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Preambule

Ma vie scientifique centree sur les sources de lumiere sur accelerateur:
- Les sources de rayonnement synchrotron sur anneau de stockage
(actuellement a SOLEIL)
= Des developments technologiques (mirrors, onduleurs-
collaboration PSI -, aimants ...) ;i

- Laser a Electrons libres (Free Electron lasers) e

P
Marco Calvi, PSI

Thomas Schmidt,
DELTA/PSI

Free Electron Laser (FEL):

«simple and elegant gain medium» : an electron beam in a magnetic field

- broad wavelength tunability (vibration frequency can be adjusted by changing the
magnetic field or the speed of the electrons), free electrons #bound electrons in
atoms and molecules : vibrate at specific frequencies

- excellent optical beam quality

- high power

C. Brau, Free Electron Lasers,Advanced in electronics and electron physics, edited by P.W.
Hawkes, B. Kazan, supplement 22, Academic press (1990)
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l. Introduction

Les origines du LEL: le developpement des tubes a vide

Klystrons, magneétrons, accelérateurs, voire le début de I’ électronique
Découverts a la fin des années 1930, largement développées apres la seconde guerre mondiale.
Applications : radiodiffusion, détection radar detection, nécessitant des oscillateurs haute frequence.

Ces sources utilisent en général un faisceau d’électrons soumis a un champ électrique ou magnetique,
avec le "bunching” concept clef pour I'amplification de I'onde.

Emploi de cavités résonnantes a la frequence de 'onde émise => rétroaction efficace pour la
production de needed de I'onde cohérente => amplification.

Boucle sur un amplificateur large bande => oscillateur avec production de rayonnement
monochromatique.

K. Landecker, hys. Rev. 36 (6) (1952) 852-855.
Schneider, Phys. Rev. Lett. 2(12) (1959) 504-505
R. H. Pantell, G. Soncini, H. E. Puthoff, 4 (1 1) 906-908 (1968)

RF resonator R. B. Palmer,. Appl. Phys. 43(7)(1972)3014-3023
GEED KW, Robinson , Nucl. Instr. Meth.A239 (1985), Csonka (1976)
J T D MY N s 2
grids /\ A
' -\/_/‘ electron gun sub-harmonic accelerating sections
buncher
RF wave

microwave
radiation exit

R. H.Varian, S. FVarian J.Appl. Phys. 10(5), 321-327 (1939)
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. Introduction

Les origines du LEL: le Rayonnement Synchrotron
Rayonnement electromagnéetique produit par des particules chargees et accélerees

Naturellement ( astrophysique) Artificiellement (accélérateurs de particules)
Le soleil : 1947 : premiére
Hydrogene, boucles observation
de champ
magnétique F R Elder et al, Physical Review,
émettant du 7/, II, (1947), 829-830
J. P. Blewett, 50 years of
rayonnement synchrotron radiation, |.

synchrotron visible Synchrotron Rad. , 5, 135-139
(centre) X (bords) (1998)

e bunch ofNe electrons
Aimant de courbure AN

Collimateé QML | Ne
1 E

— Facteur de Lorentz

}/ p—
v m0(32 Coherent Synchrotron Radiation
I x N?
Onduleur: ¢
Champ magnétique périodique Short bunch  Bunched beam
LAVAVAVAVY,
permanent NaVAVAVAY W
- AVAVAVAY
V.L. Ginzburg, Bull. Acad. Sci. USSR. I | (1947) 165—182. :f\/\/\/\/ W
Motz H. Journ.Appl. Phys. 22, 527535 (1951) -AVAVAVAV, L AVAVAVAV
Motz H. Et al, Journ.Appl. Phys. 24, 826833 (1953) W
Combes R, Frelot T., presented by L. de Broglie, CRH. Scéance Acad. Sci. Paris, N\ N\ \U

241, 1559 (1955)
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l. Introduction

Les origines du LEL: propriétés du rayonnement synchrotron

Onduleur plan (champ crete B,, nombre d’onde k,, période /lu, nombre de période Ny
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l. Introduction

: 1954 : first MASER in the micro-waves (NH3 molecule).
1917: analyse du corps noir,

prediction de I’ émission
stimulee

Source micro-onde

«quantique» (C.Townes, N. G.
Basov, A. M. Prokhorov):
Molecule excitée placée a la
place du faisceau d’ e dans une

' cavité micro-onde résonante a la
= o I fréquence de transition de la

A. Einstein, Physikalische Zeitschrift 18 (1917) Columbia University molécule.

J.P. Gordon, H. J. Zeiger and C.H.Townes, Phys. Rev., 95 (1954) 282.
J. P.Gordon, H. . Zeiger and C. H.Townes, Phys. Rev., 99 (1955)
1264.

A. Einstein
(1879-1955)

1958 : Laser concept (optical maser)

« Extension of maser techniques to the infrared and optical region :

For wavelengths much shorter than those of the ultraviolet region, maser-type
amplification appears to be quite impractical. Single mode may be selected by making
only the end walls highly reflecting, and defining a suitably small angular aperture. =>
extremely monochromatic and coherent light. »

Charles Townes Arthur Leonard
(1905-2015) Schawlow

(1905-1999)

A. L. Schawlow C. H.Townes, Infra-red and optical masers, Phys. Rev. Lett. 1 940-1948 (1958)

Patent, Optical Masers and Communication, by Bell Labs.

1960 : First Ruby laser (lon CR3+ in ruby)

Hughes Research Laboratories Theodore
Harold Maiman
T.H. Maiman, Nature, 187 Nature 187, 493-494 (1960) (1927-2007)

T. H. Maiman, Hoskins, D’Haenens, Asawa and Evtuhov, Phys. Rev., 123 (1961) 1151.
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. Introduction Bz BEE - B
L’émergence du concept de LEL

«As one attempts to extend maser operation towards very short wavelengths,a number of new aspects and
problems arise, which require a quantitative reorientation of theoretical discussions and considerable
modification of the experimental techniques used.»

