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Ma vie scientifique centrée sur les sources de lumière sur accélérateur:
- Les sources de rayonnement synchrotron sur anneau de stockage 

(actuellement à SOLEIL)
- Des developments technologiques (mirrors, onduleurs-  

collaboration PSI -, aimants …)
- Laser à Électrons libres (Free Electron lasers)

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)

Préambule 

Thomas Schmidt, 
DELTA/PSI Marco Calvi, PSI
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Les origines du LEL: le développement des tubes à vide
I. Introduction 

Emploi de cavités résonnantes à la fréquence de l’onde émise => rétroaction efficace pour la 
production de needed de l’onde cohérente => amplification. 
Boucle sur un amplificateur large bande => oscillateur avec production de rayonnement 
monochromatique. 
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The magnetron is a high power vacuum tube where electron bunches passing through open cavities excite RF waves
oscillations by interaction with the magnetic field, the frequency being determined by the geometry of the cavity. It
can act only as an oscillator for the generation of microwave signal from the direct current supplied to the tube. This
device can not amplify the RF signal. It is now used for microwave ovens.

The klystron, invented by the Russel and Sigurd Varian brothers [207] consists of two cavities (metal boxes along
the tube), as shown in Fig. 19a. . In the first one, an electric field oscillates on a length �s at a frequency ⌃ = 2⌥ f
ranging between 1 and 10 GHz (i.e. with corresponding wavelengths of 30-3 cm). The electrons, generated at the
cathode, enter in the first cavity where the input RF signal is applied. They can gain energy according to :
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The XXX revoir equation XXX
The sign of �W1 depends on the moment t when the electron arrives inside the cavity. �W1 is modulated in time

at a temporal period T = 1
2⌥� or spatial period ⇧⇤ . In average over the electrons, �W1 = 0 since the electrons have

different phases. Then, the electrons enter into the drift space (see in Fig. 19b), enabling the electrons to accumulate
in bunches. The drift space length is adjusted to enable an optimal electron bunching.

Fig. 19 klystron principle : a) klystron scheme, b) electron bunching by energy modulation in the klystron drift space, electrons accumulate
in bunches, c) Phased electron in the second klystron cavity, electric field in red

In the second cavity, the electrons have the same phase with respect to the electromagnetic wave in the cavity, since
they have been bunched (see in Fig. 19c). The second energy exchange is given by :

�W2 = �
electrons

� l2

0

�⇥
⇤ .
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E dt = NeEL2 cos�t (71)

with Ne the number of electrons, L2 the interaction region in the second cavity, E the electric field. The phase of
the electrons in the second cavity is ruled by the electrons themselves. The gain in electric field can be very high
(practically, 103 �106) .
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Klystrons, magnétrons, accélérateurs, voire le début de l’ électronique 
Découverts à la fin des années 1930, largement développés après la seconde guerre mondiale.
Applications : radiodiffusion, détection radar detection, nécessitant des oscillateurs haute fréquence.

K. Landecker, hys. Rev. 36 (6) (1952) 852-855J. 
Schneider, Phys. Rev. Lett. 2(12) (1959) 504-505
R. H. Pantell, G. Soncini, H. E. Puthoff, 4 (11) 906-908 (1968)
R. B. Palmer,. Appl. Phys. 43(7)(1972)3014-3023
K. W. Robinson , Nucl. Instr. Meth. A239  (1985), Csonka (1976)

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

with L2 the interaction region in the second cavity, ERF the electric field. The phase of the electrons
in the second cavity is ruled by the electrons themselves. The gain in electric field can be very high
(practically, 103–106).

Schematically, the klystron can be understood as a block for the bunching, with another one for the
phased interaction with the field. In such a case, a high intensity electron beam excites the RF wave in
the second cavity (see Fig. 9). The klystron can be operated in the oscillator mode with a feedback loop
on the radiation, where the cavity and the waveguides should be of the order of the wavelength. While
looking for larger values of the frequency, i.e. for short wavelengths, the manufacturing of the cavities
and waveguides thus limits the operation of the klystron to the microwave region. Another system should
be realized for the micrometre and submicrometre spectral ranges.

Fig. 9: Bloc diagram of the klystron: amplifier and oscillator cases

More generally, an electron bunch can be accelerated or decelerated by a wave for which the period
is longer than the electron bunch one. The linear accelerator relies on such a principle, as seen in Fig. 10.
The electrons are produced in an electron gun: a thermo-ionic gun or a photoinjector where the electrons
are then generated in trains. With the conventional thermo-ionic gun, the electrons travel into the so-
called buncher (a sub-harmonic or harmonic cavity) on the edge of the RF wave, for acquiring energy
spread and being bunched by the velocity modulation, as in the klystron case. Then, the electron beam
is accelerated by an intense RF wave produced by a klystron and sent in the cavities of the accelerating
sections, which can be considered as a series of coupled cavities or as a waveguide where irises slow
down the phase of the RF wave to become equal to that of the electrons. In the accelerating sections, the
electrons should have the same phase with respect to the RF wave. To be so, they are arranged in small
bunches (‘bunching’). For example, for a RF frequency of 1.3 GHz, the period is of 0.77 ns, 1� phase
corresponds to 2.1 ps.

