur

Compression schemes

3H

Chicane

Dog-Leg

Dog-leg + sextupoles : 
	
 To  compress the bunch
	
 To linearize the long. phase space
	
 To cancel second order dispersion

Standard compression scheme :

   with a third harmonic (3H) linearizer
   + a chicane to compress

Variation based on a dog-leg :

   Much compact (~ 15 m gain)
   Less expensive (no 3H cavity)
   But less versatil

Works at CEBAF …
Planned at MAXIV linac
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 Vers LUNEX5 à haute cadence en linac froid
Dynamique faisceau 

Compression schemes
Bunch characteristics at undulator line entrance  with a bunch 

compression by ~10 from 50 to ~500 A pic current

3H + chicane Dog-Leg + 
sextupoles

==> very similar
(Energy chirp reversed)
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 Vers LUNEX5 à haute cadence en linac froid

0 10 ms

LCLS - I

FEL
10-30 fs, mJ

LCLS - II Supra : 
vers une plus haute 
cadenceEuropean XFEL

0

10-100 fs, mJ

200 ns 600 µs- 1 ms 

100 Hz

10 Hz / MHz

et variantes

SRing SOLEIL

20 ps, nJ

MHz

0 2.8 ns 

25 ps, 5 mA

Hybrid : 312 p., 425 mA + 1 p. 5 mA

Multibunch  : 312 p., 430 mA

0 148 ns 

30 ps, nJ

8 b : 8 p., 88 mA

1 b : 1 p., 11 mA

1.181 µs

0

30 ps, nJ

Low alpha : 
312 b@20 mA, 1 b@65 µA

4.7 ps, 10-100pJ

LUNEX5@ linac froid

0 5 µs 5-500 µs

50 Hz / MHz
5µs-500 µs macropulse

1-100 bunches, 
0.1-1 nC, 1-100 µA

20 fs, 10 µJ

0 1 ms

1 kHzintervalles temporels réguliers
1 kHz (- 1 MHz ?)

20 fs, 10 µJ
20 ms

20 ms

0 1 ms

1 kHz
20 fs, 10 µJ

20 ms

envoi sur 3 LELs

1 -10 Hz
20 fs, 1 µJ

LUNEX5@ LWFA
0.1-1 s
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Domaines scientifiques pour la «haute cadence» :
• expériences de coïncidences (phase gaz), 
• photo-émission pour limiter la charge d’espace, 
• imagerie en diffraction cohérente 
• ...

Contraintes :
- mise en place du champ RF dans les cavités et suppression
- installation cryogénique
- cadence des lasers de seeding devant être compatible avec celle des électrons 
- systèmes de synchronisation

Il semblerait que côté utilisateurs des impulsions à intervalles régulier (kHz?) soit 
préférable à une structure avec des macro-impulsions  contenant des micro-impulsions

 Vers LUNEX5 à haute cadence en linac froid

Quelle structure temporelle idéale? 
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 Vers LUNEX5 à haute cadence en linac froid
Canon supraconducteur ? 

10 
µJ 
~ 

266 
nm 

Cs2Te

   (emittance 
compensation)

Remise en question du choix du canon 
DESY Zeuthen suite à l’avancée des canons 
supraconducteurs

Choix 2011 

available energy gain at growing beam currents. For this
reason, high-current SRF guns usually consist of one or
two cells and deliver not more than moderate emittances,
especially at short bunches with a high charge (see BNL/
AES). An improvement can be achieved by reducing the
bunch charge. In this case, the brightness remains approxi-
mately unchanged but the average current is limited by the
available rf frequency (see HZB).

The same is true for quarter wave cavities. In compari-
son to elliptical cells, they cannot be paired easily with
each other and therefore they are limited to one cell.
However, the availability of suitable couplers and rf
sources at low frequencies allows high beam power up to
1 MW. In addition, the longer oscillation period allows
high bunch charge just by extending the bunch length. In
this case a bunch compressor is additionally needed. An
exception is the WiFEL gun, but one has to wait whether
the blow out mode will work in the planned manner.
Nevertheless, a current upgrade to more than 1 mA is
difficult because this would require a multi-MHz laser
with high peak and high average power.

By the way, the same is true for the low QE cathode of
the PB=NB hybrid gun.

As of today, the planned sources of WiFEL, Pb=Nb,
BNL and HZB determine the boundary of the technical
feasibility. This is qualitatively indicated by the red curve
in Fig. 18. Conservative designed sources include a safety
margin and thus are situated below the curve. The FZD
gun, for example, might be capable to deliver up to 5 mA
(limited by the rf coupler) while the limit of the NPS gun is
anticipated to be at 500 mA or above.

For further comparison, the chart was expanded by the
DC and NCRF high-current sources summarized in [47]

and the three existing high brightness injectors of Spring8
[48], Flash [49], and Linac Coherent Light Source [50]. All
parameters refer to the exit of each injector. Fields marked
with (*) are measured values, while all others are taken
from design reports. Today, the best high brightness
sources demonstrate very high beam quality at least for
low currents. Its increase is possible, but only at the ex-
pense of bunch brightness. All existing sources (Boeing,
JLAB, BINP) as well as the planned ones are lined up in
the same area as the SRF guns. Remarkable in this context
are the WiFEL and the Pb=Nb gun. Both are planned to
deliver high brightness beams, only known from NCRF
guns, but at much higher average current.
Besides the known technological challenges of DC and

NCRF guns, the SRF guns have to deal with a supercon-
ducting cavity and its technologically sophisticated cryo-
genic clean room environment. Particular attention is
focused on the interaction with the NC cathode. To date,
the sole experience at Rossendorf does not show any deg-
radation of intrinsic quality factor. However, two projects
pursue alternative approaches to avoid the anticipated prob-
lems, but creating new ones elsewhere. The use of a SC
cathode, for example, is causing difficulties in application
and preparation of the lead spot as well as in obtaining the
electric field (hybrid guns). A different approach at the
PKU has to grapple with the problems of DC guns and
for the same reason it is limited in the bunch charge.
All remaining projects, following the Rossendorf model,

use either normal conducting Cs2Te or CsK2Sb cathodes.
In both cases a choke filter is required, whereas at low
frequencies a simple quarter wave structure might be suf-
ficient. Nevertheless, for all guns these filters pose a prob-
lem in cleaning and assembly. So far, experiences are

FIG. 18. Comparison of some electron sources by plotting bunch brightness versus average current. The colored squares are
representing the three types of guns. An anticipated trend for SRF guns is shown by the red curve.
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However, the availability of suitable couplers and rf
sources at low frequencies allows high beam power up to
1 MW. In addition, the longer oscillation period allows
high bunch charge just by extending the bunch length. In
this case a bunch compressor is additionally needed. An
exception is the WiFEL gun, but one has to wait whether
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are the WiFEL and the Pb=Nb gun. Both are planned to
deliver high brightness beams, only known from NCRF
guns, but at much higher average current.
Besides the known technological challenges of DC and

NCRF guns, the SRF guns have to deal with a supercon-
ducting cavity and its technologically sophisticated cryo-
genic clean room environment. Particular attention is
focused on the interaction with the NC cathode. To date,
the sole experience at Rossendorf does not show any deg-
radation of intrinsic quality factor. However, two projects
pursue alternative approaches to avoid the anticipated prob-
lems, but creating new ones elsewhere. The use of a SC
cathode, for example, is causing difficulties in application
and preparation of the lead spot as well as in obtaining the
electric field (hybrid guns). A different approach at the
PKU has to grapple with the problems of DC guns and
for the same reason it is limited in the bunch charge.
All remaining projects, following the Rossendorf model,

use either normal conducting Cs2Te or CsK2Sb cathodes.
In both cases a choke filter is required, whereas at low
frequencies a simple quarter wave structure might be suf-
ficient. Nevertheless, for all guns these filters pose a prob-
lem in cleaning and assembly. So far, experiences are
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Another bottleneck in the development arises from the
very high average power consumption in the order of
1 MW. Couplers capable to transport 2! 500 kW power
into the cavity are needed. In addition, a low penetration
depth of the coupler tip to reduce transverse kicks and
strong coupling of Qext " 3:7! 104 have to be realized
at the same time. Moreover, also HOM damping
(" 500 W at 1.4 nC) and beam loss even on the order of
parts per thousand are important issues.