«These figures show that maser systems can be expected to operate successfully in the infrared, optical, and
perhaps in the ultraviolet regions, but that, unless some radically new approach is found, they cannot be
pushed to wavelengths much shorter than those in the ultraviolet region.»

A. L. Schawlow and C.Townes, Infra-red and Optical masers», Phys. Rev. | 12 1940 (1958)

«Schawlow and Townes’ descriptions of masers and lasers coupled with the new
understanding of the Gaussian eigenmodes of free space offered a new approach to
high frequency operation that was not constrained by the established limits to the
capabilities of electron tubesy»

Was there a Free Electron Radiation Mechanism that Could Fulfill these Conditions!?

'. o J. M. J. Madey, Nobel Symposium, Sigtuna, Sweden, June 2015
/ J- M. J. Madey, Wilson Prize article: From vacuum tubes to lasers and back again, Phys. Rev. ST Accel. Beams 17,074901 (2014)
J.}ﬁ.]. Madey (1943-2016)

scattered
Emploi de faisceaux d’électrons relativistes: incident P‘\p‘\ photon
* Compton Scattering electron did‘
* Champ périodique intense : Onduleur => accordabilite > PN
* Fort courant crete => source de faisceau d’electrons <cattered incident photon
=> Concept du LEL electron

J. M. J. Madey, Stimulated emission of Bremmstrahlung in a periodic magnetic field; |.Appl. Phys., 42, 19061913 (1971)
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http://journals.aps.org/pr/abstract/10.1103/PhysRev.112.1940
http://journals.aps.org/pr/abstract/10.1103/PhysRev.112.1940

l. Introduction

) b oy K
- entre 'onde optique et les électrons Ay = 22 (1 + 7)
- (separation par A) /
- (augmentation de dispersion en €nergie, ;
condition de résonance non satisfaite) Gai Peliina
ain o« —
Y

Courte longueur d’onde=> grande E=> haute qualité d’électrons
Début des LELs dans le domaine infra-rouge

J. M. J. Madey, Stimulated emission of Bremmstrahlung in a periodic magnetic field; J.Appl. Phys., 42, 19061913 (1971)
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|. Introduction EZEEE - B0

La premiere démonstration de LEL
Linac supra, Stanford, infra-red, J. M. J. Madey

1976 : First FEL amplification 1977 : First Free Electron Laser
' | HELICAL MAGNET
(3.2 cm PERIOD) 43 MeV BUNCHED

. —« ELECTRON

T I O00000000000000 =+
3?22’32“’*‘]&— e\

12.7m

RESONATOR
MIRROR

ABOVE
THRESHOLD

L. Elias et al., Observation of the stimulated emission of radiation +o_7mF
by relativistic electrons in a spatially periodic transverse magnetic — | INSTRUMENT
field, Phys. Rev. Lett. 36, 717-720 (1976)

WIDTH
SPONT.
POWER k
|
3.4|7y,
| ELECTRON
Y = ENERGY BELOW
24 MeV THRESHOLD
| (b)
GAIN
|
\-//\ ELECTRON

3.410u
N ENERGY

FIG. 2. Emission spectrum of the laser oscillator
above threshold (top) and of the spontaneous radiation
emitted by the electron beam (bottom).

D.A. G. Deacon et dl, First Operation of a FEL. PRL 38, 16, 1977, 892
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. Introduction Bz BEE - B

Saturation- Hope in storage ring FELs

overall efficiency of such a system thus would not
be limited to the fraction of the electrons’ energy
convertible to radiation in a single pass through
the interaction region. The feasibility of the idea
hinges on the form of the electrons’ phase-space
distribution after passage through the periodic
field, a subject currently under study.

Use of a storage ring would be particularly at-
tractive because the rf accelerating field for the
ring would have to supply only the energy actually
transformed to radiation in the periodic field. The

L. Elias et al., Observation of the stimulated emission of radiation by relativistic electrons in a spatially periodic transverse magnetic field, Phys.
Rev. Lett. 36, 717-720 (1976) b

Collaboration avec I'équipe de J. M. ). Madey (Stanford) et celle d’ ACO (France pour
une demo LEL a Orsay

)

bending Yves Petroff

magnets

% ves Farge
$
A6 % ‘S Jj’)o

aimants

sources
dul 1 ‘ '\ 20,2 +
onduleurs : | % s

Renieri,A. (1979). Storage ring operation of the free-electron laser:The amplifier. Il Nuovo Cimento B Series 1 1,53(1), 160-178.
Dattoli, G., & Renieri,A. (1980). Storage ring operation of the free-electron laser: the oscillator. Il Nuovo Cimento B Series I 1,59(1), 1-39.

°
universite §
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. Introduction
Le second FEL en 1983, six ans apres !

Sur I'anneau de stockage ACO (Orsay, France) dans le visible

Dispersive M. Billardon et al., Phys. Rev. Lett. 51, 1652,(1983)
Undulator Section Undulator
AlA|v(v|V|V|AA ~ ~ . > »
[AD>[v[<«TAT>[v[«TA]>v[«[A[>[v][<] [a[a[v]v]v[v[a[a]| [P]v][«]A[>]v[«[A[>]v]«[A[P]v]«]4] 3 ' Max Max Max
AR AR [ARY AR [Y[*] [A[a[v[v [v]v]A[a] Ry [>TA[S[v[>[A[S[V[P[A[<[v][>]4] & 1 =600 | |=23800 |=2350
AlAly|v|v|v[a]a > TP N D A .
= | 1=6405A| -6476A| |=6538A
VERTICAL MAGNETICFIELD 2 f
05T a =
I £
| J\UAUA\JAUA\/{\UAVA : /\V/\v/\v[\vl\vﬂu{\vk
j I(*t)
HORIZONTAL ELECTRON TRAJECTORY H
N
\AMN\M
1]
/) |
4
: 6000A 5000 A < AA
Fig. 1. Vertical magnetic field calculated for the Orsay optical Fig. 3. Spontaneous emission spectrum d/dAdQ measured for an 64100 & 7525100 66l00 57100
klystron (gap: 33mm) and the corresponding calculated electron energy of 238 MeV and a magnetic field parameter of
horizontal electron trajectory at an energy of 240 MeV K =209 atlow current where the modulation is almost total. The FIG. 4. Spectra of the CaVity Output radiation under

current decay I(f) is superimposed two conditions: curve g, cavity detuned (no amplifica-

tion) and curve b, cavity tuned (laser on).
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AFRIQUL