Fig. 10: Scheme of the linear accelerator: electron gun, buncher, accelerating sections

11

Ces sources utilisent en général un faisceau d’électrons soumis à un champ électrique ou magnétique, 
avec le ”bunching” concept clef pour l’amplification de l’onde. 
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Les origines du LEL: le Rayonnement Synchrotron

Le soleil : 
Hydrogène, boucles 
de champ 
magnétique 
émettant du 
rayonnement 
synchrotron visible 
(centre) X (bords)

Naturellement ( astrophysique) Artificiellement (accélérateurs de particules)

1947 : première 
observation

F. R. Elder et al., Physical Review, 
71, 11, (1947), 829-830
J. P. Blewett, 50 years of 
s y n c h ro t ron rad i a t i o n , J . 
Synchrotron Rad. , 5, 135-139 
(1998)

Rayonnement électromagnétique produit par des particules chargées et accélérées

Aimant de courbure

Onduleur: 
Champ magnétique périodique 
permanent

General Electric 100 MeV (1947)

 V.L. Ginzburg, Bull. Acad. Sci. USSR. 11 (1947) 165–182. 
Motz H. Journ. Appl. Phys. 22, 527--535 (1951)
Motz H. Et al.,  Journ. Appl. Phys. 24, 826--833 (1953)
Combes R., Frelot T. , presented by L. de Broglie,  CRH. Scéance Acad. Sci. Paris,   
241, 1559 (1955)

Collimaté

Facteur de Lorentzγ =
E

moc2

1
γ

Short bunch Bunched beam

I ∝ Ne

I ∝ N2
e

Coherent Synchrotron Radiation

e bunch of      electronsNe

I. Introduction 
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Les origines du LEL: propriétés du rayonnement synchrotron
Onduleur plan (champ crête Bu, nombre d’onde ku, période    , nombre de période Nu)

20 Marie-Emmanuelle COUPRIE and Mathieu VALLÉAU

4.2 The electron movement in the undulator

Let’s introduce in the area of the laboratory free of current an undulator creating a periodic permanent magnetic
field of peak amplitude Buz, period ⇤u, length Lu Lu = Nu⇤u with Nu the number of periods ⇤u. Let’s first consider
the movement of a relativistic electron of velocity v introduced at the origin of the undulator coordinate along the
longitudinal coordinate s ( s ⇤ [0,Lu]) in the two cases of the planar and helical undulator. The field can be created by
alternated poles.

4.2.1 Planar undulator case

Vertical undulator field created by a planar undulator

Let’s consider first the case of a planar undulator, creating a field along the vertical direction expressed in the [0,Lu]
interval as:

�⇥
Buz = Buz cos

�
2⌅
⇤u

s
⇥
�⇥z = Buz cos(kus)�⇥z (48)

with the undulator wavenumber ku given by:

ku =
2⌅
⇤u

(49)

The undulator scheme is shown in Fig. 18.

Fig. 18 Planar undulator scheme, creating a periodic magnetic field created by two arrays of permanent magnets arranged in the Halbach
configuration [55] Vertical field in green, electron trajectory in blue.

Electron velocity in the planar undulator case

Let’s apply the fundamental equation of the dynamics to the case of this planar undualtor :

d�⇥p
dt

=
�⇥
f = e(

�⇥
E +�⇥v x

�⇥
B )

with the electron momentum �⇥p , being �⇥p = ⇥moc
�⇥
� .

In absence of electric field and in substituting the momentum expression, it becomes:

uλ
θ
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d
�⇤
�
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=

e
mo⇥

�⇤
� x

�⇤
B (50)

With
�⇤
�

�

⌥
�x
�z
�s

⇥

� and
�⇤
B

�

⌥
0

Bu cos(kus)
0

⇥

�, one gets :

�⇤̇
�

⇤
⌃⇧

⌃⌅

�̇x =� e
mo⇥ Bu�s cos(kus)

�̇z = 0
�̇s =

e
mo⇥ Bu�x cos(kus)

Let’s consider the longitudinal velocity :

�̇s =
e

mo⇥
Bu�x cos(kus) =� e

mo⇥2 B2
u

 
�s cos(kus)dt

At first order, s ⇥ c�st, so �̇s � 1
⇥2 whereas �̇x � 1

⇥ . In consequence, the longitudinal component of the electron
velocity is practically not modified by the undulator and �s remains very close to 1. One gets �s ⇥ 1 and s ⇥ ct.

Then,

�̇x =� eBu

mo⇥
�s cos(kus)⇥� eBu

mo⇥
cos(kus)

so :

�x =� eBu

mo⇥

 
cos(kus)dt =� eBu

mo⇥c

 
cos(kus)ds =� eBu

mo⇥c
⇤u

2⌅
sin(kus)

Let’s define the undulator associated deflection parameter Ku as :

Ku =
eBu⇤u

2⌅moc
(51)

It is given in practical units as :

Ku = 0.934Bu(T )⇤u(cm) (52)

With an electron entering the undulator without transverse velocity �x = 0, one can take the integration constant
equal to zero, one gets :

�x =
Ku

⇥
sin(kus) (53)

With an electron entering the undulator without transverse velocity �z = 0 and using �̇z = 0 one can take the
integration constant equal to zero, one gets :

�z = 0 (54)

The expression of the longitudinal electron velocity is then given by :

�s =

⌦

1� 1
⇥2 �� 2

x =

⌦

1� 1
⇥2 � K2

u
⇥2 sin2(kus)

so :

Deflection parameter

Tunable (E, Bu)

Divergence & 
taille faibles electron 

frame
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POSSIBILITIES FOR FUTURE SYNCHROTRON RADIATION SOURCES
M. E. Couprie ⇤, Synchrotron SOLEIL, GIF-sur-YVETTE, France.

Abstract

The landscape of present accelerator based light sources
is drawn. The photon beam brightness increases opens new
areas of user applications, both with the arrival of low emit-
tance rings getting closer to di�raction limit and the advent
of X-ray Free Electron Lasers, providing agility in terms
of performance (two colors, attosecond pulse. . . .). Finally,
the path towards light sources using alternate accelerator
schemes, such as plasma acceleration is discussed.