In order to find principle design limitations, two 1.3 GHz
cavities were built and tested at 2 K. It turned out that
strong multipacting (MP) barriers appeared in the folded
quarter wave choke filter. For its mitigation, several mea-
sures are planned to be taken: anti-multipacting grooves on
the choke filter surface, high temperature bake to reduce
secondary electron yield, and a biased cathode stalk as
applied at the FZD SRF gun [24].

The project is in a very advanced stage [25]. The injector
fabrication is underway at AES and the 704 MHz cavity
achieved very promising results during the vertical tests,
but without the cathode stalk (Fig. 8).

The high temperature SC solenoid is already fabricated
and the hermetic string assembly as well as the cryomodule
completion are planned by 2010. Furthermore, the cathode
transport carts are delivered and the deposition system is
tested up to 1:0! 10#10 Torr. The laser system (5 W,
355 nm, 10 ps, 9.38 MHz), built by Lumera, is under
commissioning. The 500 kW CW coaxial couplers are
designed and fabricated by Communications & Power
Industries. This couplers are provided with ‘‘Pringle’’
shaped tips [26] which were found to be an effective choice
for electrical coupling. Their conditioning will be done in-
house using a 1 MW klystron. Moreover, also a 1.3 GHz
plug gun test system was built to investigate lifetime, QE,
and beam properties of GaAs under superconducting
conditions.

C. HZB 1.3 GHz–1.6 cell SRF gun

In the fall of 2008 the Helmholtz Zentrum Berlin (HZB,
former BESSY) made the decision to build BERLinPro, an
energy recovery linac (ERL) test facility to demonstrate
key ERL technologies and to establish ERL know-how at
HZB [27]. Based on the experience gained from this facil-
ity, a layout of a full-scale ERL-based next generation light
source will be prepared.
BERLinPro starts with the development of a 1.3 GHz

1.6 cell SRF photogun using a semiconductor cathode
embedded into the cryogenic environment to achieve
high average brightness, i.e., low emittance (1 mmmrad)
and high average current (100 mA) (see Fig. 9). To pro-
mote this ambitious goal, the expertise of the hybrid gun
group led by Jacek Sekutowicz and the resources of the
HZB (HoBiCaT, beam diagnostics) and the MBI (drive
laser) are combined [28,29]. In the first stage a 1.6 cell
hybrid gun will be installed inside the HoBiCaT cryoves-
sel. The primary objective of this HoBiCaT gun is beam
brightness. The designed target parameter to enter the next
level of iteration is 1 mmmrad normalized transverse
emittance at 77 pC bunch charge. The first beam operation
is expected in the fall of 2010. After successfully passing

FIG. 8. Q0 vs E measurements of the 704 MHz half cell BNL
gun cavity without cathode stalk. Courtesy of Ilan Ben-Zvi,
BNL.

FIG. 9. Generic design of the 1.3 GHz 1.6 cell BERLinPro
SRF gun. Courtesy of Thorsten Kamps, HZB.
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FIG. 10. Preliminary Q vs Epeak measurements of the 1.3 GHz
1.6 cell BERLinPro SRF gun. Courtesy of Axel Neumann, HZB.
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this basic test, a 1.6 cell SRF gun with a NC cathode stem
and a multialkaline cathode (CsK2Sb) will be used to
investigate high average current operation. The designed
parameters for both cavities are listed in Table I.

Preliminary Q vs Epeak measurements, done in the ver-
tical test bed at Jefferson Laboratory, show promising
results (Fig. 10).

IV. NC CATHODE, DC GAP, AND
SUPERCONDUCTING CAVITY

IHIP PKU, 1.3 GHz—3.5 cell DC-SC rf gun

In 2001 the development of a hybrid DC-SC rf photo-
injector started at the Institute of Heavy Ion Physics of
Peking University (IHIP PKU) [30]. This alternative ap-
proach to overcome the contamination difficulties consists
of a 100 kV DC Pierce gun that is directly connected to a
1.3 GHz superconducting cavity. The Cs2Te cathode is
exposed to a DC electric field used for extraction and
preacceleration of the electrons before they enter the boost-
ing superconducting cavity through an 8 mm tube. The
cutoff frequency of this tube is far above 1.3 GHz and thus
the arrangement prevents rf induced losses and dark cur-
rent at the cathode surface. It also reduces the risk of cavity
contamination and makes a choke filter dispensable.
Because of the somewhat low field gradient at the cathode,
the beam quality achieved is slightly inferior to other SRF
gun concepts. The first test with beam done in 2004 [31]
proved the feasibility of the injector concept. But, to fulfill
the requirements for the future PKU FEL an improved
3.5 cell cavity was designed (Fig. 11). The cavity made
from large grain niobium successfully passed the vertical
test at TJNAF (Fig. 12) and is ready for final assembly [32].
All parts of the cryostat including magnetic and LN2

shielding, tuning system, input coupler, liquid helium
vessel, and all supporting components are fabricated and
ready for final assembly. Commissioning and first beam
tests are planned in 2010 [33]. The expected injector
parameters are listed in Table I.

V. NC CATHODE AND 1=4 WAVE SRF CAVITY

The most recent approach in the SRF gun community is
the combination of quarter wave SC cavities and NC
cathodes. Figures 13–15 show the three quarter wave
guns with frequencies between 112–500 MHz. These
guns are under development at the Brookhaven National
Laboratory (BNL), the University of Wisconsin (UW), and
the Naval Postgraduate School (NPS), respectively. The
cavity geometry allows for a desired low frequency while
maintaining reasonably small size. This results in the
following advantages: (i) relaxed cryostat helium tempera-
ture requirements [cryoplant is operated at 4.2 K (surface
resistance scales with f2)]; (ii) reduced rf losses at the
cathode surface [dielectric loss !f, skin effect !sqrtðfÞ];
(iii) reduced wake field losses and wake field induced
emittance growth [Wk ! f, W? ! f3]; (iv) high transit
time factor due to the short acceleration gap length com-
pared to the rf wavelength (!=30 to 2!=15); (v) high power
rf sources and rf couplers available and tested up to 800 kW
at 500 MHz CW.
Multipacting has been shown not to be a critical issue in

these structures as long as good processing is performed
and good operating vacuum is maintained.
At recent cavities electric peak fields of up to

100 MV=m at magnetic fields of about 200 mT can be
achieved at a liquid helium temperature of 1.8 K. For 4.2 K
helium temperature, the maximum field strength was esti-
mated to be at least half that value. In all projects, the
cathodes are placed at the end of the inner conductor where
the electric field is largest. In addition, cavity and cathode
are isolated from each other to allow its room temperature
operation. In contrast to the complicated choke filters
mentioned in both approaches before, the low frequency
allows simpler quarter wave filters.

FIG. 11. 1.3 GHz—3.5 cell IHIP SRF gun cavity. Courtesy of
Kexin Liu, PKU.

FIG. 12. Q0 vs Eacc during vertical test measurement done at
TJNAF. Courtesy of Kexin Liu, PKU.
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guns presently under development along with a list of their
respective design parameters.