OCPAMLY > 3

R.Warren et al., Society for Optical and Quantum
Electronics, 425,042016 (1983)
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l. Introduction

Geéeneration d’Harmoniques Cohérentes sur ACO
Ay

-

ACO (Orsay, France), 166 MeV

=> CHG at 352 nm

Drift space

First undulator or .. Se
magnetic cond undulator 352 nm
dispersive section R; =3

Coherent

// VI oy GIFIVIALIE

Focused bunch el_ectron
pulsed laser trajectory
‘Modulator”  “Buncher” “Radiator”
352 nm
R;> 100

B. Girard,Y. Lapierre, |. M. Ortéga, C. Bazin, M. Billardon, P. Elleaume, M.
Bergher, M.Velghe, Y. Petroff, Opitcal frequency multiplication by an optical
klystron, Phys. Rev. Lett. 53 (25) 2405-2408 (1984)

100 NS
—
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l. Introduction

1985: Comment j’en suis venue au FEL...
1984-1985 M2 physique atomique et moleculaire a Paris VI, ENS
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Eduquéee en mecanique quantique et en lasers, j etais fascinee par la
production de lumiere avec des électrons relativistes dans un champ
magnetique, ce nouveau type de milieu de gain.

LEL : multi-disciplinaire (accelerateur, laser, magnetisme, optics ...),
LEL : nouveau type de laser, Domaine tres exploratoire en 1985

Stage sur ACO en 1983 en physique des surfaces

=> j’ai rejoint le groupe LEL d’ACO qui preparait aussi celui de Super-
ACO

Pascal Elleaume (1956-2011)
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ll. LEL en régime de faible gain [\ e

Nouveaux résultats sur le LEL sur ACO

. —.—.dP. spectral power
| FEL oscillator @ A unchengtn  aserat=04s4 ne
Galn — P average power '
Stru Ctu re mac I’Otem PO re”e macrotemporal structure of the laser
‘o => Q-switch Ui
® 6500 &
3 % @ 170Hz
E oL 4800 &
E 3500 & ’ Lﬂ.m , /:
1= I
L L L 180 Hz
0 50 , 100 150 200
r !
M. Billardon et al, Europhys. Lett., EPL 3 689 (1987) i
M. E. Couprie et al., NIMAA259, 77-82 (1987) p ’
202 100 0 -100 —-230 AfRF(Hz)
CHG a 355 nm, 177 et 106.4 nm ATiame 160 17
Aplatissement de la dist.
R. Prazeres et al., Nucl. Instr. Meth.A272 (1988), 68-72 | itudinale élect :
R. Prazeres et al, Europhys. Lett, 4 (7), 817-822 (1987) ongitudinale clectronique
| number of
Experimental results on ACO (1987) ¥y measured cgher'en to
300 R, theoretical photons ;
Observed harmonic 3 5 (measured) -42-10
Corresponding wavelength [A] 1773 1064 /
Integrated ratio R!™ 350 3-4 200 " "
monochromator bandwidth [A] 2 2 : )
monochromator angular aperture [mrad®] 1.4 3 q1+10
100
Spectral ratio R, (A, §) 6000 100
Number of coherent photons /pulse 1.5x107 10° b)
. A ! )
in spectral width [A] 0.1 0.07 0 : 0 s T 55
in angular aperture {mrad] 02 0.1 nt (mA)
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Construction du klystron optique Collaborations:

Etude de dégradation de miroirs CLIO (France) :linac based FEL in the infrared
Fonctionnement a plus courte longueur VEPP3 (URSS) : SRFEL, linewidth narrowing
d’onde et stabilite UVSOR (Japon) : SRFEL, longitudinal dynamics,
Premiere expériences d’utilisation polarisation control, CHG

Chaos ELETTRA (Italie) : SRFEL, short wavelength
Compton scattering operation
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Dynamique d’un LEL sur anneau de stockage

Detuning curve

Super-ACO

Average Power (mW)

M. Billardon et al,, Phys. Rev.A 44 (2), 15, 1301-1315 (1991)

Longitudinal feedback for

improved stability (Super-ACO)
M. E. Couprie, NIMA A 358-374 (1995)

H:100 ms, V=800

FB off e ———

20 ms

w
1

N
t

Laser intw...ay {au.)

A
I
Ll

ELETTR/

Poincar Sections

I(t+tau)

12 Hz _| T A
27T .

‘ l(t;coé(zf,ﬂ T

M. E. Couprie, NIMA A 483(1-2) 167-171 (2002)

nées de Roscoff SFP Accélérateurs, |4 octobre 2021

Control of the pulsed regimes
on Super-ACO

Hopf bifurcation

I

04 -an? 1} oo o ons

S. Bielawski et al., Phys. Rev. E 69,R045502 (2004)
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Transverse modes

T -llq ™y
Los Alamos
2S S amc CLIO
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M.E. Couprie, D. Garzella, M. Billardon, Nucl. Inst.
Meth.A 358, 382-386 (1995)

Fourier limit

. A A 10‘5ML

sk D

natural width

VEPP3 (Russia)

M. E. Couprie et al., NIMA
304 (1991) 47-52

M. E. Couprie, NIMA
A393,13-17 (1997)

o
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Limite en longueur d’onde des LEL oscillateurs

* anneau de stockage : longueur de section droite

limitée

* onduleur plan : harmoniques élevées recues par
les miroirs => dégradation des optiques

1000

* Linacs

* ERLs

100

Power (mW)
o

120

Limitation to 190 nm

200 300 400
Wavelength (nm)

S-ACOmUVSOR

DUKE

M. Marsi, et al, 80 (16): 2851-2853 (2002).

Augmentation de I’ efficacité par tapering

d’onduleur sur LEL sur linac

Ay 1
=14

Livermore : 40 % efficiency, operated as amplifier

500 600

[eBz(S)/lu (5)

27m,c?