INTRODUCTION
The 20th century saw the rapid development of vacuum

tubes, in particular the klystron [?] where bunching is a
key process for wave amplification. Accelerator based light
sources rely on the emission of synchrotron radiation, first
obserbed in 1947 [?], by accelerated relativistic particles
of Lorentz factor � subjected to a magnetic field, gener-
ated for example in bending magnets in circular accelera-
tors. The radiation is collimated in a thin cone of typically
1/� angle thanks to the relativistic projection of angles. It
covers a wide spectral range from the infra-red to the X-
rays. It is pulsed, with a repetition rate and bunch dura-
tion depending on the accelerator type. Synchrotron radia-
tion from Insertion Devices (ID) (undulators and wigglers)
which create a periodic permanent magnetic field (ampli-
tude Bu , period �u) with alternated poles was considered in
the mid 20th century [?]. For a planar undulator creating
a vertical sinusoidal field, the radiation from the di�erent
periods Nu can constructively interfere and emit on-axis at
the resonant wavelength �r and n

th order odd harmonics:
�r = �u(1 + K

2
u
/2 + �2✓2)/2n�2, with Ku the undulator

deflexion parameter Ku = 0.94�u(cm)Bu(T) and ✓ the ob-
servation angle. Variable polarisation can be provided, de-
pending on the undulator helicity. The wavelength can be
tuned by the electron energy or by the undulator magnetic
field. It is well collimated

(
�0
p
=
p
�/4Lu

), has a small source size (
�p =

p
�r Lu/2⇡

), resulting photon emittance (
✏p = �p�0

p
= �r/4⇡

), and an associated Rayleigh length
Zp = �p/�0

p
= Lu/⇡

[?,?]. The homogeneous linewidth ��/� = 1/nNu can
be broadened with muti-electron emission (emittance and
energy spread terms).

Stimulated emission, in black-body studies [?], was first
analysed as addition of photons to already existing ones, and
not as the amplification of a monochromatic wave with phase
⇤ couprie@synchrotron-soleil.fr

conservation. In «quantum» microwave sources (masers (mi-
crowave amplification by stimulated emission of radiation)),
the klystron electron beam amplification is replaced by stim-
ulated emission in molecules with an excited molecule intro-
duced in a microwave cavity resonant for the frequency of the
molecule transition [?]. The use of an optical resonator [?]
was proposed to extend the radiation to the optical spectral
range, and the first Ruby laser was achieved [?]. The vac-
uum tubes came back into play with the invention of the Free
Electron Laser (FEL) [?] with free electrons in an undula-
tor field to replace the molecule in optical cavity for short
wavelength operation. A light wave of wavelength � inter-
acts with the electron bunch in the undulator, inducing an
energy modulation of the electrons; which is gradually trans-
formed into density modulation at �, the phased electrons
then emit coherently emission at � and its harmonics. This
wave-electron interaction can lead to a light amplification
to the detriment of the electron kinetic energy. The small
signal gain is proportional to the electronic density, varies
as ��3, and grows with the undulator length. FELs can be
implemented on various accelerators : storage rings (emit-
tance ✏e / �2) with rather long electron bunches (10-30 ps),
linacs (✏e / ��1) with 10 fs -10 ps bunch, energy recovery
linac with short pulses, few turn recirculation and low power
consumption... FELs are tuneable by merely modifying the
magnetic field of the undulator in a given spectral range set
by the electron beam energy. On linacs, FEL radiation can
be emitted in ultra short pulses. The polarization depends on
the undulator configuration. It can easily be changed form
linear to circular, using suitable undulators.

Figure 1: Free Electron Laser configurations : a) oscillator,
b) SASE, c) seeding d) HGHG e) EEHG.

Di�erent configurations are used (see Fig. ??). In the
historical oscillator mode (a), the synchrotron radiation spon-
taneous emission stored in an optical cavity enables interac-
tion on many passes. FEL oscillators cover a spectral range
from THz to VUV, where mirrors are available. FEL was
first achieved in 1977 on a superconducting linac (Stanford,
USA) in the infra-red [?]. and then in 1983 on the ACO
storage ring (Orsay, France) [?] in the visible and FEL based
harmonic generation were measured. FEL oscillators cover
a spectral range from the THz to the VUV [?]. In the Self
Amplified Spontaneous Emission (SASE) (b) setup [?,?,?],
the spontaneous emission is exponentially amplified thanks
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tors. The radiation is collimated in a thin cone of typically
1/� angle thanks to the relativistic projection of angles. It
covers a wide spectral range from the infra-red to the X-
rays. It is pulsed, with a repetition rate and bunch dura-
tion depending on the accelerator type. Synchrotron radia-
tion from Insertion Devices (ID) (undulators and wigglers)
which create a periodic permanent magnetic field (ampli-
tude Bu , period �u) with alternated poles was considered in
the mid 20th century [?]. For a planar undulator creating
a vertical sinusoidal field, the radiation from the di�erent
periods Nu can constructively interfere and emit on-axis at
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be broadened with muti-electron emission (emittance and
energy spread terms).

Stimulated emission, in black-body studies [?], was first
analysed as addition of photons to already existing ones, and
not as the amplification of a monochromatic wave with phase
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conservation. In «quantum» microwave sources (masers (mi-
crowave amplification by stimulated emission of radiation)),
the klystron electron beam amplification is replaced by stim-
ulated emission in molecules with an excited molecule intro-
duced in a microwave cavity resonant for the frequency of the
molecule transition [?]. The use of an optical resonator [?]
was proposed to extend the radiation to the optical spectral
range, and the first Ruby laser was achieved [?]. The vac-
uum tubes came back into play with the invention of the Free
Electron Laser (FEL) [?] with free electrons in an undula-
tor field to replace the molecule in optical cavity for short
wavelength operation. A light wave of wavelength � inter-
acts with the electron bunch in the undulator, inducing an
energy modulation of the electrons; which is gradually trans-
formed into density modulation at �, the phased electrons
then emit coherently emission at � and its harmonics. This
wave-electron interaction can lead to a light amplification
to the detriment of the electron kinetic energy. The small
signal gain is proportional to the electronic density, varies
as ��3, and grows with the undulator length. FELs can be
implemented on various accelerators : storage rings (emit-
tance ✏e / �2) with rather long electron bunches (10-30 ps),
linacs (✏e / ��1) with 10 fs -10 ps bunch, energy recovery
linac with short pulses, few turn recirculation and low power
consumption... FELs are tuneable by merely modifying the
magnetic field of the undulator in a given spectral range set
by the electron beam energy. On linacs, FEL radiation can
be emitted in ultra short pulses. The polarization depends on
the undulator configuration. It can easily be changed form
linear to circular, using suitable undulators.