III. NC CATHODE AND ELLIPTICAL CAVITY

Pioneering work in the development of elliptical SRF
injectors was mainly promoted by Dr. Dietmar Janssen.
Basically, three laboratories picked up this con-
cept: Forschungszentrum Dresden-Rossendorf (FZD),
Brookhaven National Laboratory (BNL), and Helmholtz-
Zentrum Berlin (HZB), and adapted it to their special beam
parameters requirements.

A. FZD 3.5 cell—1.3 GHz SRF gun

The development of the FZD SRF gun started in 1998.
In the year 2002 the development turned out to be suc-
cessful. The first ever electron beam was obtained from a
superconducting electron gun [5]. This prototype SRF
gun led to the present injector design for the electron
linear accelerator with high brilliance and low emittance
(ELBE linac). In the framework of collaboration between
Deutsche Elektronen-Synchrotron (DESY), FZD, Max-
Born-Institut (MBI), and HZB, a 3.5 cell TESLA shaped
cavity was built (Fig. 2). It was made from polycrystalline
bulk niobium with a residual resistance ratio of 300,
which is defined as the ratio of the electrical resistance
at room temperature to the electrical resistance at the
critical temperature.

The cathode insertion is designed to allow an easy
exchange and precise positioning of the Cs2Te cathodes.
Additionally, a resonant superconducting choke filter is
needed. It surrounds the cathode and prevents the rf power
from leaking out of the cavity. In this manner it works as a
bandpass filter. More information can be found in [4,10].
Two TESLA type HOM dampers and one 10 kW CW FZD
input coupler are attached to complete the design [11]. The
projected cavity parameters are summarized in Table I.

The cavity was fabricated by Research Instruments (RI
formerly ACCEL) and processed two times at DESYand at

RI, respectively. It turned out that caused by the narrow
cathode channel and the presence of the choke filter cell the
usual cleaning procedures applied at TESLA cells, i.e., the
buffered chemical polishing and the high pressure rinsing
are hampered for SRF gun cavities. For this reason, the
processing attempts were not as successful as expected.
The achieved peak field in the vertical test set at DESY was
limited by field emission to Epeak ¼ 23 MV=m at Q0 ¼
1" 1010. Details are published in [12,13]. To overcome
the cleaning issue, design modifications for the next gen-
eration gun cavity are considered [14].
Nevertheless, the commissioning phase of the gun

started in September 2007. The Q0 vs Epeak measurement
inside the cryomodule revealed an intrinsic quality factor
10 times lower than in former vertical tests. The achievable
peak field is again limited by strong field emission and total
helium consumption. In the following period, various mea-
surements, done under different conditions, have shown
that the performance keeps unchanged independent of
whether the cathode is inserted or not. On the other hand,
the gradient was improved by applying high power pulsed
rf processing in September 2008.
To this day, a stable CW operation up to Epeak ¼

18 MV=m corresponding to Pdiss ¼ 20 W dissipated he-
lium power is routinely establish (Fig. 3). As far as the
cathode is concerned, it was found that after a two year
operation of four different Cs2Te and two metal cathodes
(Cu, Mo), respectively, no performance degradation of the
cavity was observed.
During commissioning also measurements concerning

Lorentz force detuning, microphonics stimulation, helium
pressure sensitivity, in situ field distribution, and tuner
characteristics were done. None of those turned out to be
a show stopper. Details can be found elsewhere [15].

FIG. 2. 1.3 GHz—3.5 cells TESLA shaped FZD SRF gun
cavity.

FIG. 3. Intrinsic quality factor Q0 vs on-axis peak field
Epeak and the corresponding field emission dose for different

measurements.
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Tasks Year1 Year 2 Year 3 Year 4

Task 1:Cavity and accessories &
Task 1.1: 9-cell cavity

Taks 1.2: Tuner

Task 2: Fudamental and HOM couplers

Task 2.1: Couplers desing and manufacturing

Task 2.2:Fundamental coupler power processing

Task 3: Integrated RF Test in Cryolab

Task 4: Development of 1.3 GHz amplifier

Task 5: Development Low Level RF electronics

Task 6: Reference pilot user experiment

Proposition déposée à l’interlabex : infructueux. 
-  mieux discuter comparaison avec projets ayant des ambitions similaires
- mieux argumenter les choix et budgets
- renforcer l’argumentation de l’intérêt scientifique pour PALM
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 Vers LUNEX5 à haute cadence en linac froid
vers l’étude d’un kicker vers un mode multi-user

T. Hara et al. , Time interleaved multienergy acceleration for a X-ray Free electron facility, Phys. Rev. Spec. Topics AB, 16, 080701 (2013)

à étudier : 
- spécifications sur l’angle de déviation et 
le temps de switch
- biblio sur les solutions techniques (RF, 
magnétique)
- première conception
- dispatcher avec des énergies 
différentes? 

But : réduire les coût de fonctionnement d’une installation LEL en augmentant le 
nombre d’utilisateurs simultanés

and radiation fields. Thus, the steady state operation of the
rf systems is indispensable for XFELs.

In the multi-beam-line design of XFEL, the beam line of
low photon energies conventionally branches off from the
middle of LINAC, where the electron beam energy is still
low. As shown in the facility design of SwissFEL and
PAL-XFEL, this branching design requires a bypass
beam transport line or an additional experimental hall for
user experiments (see Refs. [4,6]).

In this paper, a novel method is described to provide
bunch-to-bunch energy changed electron beams at the end
of LINAC without spoiling the stability of the rf system
and the electron beam [proposed by one of the authors
(Tamasaku)]. This method is applicable to any LINAC
operated using pulsed rf sources. In this method, the num-
ber of the rf units effectively used for acceleration is
adjusted from bunch to bunch with maintaining the stabil-
ity of the rf systems. This method not only increases the
flexibility of the XFEL operation but also permits one to
install beam lines of a wide photon energy range in the
same experimental hall.

II. TIME-INTERLEAVED MULTIENERGY
OPERATION

Except for superconducting LINACs, XFEL is generally
operated in a pulsed mode using a normal conducting
LINAC at a repetition around 100 Hz. In order to achieve
high peak currents, all rf units of LINAC are required to
work in a synchronous manner, and for that a precise
timing system has been developed and equipped in
XFEL facilities [7]. The timing system of XFEL generally
distributes trigger and reference rf clock signals to each rf
unit operated in a pulsed mode. The trigger signal, which
starts charging the high voltage of each rf unit, is generated
based on a power line frequency. The reference rf clock
and a counter module are used to suppress temporal jitter
and to adjust time delay. In SACLA, the counter module is
installed in each rf unit as shown in Fig. 1 to enable the
operation of specific rf units at subharmonics of the trigger
frequency.

An example of the accelerator setup is shown in Fig. 1.
In this example, the energy gain in the accelerating struc-
tures of one rf unit is assumed to be 200 MeV, and 60 pps

electron bunches are accelerated up to 6.8 GeV in the
upstream part of LINAC. By changing the trigger frequen-
cies of the last six rf units as shown in Fig. 1, half of the
electron bunches pass through these rf units without accel-
eration, so the final beam energy stays at 6.8 GeV. A
quarter of the bunches are accelerated up to 7.6 GeV by
the four accelerating structures working at 30 Hz. The last
quarter of the bunches are further accelerated by the last
two structures working at 15 Hz, so the final beam energy
reaches 8.0 GeV. Combining with the synchronized opera-
tion of a bunch-to-bunch switching kicker magnet, the
electron beam energies of each beam line can be varied.
In Fig. 1, the electron bunches of 8, 6.8, and 7.6 GeV are
alternately provided to three beam lines (BL1-3). The pulse
repetition rates of these beam lines become 15, 30, and
15 pps at BL1, BL2, and BL3, respectively.
Although the pulse repetition of BL2 is twice higher

than other BLs in Fig. 1, it is also possible to evenly
distribute the electron bunches to three beam lines by
adjusting the subharmonic frequencies and phases. By
changing the acceleration gradient, the beam energies are
finely adjustable. Since all rf units operate under steady
condition without any fast parameter variation from bunch
to bunch, stable operation of LINAC can be expected.