700

ni, = ﬁ(uﬁﬂfzez)

292 2

Electronics,, 19(3),391-401.

Warren, et al, IEEE Journal of Quantum
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Fru MENTNGTOHA ™ MO SURS

# 1154-95 F - 2E-O6T-3 I
oSt @l et Human surgery Photon echo -
EEHSHT %E ol S \

SCTIME &:88
1533266

NSA 2 M

L NP | Vanderbuilt IR FEL Stanford IR FEL

Fou 228

T a1t Ny, W o) 1 Edwards, G. et al.Review of scientific instruments, 74(7),

poST 13 B 3207-3245 (2003)

CAUD  -33.1

GYROSCAN T5-I1

Photon Echo Signal (Arb. Units)

SR b §

fluorescence résolue en temps:
Décroissance et dynamique rotationnelle du
cofacteur enzymatique NADH
l L ! ' i . 1 " 1 L 1 )
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Super-ACO UV FEL Time (ps)
. . Figure 11. Beating evident in photon echo decays an s for the
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65 ( 5) May I994, 1485-1495 temperature. Reprinted with permission from reference 37,
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160 4 _E) ..... §-
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140 it
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Rayonnement Synchrotron VUV
40
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M. Marsi et al,Appl. Phys. Lett. 70(7) 05 00 05 10 15 20
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Il. LEL en regime de faible gain Bz EEE - E X e

Panorama des LEL oscillateurs

- Stanford,

Linear acc
IR

| ACO, SR, vis, UV,YUV
SN J! ) 0 Super-ACO, SR, vis, UV,VUV
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— s .
."' [::/’:." 2 4 : '\
A S r e -, J} \

ST i |
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7 NIJI- 1V, SR, vis

v
S

8 4 7&-‘ 3 c
RUKE, SR, vis, UV,VUVY |'
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Van der Graaf, B\ ERA, SR, vis, UV,VUV, ’
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shut down

| TRIANGLE
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lll- LEL en regime de fort gain M=
Self Amplified Spontaneous Emission (SASE)

_ Démarrage a partir du bruit de I'émission spontanée auto-organisation via le

im0 et B B et rayonnement et le champ de charge d’espace => électrons «self bunchy a
W I'’echelle de la longueur d’onde rayonnee.

Emission collective des électrons ayant une phase similaire de rayonnement

Yot d et > e J synchrotron cohérent.
Croissance exponentielle due a I'instabilite collective (regime de fort gain)
Optical guiding
Saturation : échange d’énergie cyclique entre les électrons et le champ rayonneé.

(Kl w0281 e KT P, \ 13 I ;o Pt A P =, E]
pFEL - 4 - 2 k 4 - upFEL g0 - T = pFEL sat pFEL p
@y YKy M, 471'\/§IOFEL
1.0_...'. T T I.I""‘l' LI LI ll_,l'-vlll v
g I ! ! ' Saturation S _ o
10 3 dib_~4 n &6 f
S 10k - o Y
C = g o - -~ |) energy modulation
0T gnregme e L
O - @& - - 3) Coherent emission F .
3 |()2 — Start-u — R : : ) ' Jo.sF .
o - _ o :
o 10" & | | | | | — =
0 5 10 15 20 25
Undulator length (m)

A.M. Kondratenko et al, Sou Phys. Dokl. 24 (12), 989 (1979)
Y.S. Derbenev,A.M. Kondratenko, E.L. Saldin: NIMA 193,415-421 (1982)
Kondratenko A.M., Saldin E.L.: Part. Accelerators 10,207-216 (1986)

K.J.Kim et al, PRL57, 1871 (1986)
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Limites de 'emploi des anneaux de stockage
J. B. Murphy and C. Pellegrini, J. Opt. Soc.Am. B, 2 (1985)

H-Hond
Wavegui oe

Développements des photo-injecteurs

Fraser, J.S. and R.L. Sheffield. 1987. IEEE |. Quantum Electron. QE-23: 1489-1496.
Batchelor, K., H. Kirk, K. McDonald, |. Sheehan and M.Woodle. 1988. Proc. of the 1988
European Particle Accelerator Conf., Rome, pp. 54—958.

with a linac and a photoinjector it is possible to reach the nm region at a beam energy of |
GeV, with about 6 m)/pulse starting from noise in an || m long undulator

C. Pellegrini Nuclear Instruments and Methods A272, 364-367 (1988).

Emittance et dispersion en énergie => La communauté se tourne davantage vers les Linacs

sources
onduleurs

10-30ps, exE2
Energy spread : 0.1 %

harmonic

GU”. cavity triplet undulators g
»»»»» A 000033 690——~—00% - I I

solencl)ide compression accelerating section

chicane

10 fs-10 ps, E d - | %

. nergy spread : 0.01 %

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

°
fl universite §

| TRIANGLE
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lll- LEL en reg

Observations du SASE
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lll- LEL en régime de fort gain [EE=EEE < H X E=

SASE FEL (soft X-ray) : FLASH centre utilisateurs

FLASH, DESY, Allemagne : 4-45 nm, 50-200 fs, -3 GW; FLASH-II| : 40 and 20 nm

, _ Soft X-ray - 5
RF Stations Accelerating Structures SFLASH Undulators Photon R
THz Diagnostics