Figure 1: Free Electron Laser configurations : a) oscillator,
b) SASE, c) seeding d) HGHG e) EEHG.

Di�erent configurations are used (see Fig. ??). In the
historical oscillator mode (a), the synchrotron radiation spon-
taneous emission stored in an optical cavity enables interac-
tion on many passes. FEL oscillators cover a spectral range
from THz to VUV, where mirrors are available. FEL was
first achieved in 1977 on a superconducting linac (Stanford,
USA) in the infra-red [?]. and then in 1983 on the ACO
storage ring (Orsay, France) [?] in the visible and FEL based
harmonic generation were measured. FEL oscillators cover
a spectral range from the THz to the VUV [?]. In the Self
Amplified Spontaneous Emission (SASE) (b) setup [?,?,?],
the spontaneous emission is exponentially amplified thanks
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not as the amplification of a monochromatic wave with phase
conservation. In «quantum» microwave sources (masers
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tion)), the klystron electron beam amplification is replaced
by stimulated emission of excited molecules introduced in a
microwave cavity resonant for the frequency of the molecule
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posed to extend the radiation to the optical spectral range,
and the first Ruby laser was achieved [9]. The vacuum tubes
came back into play with the invention of the Free Electron
Laser (FEL) [10] with free electrons in an undulator field to
replace the molecule in optical cavity for short wavelength
operation. A light wave of wavelength � interacts with the
electron bunch in the undulator, inducing an energy modu-
lation of the electrons; which is gradually transformed into
density modulation at �, the phased electrons then emit co-
herently emission at � and its harmonics. This wave-electron
interaction can lead to a light amplification to the detriment
of the electron kinetic energy. The small signal gain is pro-
portional to the electronic density, varies as ��3, and grows
with the undulator length. FELs can be implemented on
various accelerators : storage rings with rather long electron
bunches (10-30 ps), linacs with 10 fs -10 ps bunch, energy
recovery linac with short pulses, few turn recirculation and
low power consumption... FELs are tuneable by merely mod-
ifying the magnetic field of the undulator in a given spectral
range set by the electron beam energy. On linacs, FEL radi-
ation can be emitted in ultra short pulses. The polarization
depends on the undulator configuration. It can easily be
changed form linear to circular, using suitable undulators.

Figure 1: Free Electron Laser configurations : a) oscillator,
b) SASE, c) seeding d) HGHG e) EEHG.

Di�erent configurations are used (see Fig. 1). In the his-
torical oscillator mode (a), the synchrotron radiation sponta-
neous emission stored in an optical cavity enables interaction
on many passes. FEL oscillators cover a spectral range from
THz to VUV, where mirrors are available. FEL was first
achieved in 1977 on a superconducting linac (Stanford, USA)
in the infra-red [11]. and then in 1983 on the ACO storage
ring (Orsay, France) [12] in the visible and coherent har-
monic generation was measured. FEL oscillators cover a
spectral range from the THz to the VUV [13]. In the Self
Amplified Spontaneous Emission (SASE) (b) setup [14–16],
the spontaneous emission is exponentially amplified thanks
to a collective instability in a single pass. Once the saturation
is reached, the amplification process is replaced by a cyclic
energy exchange between the electrons and the radiated field.
The emission usually presents poor longitudinal coherence
properties, with temporal and spectral spiky emission [17],
resulting from non correlated trains of pulses. SASE suits
for short wavelength FELs because of the limited perfor-
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The electrons execute smooth sinusoidal oscillations in the horizontal plane, so
that the radiation is kept in the same emitted cone. In addition, there is a oscillation
at twice the pulsation in the longitudinal direction. The interference takes place for
the wavelengths when the ⌅n for which :

n⌅n = c(1�⇥s)t (14)

with n an integer, ⇥s the longitudinal reduced velocity of the electrons. The fun-
damental resonant wavelength is obtained bor n = 1, i.e. for ⌅1 = ⌅u(1�⇥s).

Using the expression of ⇥s, one gets the expression of the resonant wavelength
and its harmonics, according to :

n⌅n =
⌅u

2⇤2 (1+
K2

u
2
) (15)

The wavelength ⌅n of the emitted radiation can be varied by a modification of the
undulator magnetic field (by changing the gap for permanent magnet insertion de-
vices or the power supply current for electromagnetic insertion devices). In the time
domain, the observer receives a train of Nu magnetic periods which can be consid-
ered as quasi-continuous emission of radiation with respect to the bending magnet
radiation. The radiation spectrum, square of the Fourier transform of this train, is
then composed of a series of square sinus cardinal, centered on odd harmonics. The
”homogenous” relative linewidth of the harmonics is then given by :

�⌅
⌅n

=
1

nNu
(16)

The so-called ”homogenous linewidth” refers to the case of a single electron.
The emission is then a narrow-band in the frequency domain. In other words, the
emitted field interfere between different points of the trajectory, leading to sharp
peak emission.

xxxxxxxxxxxxxxx RESTE donner la longueur d’onde critique et la puissance
totale rayonnee xxxxxxxxxxxxxxxxxx

2 Electron beam characteristics

3 General characteristics of synchrotron radiation

3.1 Retarded Liénard-Wiechert potentials

Let’s consider an electron traveling on a curved trajectory and emitting radiation
at time ⇧ (the electron time or retarded time) at the position

��⇥
R(⇧) with a velocity

��⇥
v(⇧) = ��⇥⇥ (⇧)c. The stationary observer receives the emission at time t at the fixed

Inhomogeneous broadening
Symmetric (energy spread), 
red shifted (emittance) 
Intensity α Nu2=>1 
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1917:  analyse du corps noir,  
prédiction de l’ émission 
stimulée

Source micro-onde 
«quantique» (C. Townes, N. G. 
Basov,  A. M. Prokhorov): 
Molécule excitée placée à la 
place du faisceau d’ e dans une 
cavité micro-onde résonante à la 
fréquence de transition de la 
molécule. 