III. DEMONSTRATION EXPERIMENTS
USING SACLA BL3

The bunch-to-bunch multienergy operation was exam-
ined and demonstrated at SACLA without switching the
beam lines, because the XFEL undulators (!u ¼ 18 mm)
are currently installed only at BL3 and a fast kicker magnet
has not been equipped yet so far. Figure 2 is a schematic
layout of the SACLA facility. To generate highly dense
electron beams, the accelerating structures upstream of
BC3 are operated at off-crest rf phases for longitudinal
compression of the electron bunch [8]. After the final
bunch compression at BC3, the electrons are further accel-
erated up to the nominal beam energy by on-crest accel-
eration in the C-band main accelerators downstream of
BC3. The SACLA undulator hall is capable to accommo-
date five undulator beam lines, and the distribution of the
electron bunches using a fast switching kicker magnet is
planned at the end of LINAC. Currently, a dc bending

FIG. 1. An example of accelerator setup for multienergy operation.

TORU HARA et al. Phys. Rev. ST Accel. Beams 16, 080701 (2013)
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 Vers une démo d’amplication LEL avec LWFA 

WP2, WP4

Objectif 1 : 
démontrer un transport approprié de la source à l’onduleur 

Objectif 2 : 
démontrer l’amplification LEL à  200 nm puis à plus courte longueur d’onde

Objectif 3 : 
investigation et contrôle  (théorique / expérimental) des performances d’un LEL sur 

LWFA  (seeding, polarisation...)

COXINEL (ERC Advanced) vise à démontrer l’amplification Laser à Électrons Libres avec 
les  performances actuelles des LWFA avec un laser TW existant

Schéma par onduleur à gradient transverse :
Z. Huang et al., Phys. Rev. Lett. 109, 204801 (2012)
T. Smith, J. M. J. Madey, L. R. Elias, and D. A. G. Deacon,
J. Appl. Phys. 50, 4580 (1979)
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ERC Advanced Grant X- Five (V. Malka) :
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supermatching
strong focusing

start : 400 MeV, 1 µm,  1.25 mrad, 1 %, 2 fs RMS, 20 pC 

decompression ( 1 % -> 0.1 %,  2 fs -> 20 fs)
before the chicane (2.2 kA, 4 fs RMS) after the chicane (180A, 40 fs RMS

start : 400 MeV, 1 µm,  1.25 mrad, 1 %, 2 fs RMS, 20 pC 

2

requirement (2) and making the FEL process then pos-
sible [21]. Prior to be decompressed and injected into
the undulator, the beam has to be refocused by means
of a quadrupole triplet. The large initial divergence and
energy spread render the emittance and the short bunch
length preservation very concerning through the refocus-
ing. To limit these effects, the quadrupoles must be lo-
cated as close as possible from the source at the cost
of a very high strength [25, 26] using a compact and
very strong permanent triplet of quadrupole magnets of
few hundred Tm−1. The chromatic effects of the triplet
are still important as compared to the initial emittance.
The slice energy sorting of the chicane will then transfer
the chromatic emittance into mismatch from slice to slice
along the undulator and spoil the FEL process efficiency.
Up to second order, a general quadrupole transfer using
the usual transport notation [27] limited to the horizontal
plane is given by:
∣

∣

∣

∣

x
xp

=

[(

r11 r12
r21 r22

)

+ δ

(

r116 r126
r216 r226

) ]
∣

∣

∣

∣

x0

xp0
(3)

where the first matrix (rij) of the second hand side stands
for the linear part, the second matrix (rij6) is the chro-
matic second order perturbation. (x0 xp0), (xxp) are
respectively the initial and final horizontal coordinates
(position-angle) of one particle and δ its relative energy
deviation. In the following an initial Gaussian distribu-
tion without any correlation is assumed having a large
initial rms divergence σxp0. From Eq. (3), setting the
on-momentum particles (δ = 0) to a waist σx−min and
canceling the chromatic term (r226 = 0), the three rms
associated momenta transfer according to their relative
energy deviation is approximated by:







σ2
x(δ) ≈ σ2

x−min + r2126 σ2
xp0 δ2,

σxxp(δ) ≈ r126 r22 σ2
xp0 δ,

σ2
xp(δ) ≈ r222 σ2

xp0.
(4)

σx, σxp and σxxp are respectively the rms size divergence
and the cross term. They present an upright set of slice
ellipses, as sketched in Fig. 1a. If ε0 denotes the initial
beam emittance, from Eq. (4), the energy slice emit-
tances ε(δ) and the total emittance εt integrated over
the energy deviation are given by:

{

ε(δ) ≈ ε0,
ε2t ≈ ε20 + (r126 r22 σ2

xp0 σδ)2.
(5)

This set of slices reach their minimum size σx−min along
the undulator position S (Fig. 1b) according to:

S(δ) = −
σxxp(δ)

σ2
xp(δ)

= −
r126
r22

δ. (6)

Thanks to the chicane energy sorting (of linear
strength r56) converting energy deviation (δ) to longi-
tudinal position

∆s = r56δ, (7)

FIG. 1. a) Sketch of transverse phase space ellipse orientation,
b) Sketch of beam size along undulator for different energy
deviations δ.

the minimum σx−min is slipping along the bunch (fo-
cusing slippage) and can be synchronized with the FEL
slippage such as the effective mean beam size is always
the minimum. In the exponential gain regime, the FEL
slippage, ∆s = λr/(3λu)S [28], combined with Eq. (6)
and (7) gives the synchronization condition for the chi-
cane strength:

r56 = −
r126
r22

λr

3λu
. (8)

As long as the initial beam divergence is large and limited
to second order term r226 cancellation, the synchroniza-
tion condition (8) only depends on the focusing transfer
and is free from any initial jitter such as position, point-
ing, divergence, length, energy spread. It is only weakly
affected by the mean energy fluctuation (via the energy
resonant emission λr). To operate this chromatic focus-
ing slippage, in both horizontal and vertical planes, at
least an additional triplet of quadrupoles is mandatory.
The presence of possible strong vertical focusing (strong
Ku and low energy) of a planar undulator may distort
the vertical ”focusing slippage”. A worthwhile effective
transverse beam size reduction may be obtained shorten-
ing the gain length according to Eq.(1). There is always a
positive chicane strength solution whatever the focusing
and in practice, the transverse effects of a four identical
magnet chicane being negligible, a simple decompression
scan should meet the synchronization condition.