RF Gun  Bunch Compressors
Lasers

5MeV 150 MeV 450 MeV 1250 MeV

< 315 m

1200

Lasing at 6.5 nm 10/2007

. Photon beam on FL2 CE_YAG
60, _._August-20, 2044—

50.+

—
o
o
(]

0.+

o]
o
o

Lasing at 13 nm 4/2006 %

20.+

600 F Lasing at 25 nm 12/2005

10.+

Lasing at 32 nm 1/2005 ,
FEL at TTF 1 (upgraded into FLASH in 2003) . 3? el
Proof-of-Principle for SASE in the VUV

First Lasing 2/2000, Saturation 9/2001

400 | e

Electron Beam Energy (MeV)

2001 FLASH undulator

20 40 60 80 100 120 140 160 180 400 800

First lasing of FLASH I, 2014, Aug. 20,
FEL Wavelength (nm) K. Honkavaara et al., Proceed. FEL conf, Basel, Aug. 24_29

M. E. Couprie, Charpak_Ritz Prize talk, Journées de Roscoff SFP Accélérateurs, 14 octobre 2021 A université




lll- LEL en regime de fort gain
SASE FEL (hard X-ray) : LCLS centre utlllsateurs

LCLS (Stanford, USA),2 m), |.4 A, 1.5 A saturation at 65 m (of 112 m), now 6 m}, 4-50 fs, GW
power, average flux 1012 ph/s,2.1033 (1024) ph/s/mm?2/mrad?, 96.7 % availability, 120 pulses/s

Stanford, USA

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

E x porirmsond " e ’ A .
e e TaUNDlator o _ 32 années apres le premier LEL,
] Lar E_r-psw — . .
> o ki SR 50 ans apres la decouverture du laser
., ~= e .
1.5 X-Ray ||=l|'l3-|.r i "'|.lrli.'."l£_ -'__|_'-:'J;-H.,|-..'-
i SyEfTE o ’
i'. o Energy Loss Scan History all pC
- = - 08/2011 to 09/2011
7 T T T
 One Sigma
- =) D M
o n_leabur_ed 1 . 0 M:in
simulation N il
o | April 26, 2009 A.=1S5A 1 5 * O iy
P o / Y6y = 0.4 gm (slice) o 2 *Dﬁ * N
= L,=30kA i 2ml 14A 9 ol x KX |
E . P/ o./E,=0.01% (slice) || |.5 A saturation at 65 2 ok O] 0 N *
2 10 = m (of 112 m) F Fusj E? *x g
3 a 3 _
E: now 6 mJ ' . > @ e . ! P 0 )
= = | 96.7 % availability o * B T QD E *
107 | = 3 0 5 " i ér
. < | | ™ 1
2 . &
10° | / 06 038 |1 12 14 E 0
. ) A (mm) ] b
O 20 40 60 &80 % 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Active undulator length (m) Single Photon Energy (eV)
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http://www-ssrl.slac.stanford.edu/lcls/
http://www-ssrl.slac.stanford.edu/lcls/

SASE FEL (hard X-ray) : European XFEL centre utilisateurs a

haute cadence (MHZ)
2017: Eu XFEL, 8-17.5 GeV, 0.05-0.2 nm,

SC Linac, 2 km, 0.5 nC, 5 kA, en = 0.4t mm.mrad,

up to 5000 electron bunches/s
6 W average power

A 7 < b2
N
\

10* g
—&— FEL imager
—&— (Gas monitor device

s clectron tunnel € electron switch

3
Materials Imaging 1 03 3

MlD and Dynamics 1
s

3

High Energy

"= photon tunnel @® electron bend
i fe —_
I undulator I electron dump o, )
four instruments 5 >
> 10° F
>
(0]
C
—=0 (0]
“\\\\\\\“’ : @
s i o) @
ant d =]
a 1
-lc;uuuumum 5 100 F
Femt d ]
. n

Small Quantum

SQS Systems

S &
.0
-1.0 -0.5 0 0.5 1.0

0
linear accelerator SASE 2 SASE 1 _ 10 -
for electrons (10.5, 14.0, 17.5 GeV) | 0.05 nm - 0.4 nm 0.05 nm - 0.4 nm 0.4 nm - 4.7 nm s
. . 1 0_1 L | L I | X (mm) L
W. Decking et al., Nature Photonics, 14(6), 391-397 (2020) 2 20 - 50 100 120 140

Undulator magnetic length (m)
And coming LCLS Il (USA), SHINE (China) e
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lll- LEL en regime de fort gain M=
Propriétés du SASE

FLASH SCSS Test Accelerator : 60-40 nm

Intensity I(x), a.u.
O = N W e

o
)

| [arb.un.]
I[arb.un.]

Intensity I(x), a.u.
2 = A W B

Intensity I(x), a.u.
Lo = N W B

[
L]
-
L=
-
[

X, mm 2 2
15 '_‘1 5
‘E 1 :g 1

M. Kuhlmann et al, FEL06 "os . o
P. Mercére et al,, Optics Letters, 28 (17), 1534-1536 (2003) % > _ °1H T
A. Singer et al. PRL 101, 254801 (2008) o - o, 2 O ey 2
- - -2 R R )
Y [mm] —4 X [mm] Y [mm] - X [mm]

R. Bachelard et al,, Phys. Rev. Lett. 106 (23), 234801 (201 1)

Wavefront quality : ability to properly focus
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lll- LEL en regime de fort gain \Janfcz] c< ol = Pralf@ i