1954 : first MASER in the micro-waves (NH3 molecule).
LE MASER A AMMONIAC

MASER :  Microwave Amplification by
   Stimulated Emission of Radiation.
              (Means of Acquiring
    Support for Expensive Research !)

Charles
Townes,

1954

(+Basov,
Prokhorov :

Nobel 1964)

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

Columbia UniversityA. Einstein, Physikalische Zeitschrift 18 (1917)  

Charles Townes 
(1905-2015)

Arthur Leonard 
Schawlow
 (1905-1999)

A. Einstein 
(1879-1955)

1921

1964 1981

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. »

A. L. Schawlow C.  H. Townes, Infra-red and optical masers, Phys. Rev. Lett. 1940-1948 (1958) 

Patent, Optical Masers and Communication, by Bell Labs. 

1960 : First Ruby laser (Ion CR3+ in ruby)
Hughes Research Laboratories Theodore 

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

T. H. Maiman, Hoskins, D’Haenens, Asawa and Evtuhov, Phys. Rev., 123 (1961) 1151.
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«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. 112 1940 (1958)

J. M. J. Madey (1943-2016)

«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 tubes»
Was there a Free Electron Radiation Mechanism that Could Fulfill these Conditions?

L’émergence du concept de LEL

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)

Emploi de faisceaux d’électrons relativistes:
• Compton Scattering
• Champ périodique intense : Onduleur => accordabilité
• Fort courant crête => source de faisceau d’électrons
=> Concept du LEL

in 1962 followed with semi-conductor AsGa laser (diode laser) where a p-n junction of the Gallium Ar-
senide semiconductor through which a current is passed can emit near-infrared light from recombination
processes with very high efficiency, first operated by R. Hall (1919- ) [50] and others [51].

3 The invention of the Free Electron Laser concept
3.1 The FEL concept emergence : Motivations for an exotic laser
Early work on stimulated Bremsstrahlung was conducted in the beginning of the twentieth century [52,
53] and later [54].

Following the laser discovery, much less interest was devoted to the electron tubes based systems.
The Gaussian eigenmodes of free space provided an alternative to the coupled slow wave structures of
the prior electron devices. In addition, the laser radiation is independent of phase.

In the original paper from A. Schawlow and C. Townes [4], it was written that : "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. " and "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."

J. M. J. Madey (1943-2016, first FEL prize in 1988) [55], from Stanford, Univ., thought that "A.
Schawlow and C. 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 tubes [56] and he wondered whether
there was "a Free Electron Radiation Mechanism that Could Fulfill these Conditions" and considered
the different possible radiation processes. He first examined Compton Scattering, as shown in Fig. 13,
which appeared as the most promising candidate. Indeed, Stimulated Compton Backscattering has been
analyzed by Dreicer in the cosmic blackbody radiation [57].

incident photon

scattered 
photonincident 

electron

scattered
electron

Fig. 13: Compton Back Scattering scheme

First analysis of the stimulated Compton Backscattering was carried out by Pantell (eighth FEL
prize in 1995, shared with G. Befeki (1925-1995)) et al. [42]. Precursor works include the study of
stimulated emission of bremsstrahlung [58], the study of the possibility of frequency multiplication and
wave amplification by means of some relativistic effects [37], radiation transfer and whether negative
absorption (I.e. amplification) could be possible in radio-astronomy [59].

The Compton Back Scattering (CBS) process between a laser pulse and a bunch of relativistic
particles (electrons, positrons, etc.) leads to the production of high-energy radiation coming from the
head-on collision between the photons and the particles. In order to reduce the divergence of the scattered

15

J. M. J. Madey, Stimulated emission of Bremmstrahlung in a periodic magnetic field; J. Appl. Phys., 42, 1906--1913 (1971)
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J. M. J. Madey, Stimulated emission of Bremmstrahlung in a periodic magnetic field; J. Appl. Phys., 42, 1906--1913 (1971)

- interaction faisceau d’électrons-onde optique  
- échange d’énergie entre l’onde optique et les électrons
- microbunching  (separation par λ)
- émission cohérente and amplification de l’onde optique
- saturation (augmentation de dispersion en énergie, 
condition de résonance non satisfaite)  

L’ émergence du concept de LEL oscillateur

Gain ∝
ρeL3

und

γ3

λn =
λu

2γ2n (1 +
K2

u

2 )

Courte longueur d’onde=> grande E=> haute qualité d’électrons
Début des LELs dans le domaine infra-rouge 
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frequency changes during the electronic transi-
tion) as well as medium anharmonicity, increase
the mean effective phonon frequency (due to the
appearance of higher harmonics) and, therefore,
are expected to moderate the calculated energy-
gap dependence of the rate. '
(d) In principle slow processes can be masked

by the occurrence of competing processes like
infrared emission, pure vibrational relaxation,
and energy transfer to other impurities. In the
present case pure intrastate (infrared radiation
or vibrational relaxation) relaxation was shown to
be too slow to compete with the observed rates.
The lack of concentration dependence of the rates
also excludes energy transfer between different
CN molecules.
In summary, we have established the impor-

tance of a process characterized by interstate
cascading for the relaxation of diatomic guest
molecules. The observed rates in CN qualitative-
ly satisfy the energy-gap law but further studies

are needed to establish quantitative agreement.
One of us (A.N. ) is grateful to Professor
J. Jortner for many helpful discussions.