IV. ELECTRON BEAM TRACKING

For this study we take conservative values for the
LWFA electron beam described as a 6D Gaussian bunch
without any correlations having a total rms emittance
1 π.mm.rad, a divergence of 1 mrad rms, a 1% rms rel-
ative energy spread with an rms bunch length of 1 µm
and 4 kA peak current. The FEL performance are com-
pared for two transfer lines: a first one composed of only
one triplet followed by a chicane (referred to the strong
focusing case) and a second one with the additional sec-
ond triplet located downstream the chicane mandatory to
control the second order chromatic terms in both planes

LWFA

seeding

Undulator:
- U20 spare, 2 m
- U15 cryo-ready. 
French-swedish 
coll., 3 m
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FIG. 4. a) SASE FEL peak power comparison versus chicane
strength, b) Optimum SASE FEL power increase comparison
along the 5 m undulator of 15 mm magnetic period and 1.5
T maximum field at 40 nm wavelength and 400 MeV beam
energy.

beam is used as an external input file in time dependent
mode and a linear field tapering is applied to compensate
the induced chicane linear energy chirp [35, 36]. The
output peak power versus the chicane strength is plotted
in Fig. 4a in SASE mode which exhibits an increase of
about 2 orders of magnitude for the chromatic matching
case. The chicane strength (r56) sensitivity is not critical
in both cases and gives a flat optimum from 0.3 to 0.8
mm. The super matching case has a higher and continu-
ous power increase (Fig. 4b) driven by the focusing slip-
page and reaches few MW peak power while the strong
focusing case, the FEL process is just about to start.
With a 50 kW input seed [37, 38] (considered as con-
tinuous), the peak power gains are similar to the SASE
mode with nearly 2 orders of magnitude increase for the
super matching case as shown in Fig. 5 which reaches
the saturation in the GW peak power range at the exit
of the 5 m undulator. The FEL temporal and spectral
distributions also evolve in a smooth single spike Gaus-
sian shape regime. In addition, the chromatic matching
case tends to reduce the FEL pulse length: it reaches its
minimum around synchronization where the peak power
is maximum (FEL wave ”canalization” favoring the short
single spike regime). The minimum pulse length is about
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FIG. 5. 50 kW seeded FEL peak power comparison versus
chicane strength over 5 m undulator of 15 mm magnetic pe-
riod and 1.5 T maximum field at 40 nm wavelength and 400
MeV beam energy.

two times shorter in the chromatic matching mode with
about 2 fs fwhm either in SASE or seeded mode.

VI. CONCLUSION

Based on today available LWFA beams, magnets
and undulators, we have shown the possibility to
further increase the FEL peak power by two orders
of magnitude turning the large inherent transverse
chromatic emittance of those beams into direct FEL
gain advantage. The possibility to reach the GW peak
power level at the femtosecond pulse duration over 5
m undulator seems also feasible in achievable seeded
mode in the XUV wavelength range. Two quadrupole
triplets flanking the chicane are needed, a more accurate
focusing tuning is required and variable permanent
quadrupole gradient [39] or position [25] may be then
suitable. The chicane strength synchronization tuning
is large, only depends on the quadrupole working point
and is free from any possible initial beam jitters making
it rather robust. In addition, it seems to favorise the
single spike regime with shorter pulses. The transfer
line layout is still rather compact as compared to a long
conventional optics suppressing the chromatic emittance
that feasibility is still to be validated for those beams.
There are several other effects that where not included
as collective effects, magnet imperfections, alignment
and initial electron correlations in these simple simula-
tions. We believe that the chromatic focusing concept
presented here, and further investigations, is a viable
scheme to drive FEL from LWFA beams with inherent
large initial divergence and energy spread.

The authors acknowledge support of the Agence Na-
tionale pour la recherche (DYNACO, QUAPEVA) and
support of the European Research Council for funding
the PARIS ERC project (Contract No. 226424).

 Vers une démonstration d’amplification avec un LWFA

A. R. Maier et al., Phys. Rev. X 2, 031019 (2012)
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 Les composants magnétiques du transport
Quadrupole variable à aimants permanents
projet QUAPEVA, Triangle de la Physique, 
Valorisation
SOLEIL / Sigmaphi
200T/m

• Les diagnostics

Aimants de la chicane
Conception : C. Benabderrahamane
 et alimentations associées
- Champ magnétique B = 0.537 T
- Intégral de champ IB = 123 T.mm
- Qualité du champ ΔB = 0.3% à ± 20 mm

Dipôle déflecteur

Correcteurs

diagnostics électrons : 
stations de profil transverse avec écran OTR amovible
cavity BPM et stripline
diagnostics photon : 
DIAGON
Hartmann sensor
monochormateur

Conducteur : 5 X 1.25 mm² plat
Bobine cuivre: 30 x 15 mm²
Bobine totale: 36 x 20 mm²
Nombre de tours N = 72
Densité du courant D = 1.6 A/mm² 
Courant I = 10 A
Tension V = 3 V
Imax = 10 A, J =1.6 A/mm²
By0 = Bx0 = 350 G
IBy = IBx = 31 G.m
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 Les diagnostics du transport

Turbo integrated current transformer and RF 
charge monitor

cavity BPM

Diagnostics photons 
- DIAGON
- Hartmann sensor
- monochromateur

Stations de profil 
transverse avec écrans 
YAG et OTR amovibles

Ensembles mécaniques avec systèmes 
d’alignement
Chambre à vide et éléments de 
pompage
Contrôle et électronique

Stripline

Moniteur de Charge

Diagnostics électrons 
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FIG. 4. a) SASE FEL peak power comparison versus chicane
strength, b) Optimum SASE FEL power increase comparison
along the 5 m undulator of 15 mm magnetic period and 1.5
T maximum field at 40 nm wavelength and 400 MeV beam
energy.

beam is used as an external input file in time dependent
mode and a linear field tapering is applied to compensate
the induced chicane linear energy chirp [35, 36]. The
output peak power versus the chicane strength is plotted
in Fig. 4a in SASE mode which exhibits an increase of
about 2 orders of magnitude for the chromatic matching
case. The chicane strength (r56) sensitivity is not critical
in both cases and gives a flat optimum from 0.3 to 0.8
mm. The super matching case has a higher and continu-
ous power increase (Fig. 4b) driven by the focusing slip-
page and reaches few MW peak power while the strong
focusing case, the FEL process is just about to start.
With a 50 kW input seed [37, 38] (considered as con-
tinuous), the peak power gains are similar to the SASE
mode with nearly 2 orders of magnitude increase for the
super matching case as shown in Fig. 5 which reaches
the saturation in the GW peak power range at the exit
of the 5 m undulator. The FEL temporal and spectral
distributions also evolve in a smooth single spike Gaus-
sian shape regime. In addition, the chromatic matching
case tends to reduce the FEL pulse length: it reaches its
minimum around synchronization where the peak power
is maximum (FEL wave ”canalization” favoring the short
single spike regime). The minimum pulse length is about
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FIG. 5. 50 kW seeded FEL peak power comparison versus
chicane strength over 5 m undulator of 15 mm magnetic pe-
riod and 1.5 T maximum field at 40 nm wavelength and 400
MeV beam energy.

two times shorter in the chromatic matching mode with
about 2 fs fwhm either in SASE or seeded mode.

VI. CONCLUSION

Based on today available LWFA beams, magnets
and undulators, we have shown the possibility to
further increase the FEL peak power by two orders
of magnitude turning the large inherent transverse
chromatic emittance of those beams into direct FEL
gain advantage. The possibility to reach the GW peak
power level at the femtosecond pulse duration over 5
m undulator seems also feasible in achievable seeded
mode in the XUV wavelength range. Two quadrupole
triplets flanking the chicane are needed, a more accurate
focusing tuning is required and variable permanent
quadrupole gradient [39] or position [25] may be then
suitable. The chicane strength synchronization tuning
is large, only depends on the quadrupole working point
and is free from any possible initial beam jitters making
it rather robust. In addition, it seems to favorise the
single spike regime with shorter pulses. The transfer
line layout is still rather compact as compared to a long
conventional optics suppressing the chromatic emittance
that feasibility is still to be validated for those beams.
There are several other effects that where not included
as collective effects, magnet imperfections, alignment
and initial electron correlations in these simple simula-
tions. We believe that the chromatic focusing concept
presented here, and further investigations, is a viable
scheme to drive FEL from LWFA beams with inherent
large initial divergence and energy spread.
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Femtosecond and Subfemtosecond X-Ray Pulses from a Self-Amplified
Spontaneous-Emission–Based Free-Electron Laser

P. Emma,* K. Bane, M. Cornacchia, Z. Huang, H. Schlarb,† G. Stupakov, and D. Walz
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(Received 29 August 2003; published 20 February 2004)

We propose a novel method to generate femtosecond and subfemtosecond photon pulses in a free-
electron laser by selectively spoiling the transverse emittance of the electron beam. Its merits are
simplicity and ease of implementation. When the system is applied to the Linac Coherent Light Source,
it can provide x-ray pulses the order of 1 fs in duration containing about 1010 transversely coherent
photons.