Propriétés du SASE

»P%W B BOBPY e Cohérence temporelle limitée: demarrage a partir du bruit, bunching sur
11 11 1111 a different trains du paquet => “spikes” dans les distributions spectrales
et temporelles
Longueur de coopeération length : slippage sur une longueur de gain
Nber of spikes = longueur de paquet / longueur de coopération

o (k] F | | R — E0 . L . /1
&
0 ‘ = B
) IJl'| | | | f || £ #
'“'-. RULTY [ Il G
| 2 1 =l B 94
M I | lfl 1II _,.]F'I Lfl_!. Wvelangth jnmi
o i) ::rl
1 -IIl-II 1%
1™
o Lt
* jitter d’'une " - :
impulsion a 3 M- :
'autre o .
) MJIJH
. . 2 ) i oo o oo -bos ook sz om A
Manipulation : v L o 1]
single spike S. Reiche et al, NIMA 593 (2008) 45-48
taper L. Giannessi et al., Phys. Rev. Lett. 106, 144801 (2011)

seeding / self seeding
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lll- LEL en regime de fort gain \Janfcz] c< ol = Pralf@ i

Seeding e
i Y,
Seeding : une interaction laser-electron R \W/ WMML.
I N R

» Cohérence temporelle apportée par la seed laser externe
(suppression de spikes, réduction de la largeur de raie)
* Meilleure stabilité (intensité, fluctuations spectrales, jitter) « Seed : laser; HHG (160, 60, 30 nm)
* Reduction of the saturation length
* Bonne transverse coherence

* up-frequency multiplication (260 nm -> 4 nm at FERMI)

fh
0 b

Interaction électron/ laser dans I'onduleur :

Modulateur: modulation en énergie 1] y c=41" o
’ \ . Py
imprimeée par la seed a Asced % AL P
, L A \ . u.b |
Chicane : modulation en densité, . '!1""’5“"“ 0, WH
! .
composantes de Fourier a Aseed/n e — L ?ﬂ
Radiateur : émission de rayonnement | A _
cohérent ‘W‘A L T @
. 14 . . l‘-" =
Modulation en énergie required AE pour ﬁJ \1 - e =
un bunching suffisant a ’lharmonique n I’*J !k%m 0 ‘
T Vo S—— e _.,_u_--_Fn.n—'-le \W-q.—_w_u_m. " - . . — L ﬂ
harmonic ~ n Y 0 00 3
L , : 261 264 267 270 Ti
Détérioration du gain pour Nmax ~15 ime (s) E/<E>
L.H.Yu et al, PRL912003, 074801 L. H.Yu et al, Science 289, 2000, 932

High Gain Harmonic Generation

HGHG in cascade
Fresh bunch technique.  Aseed/nIn2
Max n ~60-70
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lll- LEL en régime de fort gain [H=EEE - EX

LEL injecté (soft X-ray) : FERMI, premier centre serveur

FERMI : 4-60 nm, sub-ps to 10 fs, ~0.3 GWV, polarisation variable, centaine de pJ / impulsion

Rf Photo-injects E = 230 MeV E =600 Mel —
330 p:u; S Rop=T7 .;mE R.;=3cm E= 12 Gﬂrad 12 - mmm SH-SF Signal
e_=1 pm rad Compression factor = 3.5: Compression factor = 3: Tr=£EU-U ;l.;m\': 200 11— - mmm SH-SF Idler
= i.7 0.6 ps: | = 800 & !
Injector Bps —1.7ps; =260 A ps —0.6 ps; o, = 0.2% 10
: ' " o
S04, 508 i Linac: i Linac: Backward — T 94 —
ace. sechons i Travelling Wawve i Travelling Wawve e g g — —
i acc. sections i acc. sechons L FEL1 S)
i i Ll é 7 — ——
1 1 <
1 1 m
I _/_“_--;-'-Tl-" 7
H H H H FEL? 5 — —
— L (| 4 — (b) I
) E E E |||||||||||||||||||'I—|_I_I_I_I_
(0 Lz T L X = 20 30 40 50 60 70
FEL wavelength [nm]
E.Allaria et al. New J. Phys.. 145, 112009, 2012
a 10 ™ b
- -~ FEL 8th TN
(32.5nm) I’ ‘\
—— Seeding |/ \
0.8 H (260I nm) I’ ‘\ 12
10
~ E 0.8
‘g é 0.6
*g é 04l
7 0.2
0.0
38.35 ‘
500
. Yore, 20 o
. . : \ \ \ \ \ \ \ (% ' ot
Allaria E et al 2012 Highly coherent and stable pulses 60 40 =20 0 20 40 60 o %o Fe-
. Phot ffset (meV)
from the FERMI seeded free-electron laser in the extreme Con Enery et ime
ultraviolet Nature Photon. 6 699—-704 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.
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lll- LEL en régime de fort gain [H=EEE - EX

Progres en injection directe de LEL
Avec une seed HHG

HHG 160 nm
seeding, HHG §0 nm HHG 160 nm  HHG 38 (19)nm

Concept seeding, seeding, seeding,
SCSS E“HA;CC’ "P 5SS Test Acc SPARC SFLASH

Wavelength (nm)

Wavelength (nm)

1
HHG seed -"".I 3 1.0F
308 s T A & — HH 130 135 130 135 130 135
S069 . .:'Ir :'zll > osk () — 10 $HHG-beam@e-beam] 50, [FHHG-beamBe-beam
Zoqd i [ 2 ; ' E os \ R
5o A £ oo - 1 / r
F=all e 1.0 ] ]L ERU Eow @y
0 4 » - S Intensity (a. u. | . oy \ Z 15
= —— F L 0.8 — Seeded oy T
I ’ ith 2n] -1.0 -05 00 0,5 1.0 -30 -15 0 1.5 3.0
—_ - gNAISE > z-position (mm) z-position (mm)
[ 3 o :
undulators  LEL2 > .F'
g 0.4 -
= S
E‘ L
0.2 = A
ARC-EN-CIEL F Bl ) S
Accelerator Radiation Complex for ENhanced 0.0 - o = - o 3 Vs R BEWe ws »
i Wavelength [nm] 5M/1R 4M/2R 3M/3R (©
Coherent Intense Extended Light R AR 3

D. Garzella et al., Nucl. Inst. Meth. A S. Achkermann et al, PRL 111, 114801 (2013)

528,502 (2004)