*Permanent address: Department of Chemistry, Tel-
Aviv University, Tel-Aviv, Israel.
'For a recent review see K. F. Freed, in "Topics in

Applied Physics, " edited by E. Lim (to be published),
A. Nitzan and J. Jortner, Theor. Chim. Acta. 29, 97

(1973).
H, Dubost and R, Charneau, Chem. Phys. 12, 407

(1976); K. Dressier, 0. Oheler, and D. A. Smith, Phys.
Rev. Lett. 34, 1364 (1975).
V. E. Bondyvey, to be published.
'See, e.g. , R. Kubo and Y. Toyozawa, Prog. Theor,

Phys. 13, 160 (1955).
We are grateful to J. Jortner for suggesting this mo-

del.
~A. Nitzan and J. Jortner, J. Chem. Phys. 56, 3360

(1972).
I. Weissman, J. Jortner, and A. Nitzan, "Quadratic

Effects in Multiphonon Transition Rates in Solids" (to
be published).

First Operation of a Free-Electron Laser*

D. A. G. Deacon, f L. R. Elias, J. M. J.Madey, G. J. Ramian, H. A. Schwettman, and T. I. Smith
High Energy Physics Laboratory, Stanford University, Stanford, California 94305

(Received 17 February 1977)

A free-electron laser oscillator has been operated above threshold at a wavelength of
3.4 p,m.

Ever since the first maser experiment in 1954,
physicists have sought to develop a broadly tun-
able source of coherent radiation. Several ingen-
ious techniques have been developed, of which the
best example is the dye laser. Most of these de-
vices have relied upon an atomic or a molecular
active medium, and the wavelength and tuning
range has therefore been limited by the details
of atomic structure.
Several authors have realized that the constraints

associated with atomic structure would not apply
to a laser based on stimulated radiation by free

electrons. ' ' Our research has focused on the in-
teraction between radiation and an electron beam
in a spatially periodic transverse magnetic field.
Of the schemes which have been proposed, this
approach appears the best suited to the generation
of coherent radiation in the infrared, the visible,
and the ultraviolet, and also has the potential for
yielding very high average power. We have pre-
viously described the results of a measurement
of the gain at 10.6 pm. ' In this Letter we report
the first operation of a free-electron laser oscil-
lator.
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FIG. 1. Schematic diagram of the free-electron laser oscillator. (For more details see Ref. 6.)
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TABLE I. Laser characteristics.

Laser characteristics Above threshold Below threshold

Wavelength (p m)
W'idth (full width of half-maximum)
Average Power (W)
Peak power (Ref. 7)
Mirror transmission

3.417
0.008
0.36
7x 10

1.5%

3.407
0.031
10 8

10 '

Our apparatus is shown schematically in Fig. 1.
A superconducting helix generates a periodic
transverse magnetic field of 2.4 kG. A 43-MeV
electron beam from the superconducting accelera-
tor is fired along the axis of the helix. Radiation
passing through the helix with the electron beam
is amplified and a pair of mirrors at the ends of
the interaction region provide feedback.
The characteristics of the oscillator are listed

in Tables I and II. The wavelength was 3.417 p m
and the average power output was 0.36 W. Fac-
toring out the duty cycle of the machine, ' this
translates to a peak power of the order of V kW.
With a mirror transmission of 1.5% the intracav-
ity power was 500 kW. The total energy collected
on the detector was 0.01% of the electron beam
energy.
The laser spectrum is shown in the upper half

of Fig. 2 and the spontaneous spectrum in the low-
er half. Note the difference in the radiated power:
Above threshold, the oscillator power increases
by a factor of 10' over the spontaneous radiation.
The oscillator linewidth was 8 nm (200 6Hz).
The electron energy in the experiment was cho-

sen to satisfy the wavelength equation'

A. 1 A. q raB
2 4g2 C2

width observed in the experiment is by no means
the limiting linewidth. As established by the ear-
lier experiments, ' a homogeneously broadened
gain profile is attainable and the laser linewidth
can be improved by means of intracavity disper-
sive elements. The efficiency of the present las-
er is limited by the fraction of the electrons' en-
ergy which can be converted to radiation in a sin-
gle pass through the interaction region. This lim-
itation would not apply to devices in which the
electron beam was reaccelerated and recirculated
through the interaction region as in an electron
storage ring, where efficiency above 20% should
be possible. ' The nanosecond electron bunch

ABOVE
THRESHOLD

0.7m p.

INSTRUMENT
Wl DT H

where X, is the magnet period, y~c2 the electron
energy, r, the classical electron radius, and B
the magnetic field strength. The wavelength var-
ies inversely as the square of the electron energy.
The experiment demonstrates the capability of

a free-electron laser to operate at high power at
an arbitrary wavelength. We note that the line- TH

3.4l 7p,

TABLE II. Electron beam characteristics.

Energy (Ref. 8)
Width (full width at half-maximum):
Average current
Peak current (Ref. 7)
Emittance (at 43.5 MeV):

43.5 MeV
0.05%
130 pA
2.6 A
0.06 mm mrad

I

3.4lOp
FIG. 2. Emission spectrum of the laser oscillator

above threshold (top) and of the spontaneous radiation
emitted by the electron beam {bottom).
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5 The first Free Electron Laser experimental results
5.1 The first Free Electron Laser in Stanford (USA) in the infra-red in 1977
5.1.1 The first Free Electron Laser amplification in the infra-red in 1976
After the theoretical prediction of the FEL concept in 1971, J. M. M. Madey searched how to set up an
experiment to test his idea of Free Electron Laser a [56]. Indeed, the High Energy Physics Laboratory on
the Stanford campus concentrated a high knowledge on accelerator physics, both for normal conducting
and superconducting device. S-band accelerators had been developed by William W. Hansen (1909-
1949) and Edward Ginzton (1915-1998) after the second world war, which led to the construction of
Stanford Linear Accelerator Laboratory (SLAC), a three kilometer S-band linac with upgraded klystrons
under the direction of Wolfgang K. H. Panofsky (1919-2007). First superconducting linear accelerators
were developed by William Fairbank (1917-1989) and Alan Schwettman (fifteenth FEL prize in 2002)
[160], in order to exploit higher gradients and reduced power consumption of superconducting niobium
cavities. High stability and sufficiently low energy spread beams for the low gain free electron laser
exploration could be achieved on the MARK -III superconducting linear accelerator.