DOI: 10.1103/PhysRevLett.92.074801 PACS numbers: 41.60.Cr, 41.50.+h, 41.85.–p, 52.59.–f

There is a growing interest within the community of
synchrotron radiation and free-electron laser users in the
availability of ever shorter pulses as experimental probes
in several fields of research that include structural studies
of single biomolecules, x-ray diffraction from a single
protein molecule, and femtosecond chemistry. The inter-
est in femtosecond pulses lies in the fact that electron
transfer reaction dynamics in atomic and molecular sys-
tems, providing information about the most basic reaction
mechanisms in chemistry (e.g., forming and breaking
chemical bonds), biology, and soft or condensed matter
physics, are on the femtosecond scale (see, e.g., [1]).

Present state of the art synchrotron radiation sources
routinely deliver intense photon beams, from infrared
to x rays, in pulses of 30–50 ps duration, and it does
not seem feasible to deliver much shorter pulses without
sacrificing other performance characteristics of the radia-
tion. Free-electron lasers (FELs), such as the Linac
Coherent Light Source (LCLS) [2] planned for construc-
tion at the Stanford Linear Accelerator Center (SLAC), or
the TESLA X-FEL [3] promise to deliver pulses of 200-fs
duration with a peak brightness 10 orders of magnitude
greater than presently achievable in synchrotron radiation
sources.

While proposals exist to produce femtosecond pulses
from FELs [4,5], these typically require significant
changes to the machine design. We present a simple
method, applicable to nearly any linac-based FEL, to
select out a narrow time slice of the electron bunch to
generate very short duration x-ray free-electron laser
radiation via the self-amplified-spontaneous-emission
(SASE) process. The SASE gain process is highly sensi-
tive to the transverse emittance (!) of the electron beam,
with emittance describing the position-momentum
phase-space area occupied by the ensemble of particles.
The method takes advantage of this high sensitivity,
where the emittance must be evaluated over the radiation
slippage length (number of undulator periods times the
radiation wavelength). For example, the shortest FEL
radiation wavelength produced by the LCLS is 1:5 !A,
which requires a normalized emittance (phase-space

area multiplied by beam energy " in rest mass units) of
"! & 1 #m at 14.3 GeV, while a normalized emittance of
"! * 3 #m suppresses the gain. Since the slippage length
is only about 1 fs for a 100-m long, 3-cm period undulator,
it is much shorter than the length of the electron beam
(about 200 fs). Spoiling the emittance of most of the
beam, while leaving a very short unspoiled time slice,
will produce an x-ray FEL pulse much shorter than the
full electron bunch.

The method relies upon the fact that in a magnetic
bunch-compressor chicane the beam is tilted at a large
angle relative to the longitudinal axis t (see Fig. 1). At the
point of maximum tilt (center of the chicane) a thin foil is
placed in the path of the beam. The foil has a vertically (y)
oriented narrow slot at its center. The Coulomb scattering
of the electrons passing through the foil increases the
horizontal and vertical emittances of most of the beam,
but leaves a very thin unspoiled slice where the beam
passes through the slit.
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FIG. 1 (color online). (a) Sketch of electron bunch at center of
magnetic bunch-compressor chicane with tilted beam in hori-
zontal, x, and longitudinal coordinates, t. (b) The slotted foil at
chicane center leaves a narrow, unspoiled beam center.
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Emittance spoiler

fundamental FEL resonance occurs at the laser wave-
length !L ! 800 nm . Interaction with the laser light in
the wiggler then produces a time-dependent electron en-
ergy modulation as shown in Fig. 2. For the laser parame-
ters mentioned above, we expect a central peak energy
offset !Eo " 15 MeV, which is a factor of 1.35 times
larger than those of its nearest neighbors. This relative
difference is important when considering the 2-nm en-
ergy modulation to be induced in a following undulator.

A second isochronous bend after the wiggler magnet
returns the electrons back to the original axis, while the
800-nm laser pulse continues to propagate along a paral-
lel, offset path. The electrons now enter a long undulator
modulator (UM) (not shown to scale in Fig. 1), which
serves as an energy modulator at a 2-nm wavelength. The
coherent, # 100-fs long, 2-nm output pulse from the HC
FEL copropagates in the UM with electrons and arrives
simultaneously with those electrons that experienced the
strong energy modulation at 800 nm. The undulator pa-
rameter K of the UM is tuned such that only those
electrons very near the peak of the 800-nm energy
modulation have the correct energy for resonant FEL
interaction with the 2-nm light. The other electrons fall
outside the energy bandwidth of the UM FEL and are not
significantly modulated. Although the UM is relatively
long (Lu " 5 m ), it is shorter than one full FEL gain
length so there is little SASE action (which otherwise
would produce unwanted microbunching at the 2-nm
wavelength throughout the 2-ps long electron bunch).

Following [11], the standard 1D FEL particle equations
in the zero gain limit may be written as

d"
dz$

! %"2 sin# and
d#
dz$

! 2$"; (1)

where z$ & z=Lu is the dimensionless length along the
undulator, # is the electron phase relative to the FEL

ponderomotive well, and " & 2Nu'%% %R(=%R with Nu
being the number of undulator periods and %R the
resonant Lorentz factor. " is the dimensionless, FEL-
equivalent synchrotron tune. Using a perturbation expan-
sion of " and # in powers of "2, one obtains at the
undulator end (z$ ! 1) through order "2
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where #0 and "0 refer to values at undulator entrance
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Here !%1 is the detuning offset from the FEL resonant
energy and &" is due to instantaneous energy spread.
Equation (3) applies close to the peak of the 800-nm
energy modulation.

Downstream of the UM the electrons enter a chicane
with a time-of-flight parameter R56 ! 750 nm which in-
duces strong microbunching at the !x ! 2-nmwavelength
and at higher harmonics !x=n. In the middle of the
chicane, the electron beam orbit is separated "1 mm
transversely from the path of the x-ray light. This permits
a photon stop to block all light coming to this point,
which is important for obtaining maximum contrast of
the attosecond x-ray pulse over the background radiation.
The electron phase at the chicane exit then equal

#e ! #0 %
"2

"0

!

'2') 1( sin$"0 sin~##

%
"

sin$"0

$"0
% cos$"0

#

cos~##
$

) C) 2$"0'') 1(; (4)

where C is an energy-independent path-length difference
term, ' & R56=2Nu!x, and ~## & #0 ) $"0. It is conve-
nient to define the complex bunching factor at the nth
harmonic bn & hein#ei, where the averaging takes place
over #0 and &". Presuming a uniform phase distribution
of electrons in #0, a Gaussian energy distribution in &"
whose rms value (v & 2Nu(E=%Rmc2, we obtain from
Eq. (4) at the chicane exit

bn' #""0( ! Jn!n$"2)'$ #""0("ein*' #""0(e%'1=2(!n$'2')1((v"2 ;
(5)

-7.5 -5 -2.5 0 2.5 5 7.5 10
Time (fs)

-10
-5
0
5

10
15

∆E
(M

eV
)

FIG. 2. The calculated energy modulation of the electrons
along the electron bunch produced in the interaction with
a few-cycle, 800-nm laser pulse in the wiggler magnet
presuming an instantaneous electron beam energy spread
(E ! 0:3 MeV.