T. Togashi et al., Optics Express, M. Labat, et al., Phys. Rev. Lett. 107,

G. Lambert et al., Nature Physics
Y 1, 2011, 317-324 224801 (2011)

Highlight, (2008) 296-300

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

FERMI FEL | H3-13 L Giatmlsli P prize cal FEL Dalian FEL
FERP/}!\ FEL 2 H65 conf, Basel, Aug. 2014, 50-188 nm

Avec une seed laser

132,66 nm 199 nm I Switzerland
BNL ‘ : e |
g (32.5nm) !
1 —— Seeding !
0.8 | (260 nm) !

sFLASH, H8

L. Gi i et al, FEL 2010, Malmo, Swed § = :
Q Iannessi et a aimo, sweden § § . © ---::z:::z:: ] SXFEL
& s 1 A
A, 0 HIS 50-188 nm
M,»N i W 4% Sy
______ ___._.._..__,_._'4—4') \"“u_...,u_w_,_ﬁ_,w_ _ Z 0 7 ~ "I"‘ ‘\ A (Y 25/ ' l ;;e ureme t‘
261 264 267 270 -100 -50 0 50 100 $ 2
oo v AE (keV) %
L. H.Yu et al, Science 289, 2000, 60 40 20 0 20 40 60 s /
Photon energy offset (meV) . 3 f \
932 ? D. Xiang et al., Phys. Rev. ST Accel. Boo oL
Allaria E et al 2012 Nature Photon. 6 Beams 16, 110701 (2013) IR

699-704
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Concept

~

electron beam bypass démodulated  output

1st undulator

electron beam

oo ' grazing mirrr::rsI
[Fiis |
SASE FEL slit

(linear regime)

electron beam radiation

l 2nd undulator

= -
‘ FEL ampliﬁﬂ
grating monochromatic

¥-ray beam

electron dump

Feldhaus et al., Opt. Comm 140 (1997) 341

2,0510°

Power dist. after
diamond crystal

1,5¢10
Mohochromatic
£ seed power

Wide-
band
power

€

T T
<4 2

6 um s[um]

Geloni, Journal. Modern Optics, 58, 16,201 |

2000

2010

lll- LEL en regime de fort gain
Self seeding

Demo hard X-ray (crystal)

1
350 —_
@) —seeded 240 pJ >
= 300 SASE 300 pJ i <
E ; C.K. Min,FEL 2019 1
£ 250 [z
g LCLS &
- =
£'200 £
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=150,
5
)
E 100
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& et . D. Ratner et al., Phys. Rev. Lett., | 14
" sl e (5),054801, 201 5.
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J-Amann et al., Nature 25,000
Photonics 6, 693—-698 (2012) __ - SACLA
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lll- LEL en regime de fort gain \-Jree:
Vers une impulsion attoseconde unique
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lll- LEL en regime de fort gain \Janfcz] c< ol = Pralf@ i
Explosion de X FEL accordables
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lll- LEL en regime de fort gain

Panorama des LEL courte longueur d’onde

VUV- soft X ray
hard X ray
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lll- LEL en regime de fort gain J\-

Exemple d’application

Jet (10 m/s) Vers I'imagerie des cellules vivantes
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M. M. Seibert et al,, Single mimivirus particles intercepted and
imaged with an X-ray laser, Nature, 470,201 1, 78

L 3

|
290 nm

H. Chapman et al., Femtosecond X-ray protein nanocrystallography, Nature, 470,201 1, 73
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ET XX 1V- Perspectives avec les nouveaux concepts d’accélération Bz B EE <« E X

Concepts alternatifs d’accélération

Acceleration Laser Plasma Acceleration diélectrique Inverse Free Electron
Laser
Y/ s ) B. Naranjo et al. Phys. Rev. Lett. 109, 176803
G.Mourou  T.Tajima (2012)

W. Kimura et al. PRL92, 154801 (2004)
P. Musumeci et al. PRL94, 154801 (2005)
P. Musumeci EAAC , Elba, May 2013

y

High power Ia‘g{iﬂtlm
/Wy

v/ /79 4

J. Breuer, et al. Phys. Rev. Lett. I 1 ], 134803

(2013)
E.A. Peralta et al., Nature Lett. 503, 2013

Laser wakefield in resonance
with the plasma : 7 jaser~Tp/2
=> perturbation of the
electronic density
longitudinal accelerator field

. A K’
2 %\ 2

T.Tajima and J. M. Dawson, Phys. Rev. Lett.
43,267 (1979) 267

10 —1.05

5

o_ '1

-5

s - few pC

r (um)

s /N / NS - Strongly diverging (I mrad
£ /N S gly ging
i/ \J v I - small size

® w4 =T @ e o - larger energy spread ( | %)

- low repetition rate

o
universite

M. E. Couprie, Charpak_Ritz Prize talk, Journées de Roscoff SFP Accélérateurs, 14 octobre 2021 {nf Universite g >




LUNEXS project
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free electron Laser Using a New accelerator for the Exploitation of X-ray radiation of 5th generation
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Parameter (unit) Baseline

Source
Vert. divergence (mrad) 1
Hor. divergence (mrad) 1
Beam size (um) 1
Bunch length (fs RMS) 33
Charge (pC) 34
Charge density (pC/MeV) 5
Peak Current (kA) 4.4
Energy spread RMS % 1
Norm. emittance €y 1
(mm.mrad)

shock assisted ionization

Expérience test COXINEL

Collaboration SOLEIL / LOA/ PhLAM

M. E. Couprie et al., Proceedings FEL’| 4, Basel, Switzerland 574-579 (2014)
M. E. Couprie et al., Proceedings FEL’|4, Basel, Switzerland 569-573 (2014)
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ET [EIX=E] 1V- Perspectives avec les nouveaux concepts d’accélération [[Baza

Expérience test COXINEL

ICT, Cavity BPM

Screen
Filter

1= —

CCD camera &
Spectrometer

T Steerer
Generation chamber
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ET XX V- Perspectives avec les nouveaux concepts d’accélération [Bez B EE <« H x| DES

COXINEL : transport d’électrons maitrisé

Table 1: COXINEL baseline reference case at the source
and undulator (Und.), measured (Meas.) beam at the source.