J. M. J. Madey obtained a financial support from the Air Force Office of Scientific Research
(AFOSR) in 1972 in two steps : a first one to demonstrate gain, and a second one to achieve the Free
Electron Laser oscillation provided the success of the first one. A team was gathered with J.M. J. Madey
for laser physics, electronic instrumentation, cryogenic systems, superconducing undulator, Luis Elias
(third FEL prier in 1990) for the optics, optical instrumentation, and conventional laser sources, super-
conducting undulator and Todd Smith (third FEL prier in 1990) for the accelerator. The composition
of this new research team logically balanced the expertise between accelerators and electron tubes, and
optics and lasers.

The first experimental demonstration of the Free Electron Laser amplification was performed in
Stanford in 1976 [161]. The electron beam has been produced by a 24 MeV electron beam generated
by a superconducting undulator at 1.3 GHz. A 5.2 m long 3.2 cm period NbTi superconducting helical
undulator was built (see Fig. 32.) with a very high mechanical precision for the coil winding. It provided
an undulator field of 0.24 T . A CO2 laser at 10.6 µm with variable intensity and polarization was
focused inside the undulator to a waist of 3.3mm. The wavelength of the CO2 laser being fixed, tuning
was performed by changing the energy of the electrons around 24MeV . The signal was detected with a
high speed helium-cooled CuGe detector, synchronized with the 1.3 GHz from the accelerator.

Fig. 32: Picture of the superconducting undulator used for the Madey’s experiment.

The CO2 has been amplified, demonstrating a single pass gain of 7 %, as shown in Fig. 33. Good
agreement was found on the theoretical expectations regarding the gain. One notices that the gain is the
derivative of the spontaneous emission, as understood as the Madey [61, 88].

This FEL amplifier first experiment was a major step for the validation of the FEL concept with
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values of gain and absorption occur at the points
of inflection of the spontaneous spectrum.
Figure 2(b) was made using right-circular po-

larization. The measured gain was zero for left-
circular polarization. The observed gain for lin-
ear polarization was half the gain for right-circu-
lar polarization. The magnitude of the gain was
observed to be a linear function of the electron
current over a range of 5 to 70 mA.
Finally, the gain was measured at optical pow-

er densities ranging from 100 to 1.4 x10' W/cm'.

The magnitude of the gain and the dependence of
the gain on the electron energy were observed to
be independent of the optical power density over
this range. The stimulated power radiated by the
electrons reached 4 &10' W in these measure-
ments. This power was 10' times larger than the
spontaneous power measured with the same elec-
tron current and corresponds to an energy loss of
60 keV per electron in passage through the helix.
According to Madey, Schwettman, and Fair-

bank' the gain due to stimulated bremsstrahlung
is given by

10 (log„e) r„', » (b, v ' (5 v/v)' [(5v/v) —(2h v/ymc')]2

where p, is the density of electrons in the electron beam (cm ); x and v are the operating wavelength
and frequency (cm and Hz, respectively); 6v is the 1/e half-linewidth for spontaneous emission (Hz);
5v is the difference between the operating frequency and the emission line center (Hz); and JI, the
filling factor, is the ratio of the squares of the radii of the electron beam and the radiation field. The
filling factor is unity if the electron beam radius exceeds the radius of the radiation field.
The gain equation is for a helical magnetic field and for circularly polarized radiation propagating

parallel to the electron beam. Stimulated emission is possible only for that component of the stimulat-
ing radiation field which matches the polarization of the spontaneous radiation. The derivation as-
sumes a small signal and a weak magnetic field.
The first exponential within the braces is due to stimulated emission and the second to absorption.

The line shape for stimulated emission and absorption have the same form as the line shape for spon-
taneous emission (a Gaussian line shape was assumed). For optical photons 2@v/ymc'«hv/v and the
difference between the two exponentials is small. The gain is then proportional to the derivative of the
line shape for spontaneous emission and becomes independent of k. The derivative relationship is nice-
ly illustrated by the traces in Fig. 2. The maximum available theoretical gain is

The functional form of the gain is constrained by
symmetry and dimensionality. This is important
because the constraints establish scaling laws in-
dependent of the approximations used in computa-
tion. Given that the gain arises from a second-
order process and is independent of h, the small-
signal weak-field gain must be linear in the elec-
tron current, quadratic in the magnetic field, and
vary as z" for unity filling factor as in Eq. (3).
The dependence on wavelength is modified when
the filling factor is less than 1: For a fixed inter-
action length and optimal Guassian optics the fill-
ing factor scales as X ' and the gain scales as
~1/2

For the experimental conditions and with the as-
sumption of an effective area of 0.33 cm' for the
EHy y mode, the calculated gain attains a maxi-
mum value of 5g for the 5.2-m interaction length
as opposed to l%%uo, the observed value. The sig-
nificance of the difference is not yet estab]. jshed;

however, random errors in the measurement
were negligible and the difference is believed to
exceed the systematic error.
These measurements have important device im-

plications. Lasers based on the stimulated emis-
sion of bremsstrahlung have a potential for con-
tinuously tunable operation at high power. The
current available from existing electron machines
indicates the possibility of laser operation from
the infrared to the ultraviolet. The instantaneous
peak current from the superconducting accelera-
tor can be raised to the ampere level by reducing
the duty cycle, and circulating peak currents in
excess of 10 A have been obtained in electron
storage rings. "
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
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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.
An electron current of the order of 1 A at 240

MeV would be sufficient for laser operation at
1000 A for a 1-mm' electron-beam cross section.
The measurements indicate that 0.@of the elec-
trons' energy can be converted to radiation in the
periodic field without evidence of saturation; the
corresponding power output for a ].-A, ].0'-ey
electron beam would exceed 10' W.
We gratefully acknowledge the contributions of

the Hansen Laboratory personnel and others who
have assisted in this effort.