FIG. 1 (color online). A schematic of the components involved in attosecond x-ray pulse production.
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fundamental FEL resonance occurs at the laser wave-
length !L ! 800 nm . Interaction with the laser light in
the wiggler then produces a time-dependent electron en-
ergy modulation as shown in Fig. 2. For the laser parame-
ters mentioned above, we expect a central peak energy
offset !Eo " 15 MeV, which is a factor of 1.35 times
larger than those of its nearest neighbors. This relative
difference is important when considering the 2-nm en-
ergy modulation to be induced in a following undulator.

A second isochronous bend after the wiggler magnet
returns the electrons back to the original axis, while the
800-nm laser pulse continues to propagate along a paral-
lel, offset path. The electrons now enter a long undulator
modulator (UM) (not shown to scale in Fig. 1), which
serves as an energy modulator at a 2-nm wavelength. The
coherent, # 100-fs long, 2-nm output pulse from the HC
FEL copropagates in the UM with electrons and arrives
simultaneously with those electrons that experienced the
strong energy modulation at 800 nm. The undulator pa-
rameter K of the UM is tuned such that only those
electrons very near the peak of the 800-nm energy
modulation have the correct energy for resonant FEL
interaction with the 2-nm light. The other electrons fall
outside the energy bandwidth of the UM FEL and are not
significantly modulated. Although the UM is relatively
long (Lu " 5 m ), it is shorter than one full FEL gain
length so there is little SASE action (which otherwise
would produce unwanted microbunching at the 2-nm
wavelength throughout the 2-ps long electron bunch).

Following [11], the standard 1D FEL particle equations
in the zero gain limit may be written as

d"
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! %"2 sin# and
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! 2$"; (1)

where z$ & z=Lu is the dimensionless length along the
undulator, # is the electron phase relative to the FEL

ponderomotive well, and " & 2Nu'%% %R(=%R with Nu
being the number of undulator periods and %R the
resonant Lorentz factor. " is the dimensionless, FEL-
equivalent synchrotron tune. Using a perturbation expan-
sion of " and # in powers of "2, one obtains at the
undulator end (z$ ! 1) through order "2

#f ! #0 ) 2$"0

)"2

"0

!

sin'2$"0 ) #0( % sin#0
2$"0

% cos#0*;

"f ! "0 )
"2

2$"0
+cos'2$"0 ) #0( % cos#0*;

(2)

where #0 and "0 refer to values at undulator entrance

"0't( !
2Nu

%R

!

!E0

mc2

"

cos
2$c
!L

t% 1
#

)!%1

$

)&"

& #""0't( ) &": (3)

Here !%1 is the detuning offset from the FEL resonant
energy and &" is due to instantaneous energy spread.
Equation (3) applies close to the peak of the 800-nm
energy modulation.

Downstream of the UM the electrons enter a chicane
with a time-of-flight parameter R56 ! 750 nm which in-
duces strong microbunching at the !x ! 2-nmwavelength
and at higher harmonics !x=n. In the middle of the
chicane, the electron beam orbit is separated "1 mm
transversely from the path of the x-ray light. This permits
a photon stop to block all light coming to this point,
which is important for obtaining maximum contrast of
the attosecond x-ray pulse over the background radiation.
The electron phase at the chicane exit then equal
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where C is an energy-independent path-length difference
term, ' & R56=2Nu!x, and ~## & #0 ) $"0. It is conve-
nient to define the complex bunching factor at the nth
harmonic bn & hein#ei, where the averaging takes place
over #0 and &". Presuming a uniform phase distribution
of electrons in #0, a Gaussian energy distribution in &"
whose rms value (v & 2Nu(E=%Rmc2, we obtain from
Eq. (4) at the chicane exit
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FIG. 2. The calculated energy modulation of the electrons
along the electron bunch produced in the interaction with
a few-cycle, 800-nm laser pulse in the wiggler magnet
presuming an instantaneous electron beam energy spread
(E ! 0:3 MeV.

FIG. 1 (color online). A schematic of the components involved in attosecond x-ray pulse production.
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EðsÞ ¼
X

j

eB

1þ B1=e

1

1þ 16B2½ðs=!EÞ & ð"=2#Þ & j'2 ;

with B ¼ !$=%$, where!$ is the amplitude of the energy
modulation induced by the ESASE laser, %$ is the rms
uncorrelated energy spread of the electron bunch, and e is
the base of the natural logarithm. The phase parameter "
denotes the timing jitter between the electron bunch and
the ESASE laser and fluctuates randomly between&# and
# from shot to shot.

Using the above equations, the current distributions after
the respective sections have been calculated for an electron
bunch having a Gaussian temporal profile with a peak
current of 3.5 kA and a FWHM bunch length of 40 fsec.
Figure 2(a) shows the current distribution just after the
BC section, where s1¼&4:4&m, s2 ¼ 3:6 &m, and %f ¼
0:2 &m have been assumed. Compared to the original
Gaussian function, the temporal window of lasing is found

to be definitely confined; however, the boundary is not
sharply truncated and a fringe region exists, whose width
corresponds to %f. In Fig. 2(b), the current distribution
after the ESASE section is shown, where !E ¼ 800 nm,
B ¼ 5, and " ¼ 0 have been assumed. A comblike current
distribution having a pitch of 800 nm is generated with the
peak current being enhanced approximately by a factor of
5. The ESASE laser power to obtain the energy modulation
of !$=%$ ¼ 5 is estimated to be nearly 1 GW when an
8-GeV electron bunch with an uncorrelated energy spread
of %$=$ ¼ 10&4 is injected to a ten-period wiggler. This
corresponds to a pulse energy of 1 mJ, which is feasible
enough with the state-of-the-art laser technology, even if
a relatively long pulse length of 1 psec is assumed. Such
a long-pulse ESASE laser helps to relax the tolerance of
temporal synchronization with the electron bunch.
Now let us explain the processes of how to generate and

amplify a single x-ray pulse with an electron bunch having
a comblike current distribution. The pulse growth after
each amplification process is schematically illustrated in
Fig. 3. Also refer to the numbers indicated in Fig. 1 for the
positions in the undulator line corresponding to the respec-
tive processes.
First, a pulse train with an interval of !E is generated by

the normal SASE process, which reflects the comblike
structure of the current distribution (i). The undulator
length in this process should be adjusted so that each
x-ray pulse is not saturated and the electron quality is not
degraded.
Next, the electron bunch is separated from radiation

using a magnetic chicane. Instead of installing a mono-
chromator in the self-seeding scheme, a set of reflective
mirrors is installed to give a temporal delay to the radiation
relative to the electron bunch [24], in order to shift
the pulse train backward along the electron bunch (ii).
The length of the backward shift should be equal to
ðNpk & 1Þ!E, where Npk is the number of current peaks
existing in the lasing domain. This is a condition to syn-
chronize the leading x-ray pulse in the train (target pulse)

FIG. 2 (color online). Calculated current distributions after
(a) the bunch compressor with the slotted foil and (b) ESASE
sections.
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FIG. 3 (color online). X-ray pulse growth in the early stage of
FEL amplification.
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FIG. 1 (color online). Accelerator layout to realize the pro-
posed pulse compression scheme.
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quality from within a longer electron pulse [20–23], with
the shortest pulses generated at LCLS to date of * 1 fs
duration [24]. However, the FEL bandwidth restricts the
minimum pulse length from such schemes to * lc [15,16],
with typical value lc ! 200!r corresponding to !100 as
for x-ray FELs. By inserting electron delays between mod-
ules within the long undulator, the phase coherence length
of the interaction can be discretized, increasing the band-
width. The mode-locked FEL amplifier (ML-FEL) pro-
posal [25] uses this to generate a train of pulses with
lengths " lc and peak powers approaching FEL satura-
tion. The number of optical cycles per pulse is approxi-
mately the number of undulator periods per module, so
could potentially deliver few-cycle pulses. However, this
would require significantly modifying existing FELs,
which typically have several hundred periods per module.