Parameter (unit) Baseline Meas.
Source Und. Source

Vert. divergence (mrad) 1 0.1 1.2-5

Hor. divergence (mrad) 1 0.1 1.8-7.5

Beam size (um) 1 50

Bunch length (fs RMS) 3.3 33

Charge (pC) 34 34

Charge density (pC/MeV) 5 0.5 0.2-0.5

Peak Current (kA) 4.4 0.44

Energy spread RMS % 1 0.1 >10

Norm. emittance ey 1 1.7

(mm.mrad) Measurements

T.André et al., Control of laser
plasma accelerated electrons for
light sources, Nature

Communications (2018) 9:1334

X (mm)

Simulations
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Panorama d’expeériences LEL test sur

acceélération laser plasma

_--> triplet

NEL / X-
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=
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irror
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dans le visible Riken Harima g 10}
B N °

Nouveaux concepts d’acceleration appliques au LEL: encore dans I’ « enfance »
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V- Conclusion

Révolution des XFEL agiles et de haute brillance

De la recherche de 'effet LEL des debuts a I'avenement des XFEL :lasers les plus intenses dans le
domaine X

Milieu de gain agile permettant manipulation et controle du processus => propriétés avancées pour
satisfaire les demandes utilisateur (attoseconde..)

35

10 m
10% : LCLSHXRSS -~ SACLA : Applications
L . Femtosecond pulses : snapshots d’objets « figes »
0% (s . avant destruction (diffract before destruction)
- FLASH - d appliqués aux cristaux petits, fragiles et aux
102 - aRee 4 particules isolées avec une tres haute résolution
- — spatiale
102? = |

XFEL femtosecond + optical laser optique (pompe
. pour manipuler la structure/sonde) : « molecular
107 [ s ] movies » (tracking de la structure et des niveaux
electroniques)

10 |- NSLS I

— Laser X ultra-intense X ray beams : Optique non
21

Peak brightness (photons / s / mrad? / mm?/ 0.1%-BW)

107" |- - lineéaire dans le domaine X sous conditions
= BESSY _ ] i
1019 1 IIIIIII_ [} Illlﬁ 1 IIIIII! 1 Illld 1 IIIIIIII IIIIII’ Imagerle COherente’
10° 10° 100 10° 100 10° Nanoresolution

Photon energy (eV)
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Applications of XFELs

XFEL pulses focused on the interaction region using a set of
Pulse 1 Pulse2 Pulse3 Pulse4 Pulse5 Beryllium lenses.
AELRUES T T T T T AGIPD detector Protein crystals in crystallization solution introduced into the
! ' ' } focused XFEL beam using a liquid jet of 1.8 pm diameter moving
/ / ; % at speeds between 50 m/s and 100 m/s.
/ ] / / Diffraction from the sample measured using an AGIPD, capable of
(14718) (10’27ns) S () (T measuring up to 3520 pulses per second at megahertz frame
rates.
In-situ jet imaging (inset) : the liquid column does explode under
the X-ray illumination conditions of this experiment using a jet
with a speed of 100 m/s, but that the liquid jet recovered in less
than | Us to deliver fresh sample in time for arrival of the next

X-ray pulse.

Jet flow
(100 m/s)

Crystal suspension

Helium gas

3D-printed
nozzle

AGIPD can measure up to:
352 frames at 1.1 MHz
3520 frames per second

s 900 ns
6\)(‘5\ = ie= (1.1 MHZ This experiment:
TRt LLITIIL | 3aan 500 ames per e
; o £ ! 150 and 300 frames per second
: 100 ms
(10 Hz) d

CTX-M-14 B-lactamas

Asn132
O C

Asn170

a 4ET8 lysozyme structure
k>

C-terminus

Wy, T Thrss
Thr216

Avibactam

M. O.Weidorn et al., Megahertz serial crystallography, Nat. Comm. (2018) 9: 4025
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https://www.rcsb.org/structure/4ET8
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V- Conclusion

Accelerator light source : from the past to the

future
Stimulated
emission Ruby laser LPA concept HHG, atto second
dn MAX IV (3
l GeV, 339 10 pm rin
| pm, 7BA, P &
;; : 528 m) !
o i
a N 1 ~ >
i
o i
Paul, Science 2001
1900 1920 1940 1960 1980 2000 2020 2040
o XFELO
Cyclotron
Y gy as XFEL
radlatlorb il Plasma FEL based
OSHLATOR n u a Or
e " based EUV

MHz XFEL fgL lithography?
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Em EEE=E V- Prospects for advanced accelerators based FELs [BezBEE < B <

A first promising result at SIOM

a c B 1,500 d S 400
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Lt Lt Ny : - ~ S/
5 Dipole 0.5% energy spread,
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Z (m) W.Wang et al., 516 | Nature [595,517 (2021)
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V- Conclusion

1034~ Red: ring-based synchrotron radiation sources

i~ | Blue: linac-based FELs 105
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Femtosecond XFEL : snapshots of « frozen »
objects before destruction (diffract before
destruction) applied to tiny, fragile crystals and

Coherence related imaging (Coherent X-ray
diffraction imaging, ptychography...)

Nearly circular beam-shape => nano beam flux single particules with very good spatial resolution
gain Femtosecond XFEL + optical laser (pump for
Nanoresolution combined with chemical, manipulating the internal electronic state/probe) :
physical, electronic and magnetic properties of « molecular movies » (tracking of structure and
complex objects (non destructive) electronic states)

Ultra-intense X ray beams : X-ray non linear optics
M.Yabashi, H.Tanaka, .The next ten years of X-ray science, Nature Photonics I 1, 12-14 (2017) u nder extreme conditions
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