In this Letter, a method, shown schematically in Fig. 1,
is proposed to generate trains of few-cycle radiation pulses
similar to that of the ML-FEL but by using a short ‘‘after-
burner’’ extension that could relatively easily be added to
existing facilities. The technique involves preparing an
electron beam with periodic regions of high beam quality,
each region of length" lc, prior to injection into a normal
FEL amplifier. Only these high quality regions undergo a
strong FEL interaction within the amplifier to generate a
periodic comb structure in the FEL-induced microbunch-
ing. Once the microbunching comb is sufficiently well
developed, but before any saturation of the FEL process,
the electron beam is injected into a ‘‘mode-locked after-
burner,’’ which maps the comb structure of the electron
microbunching into a similar comb of the radiation inten-
sity. The afterburner comprises a series of few-period
undulator modules separated by electron delay chicanes
similar to that used in the ML-FEL [25]. These undulator-
chicane modules maintain an overlap between the comb of

bunching electrons and the developing radiation comb,
each pulse of length " lc, allowing it to grow exponen-
tially in power to saturation. The pulses are delivered in
trains since amplification occurs over a number of after-
burner modules, and would be naturally synchronized to
the modulating laser (Fig. 1).
Several methods could be used to generate the periodi-

cally bunched electron beam prior to the afterburner,
including energy modulation [20,26], emittance spoiling
[22], and current enhancement [27,28]. Here, electron
beam energy modulation is used as illustrated in Fig. 1.
For a sufficiently large sinusoidal energy modulation of the
form "ðtÞ ¼ "0 þ "m cosð!mtÞ, where !m is the modula-
tion frequency, those regions of the beam about the mean
energy "0 will be ‘‘spoiled’’ due to the larger energy
gradients, whereas about the extrema, " ' "0 ( "m, a
higher beam quality exists due to smaller energy gradients.
Only these latter regions may be expected to experience a
strong FEL interaction within the amplifier to generate the
comb structure in the electron bunching parameter. In fact,
strong microbunching develops only at the minima of the
energy modulation. It is noted from FEL linear theory [14]
that there is an asymmetry about the resonant frequency for
the rate of exponential gain with a critical radiation fre-
quency below which no exponential instability exists. It
may be intuitively expected that electrons about the min-
ima will experience radiation fields generated by higher
energy electrons, and so greater than their resonant
frequency. Due to this gain asymmetry favoring higher
frequencies these lower energy regions of the modulated
beam may be expected to dominate any FEL interaction
in the amplifier. This is what is observed in simulations
here and in other work [26] and has also been confirmed
in a more complete linear theory for an energy modulated
beam [29].

(a)

(b)

FIG. 1 (color). (a) Schematic layout of the proposed technique and (b) Example simulation results. An electron beam is sliced (e.g.,
using an external laser and a short undulator to apply an energy modulation, as shown), such that a comb structure develops in the FEL-
induced electron microbunching (b) in a long undulator (amplifier stage). Further amplification of the radiation intensity (P) with
periodic electron delays (mode-locked afterburner stage) generates a train of few-cycle radiation pulses.

PRL 110, 104801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 MARCH 2013

104801-2

T. Tanaka PRL 110, 
084801 (2013)

D. J. Dunning et al.  PRL 
110, 104801 (2013)

IV.  LUNEX5 : études complémentaires et R&D  

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

 Vers des impulsions ultra-courtes
Étudier le schéma le plus adapté à LUNEX5 vers les impulsions plus courtes que 10-20 fs : 
ex. de post-compression d’impulsions

Proposal FELShaping, PALM
Proposal OPT2X, OPTimizing OPTical  pulses for XUV ultrafast science, D. Doweck, ISMO,  IDEX

radiateurmodulateur

radiateurmodulateur

Impulsion laser 
étirée

Compresseur à 
réseaux XUV

Impulsion 
laser

Etireur à 
réseaux

Impulsion XUV 
compressée

temps temps

temps

Impulsion 
laser

Impulsion 
XUV

temps

IV.  LUNEX5 : études complémentaires et R&D  

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

 Vers des impulsions ultra-courtes

III.  LUNEX5 : études complémentaires et R&D  

Métrologie d’impulsions XUV fs voire attoseconde

Autocorrélation du 2nd 
ordre par double 
ionisation de l’hélium

Mitzner et al., Phys. Rev. A 80, 025402 (2009)

Tzallas et al., Nature 426, 267-271 (2003)

Estimation de la durée de 
l’impulsion XUV

Sur HHG
Sur FEL

Signal d’ions 

FEL

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

 Vers des impulsions ultra-courtes

Métrologie d’impulsions XUV fs voire attoseconde

Interférométrie spectrale (SPIDER)
SPIDER : Spectral Interferometry for direct electric field reconstruction of ultra-short 

optical pulses

radiateurmodulateur
délai

temps

Impulsion décalée en 
fréquence Spectromètre XUV

Impulsion 
laser

Iaconis and Walmsley, Opt. Lett., 23, 792-794 (1998)
Mairesse et al., Phys. Rev. Lett., 94, 173903 (2005)

Impulsion XUV 
décalée en 
fréquenceImpulsion 

XUV

Avec des impulsions laser
Sur HHG

délai

temps

Mesure de l’impulsion XUV en 
un seul tir

ω

Seed

délai avec 
seeding : 
2 
impulsions 
linac 
successives
mode pulse 
splitting

M. Labat, et al. Phys. Rev. Lett. 103 (2009) 264801 

IV.  LUNEX5 : études complémentaires et R&D  

lundi 17 février 2014

http://www.lunex5
http://www.lunex5


www.lunex5.com

Séminaire DSM/IRPHU/SACM, Saclay, 17 Janvier 2014collaboration 
        

tutelle 
       

 

avec le soutien 
                        

 

MANAGEMENT OF THE SPECTRUM IN THE 
APOLLON AMPLIFICATION SECTION 

RESUME 

This document presents the elements which explain the choices which brought to the baseline 
design of Apollon amplification section, considering the spectrum.  

Type de document : Note technique 

 REDACTEUR APPROBATEUR EMETTEUR 

Unité LULI LULI LULI 

Fonction Resp. Design Directeur Technique Chef de Projet 

Nom Fabio Giambruno Patrick Audebert François Mathieu 

Date du visa 29/02/2012 08/03/2012 09/03/2012 

Visa    

Conclusion 

 Conclusion et perspectives 

Les sources LEL X actuelles offrent de nouvelles possibilités pour la communauté d’utilisateurs. Elle 
cherchent à mettre en œuvre de nouvelles possibilités pour élargir la gamme de performances (deux 
couleurs, impulsions courtes) tout en renforçant la fiabilité.   

Le démonstrateur LUNEX5 vise à étudier des schémas de LEL avancées tout en préparant la R&D 
requise pour répondre aux besoins de la communauté scientifique et à tester de nouveaux schémas 
d’accélération pour une application laser à électrons libres. 
Le projet est encore très flexible, ouvert aux collaborations.

Une partie de la R&D et des études sont lancées. 
Il reste encore des études à mener et une autre partie de la R&D à lancer. 
- structure temporelle haute cadence
- canon
- cellule RF élémentaire en mode CW
- synchronisation
- kickeur à haute cadence pour une installation multi-LEL
- diagnostic photon femtoseconde 
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