*Work supported in part by the U. S. Air Force Office
of Scientific Research.
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Detection of Brillouin Backscattering in Underdense Plasmas*

John J. Turechek and Francis F. Chen
Elect&cat Sciences and Engineering Department, University of CalifonHa, Los Angeles, California 90024

(Received 16 September 1975)

Two new results are reported: (1) verification of the finite-interaction-length threshold
for stimulated Brillouin scattering in a plasma with no critical layers, and (2) use of the
time-dependent Stark effect to detect ion-frequency electric fields in a plasma.

Numerous theorists' ' have predicted that in-
tense laser radiation (&uo, k, ) used to heat a plas-
ma or implode a pellet may undergo parametric
decay into an acoustic wave (~;,k, ) and a back-
scattered light wave (&u„k,), resulting in reflec-
tion of the incident energy in the underdense, out-
er regions of the plasma, and thus diminishing
absorption at the critical layer, where no= e~=
(4nne'/m)~' or n=n, =m&u02/4&e2 This proc. ess of
stimulated Brillouin scattering (SBS) has a. lower
threshold' and higher nonlinear saturation' than
the competing decay into a backscattered wave
and an electron plasma wave (stimulated Raman
scattering). The practical threshold depends on
the finite interaction length' and the plasma. in-
homogeneity, Recent high-power measurements'

on solid targets indicate an increase in backscat-
tered power with incident power I, up to 10"
W/cm', but a decrease thereafter; the latter has
been attributed to a decrease in plasma scale
length with intensity. ' Because solid-target ex-
periments are complicated by plasma formation
and expansion and by reflection and absorptive
parametric processes occurring at the critical
(&uo=&u~) and quarter-critical (no= 2m~) layers,
we have designed an experiment to test the basic
finite-length linear SBS theory under conditions in
which the plasma is independently created and is
everywhere underdense (n&n, /4 or a, )2~ ).
Our previously reported observations' have been
confirmed by direct detection of the low-frequen-
cy field by means of the time-dependent Stark ef-
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Fig. 28 Electron bunching due to the electron / optical wave interaction

Considering this electron bunching will enable to evaluate the second order energy exchange.

5.3 Gain

Let’s consider now the optical wave. The FEL spontaneous emission is given by the synchrotron radiation emitted by
the Nu periods of the undulator. In the historical configuration, the oscillator, the spontaneous emission is stored in an
optical cavity, as shown in Fig. 29. It is the considered optical wave.

Fig. 29 Free electron laser oscillator configuration

The first order energy exchange average over the electrons is zero. One should then calculate the second order
energy exchange < �⇤2 > averaged over phases with the bunched electron distribution.

The change in electromagnetic power �P is given by :

�P =� I
e

moc2 < �⇤2 > (148)

For small variation of the optical field, The gain G per pass can be expresses as the second order energy exchange
divided by the incident field energy, according to :

G =
mocI < �⇤2 >

e⇥o
�

E2
l dS

=
moc2⌅e < �⇤2 >

1
2 ⇥oE2

l
(149)

where ⇥o is the vacuum permeability, the radiation field is integrated over the transverse coordinates, ⌅e the elec-
tronic density in the volume.

One first calculate the second order energy exchange.

+ =

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)
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values of gain and absorption occur at the points
of inflection of the spontaneous spectrum.
Figure 2(b) was made using right-circular po-

larization. The measured gain was zero for left-
circular polarization. The observed gain for lin-
ear polarization was half the gain for right-circu-
lar polarization. The magnitude of the gain was
observed to be a linear function of the electron
current over a range of 5 to 70 mA.
Finally, the gain was measured at optical pow-

er densities ranging from 100 to 1.4 x10' W/cm'.

The magnitude of the gain and the dependence of
the gain on the electron energy were observed to
be independent of the optical power density over
this range. The stimulated power radiated by the
electrons reached 4 &10' W in these measure-
ments. This power was 10' times larger than the
spontaneous power measured with the same elec-
tron current and corresponds to an energy loss of
60 keV per electron in passage through the helix.
According to Madey, Schwettman, and Fair-

bank' the gain due to stimulated bremsstrahlung
is given by

10 (log„e) r„', » (b, v ' (5 v/v)' [(5v/v) —(2h v/ymc')]2

where p, is the density of electrons in the electron beam (cm ); x and v are the operating wavelength
and frequency (cm and Hz, respectively); 6v is the 1/e half-linewidth for spontaneous emission (Hz);
5v is the difference between the operating frequency and the emission line center (Hz); and JI, the
filling factor, is the ratio of the squares of the radii of the electron beam and the radiation field. The
filling factor is unity if the electron beam radius exceeds the radius of the radiation field.
The gain equation is for a helical magnetic field and for circularly polarized radiation propagating

parallel to the electron beam. Stimulated emission is possible only for that component of the stimulat-
ing radiation field which matches the polarization of the spontaneous radiation. The derivation as-
sumes a small signal and a weak magnetic field.
The first exponential within the braces is due to stimulated emission and the second to absorption.

The line shape for stimulated emission and absorption have the same form as the line shape for spon-
taneous emission (a Gaussian line shape was assumed). For optical photons 2@v/ymc'«hv/v and the
difference between the two exponentials is small. The gain is then proportional to the derivative of the
line shape for spontaneous emission and becomes independent of k. The derivative relationship is nice-
ly illustrated by the traces in Fig. 2. The maximum available theoretical gain is

The functional form of the gain is constrained by
symmetry and dimensionality. This is important
because the constraints establish scaling laws in-
dependent of the approximations used in computa-
tion. Given that the gain arises from a second-
order process and is independent of h, the small-
signal weak-field gain must be linear in the elec-
tron current, quadratic in the magnetic field, and
vary as z" for unity filling factor as in Eq. (3).
The dependence on wavelength is modified when
the filling factor is less than 1: For a fixed inter-
action length and optimal Guassian optics the fill-
ing factor scales as X ' and the gain scales as
~1/2

For the experimental conditions and with the as-
sumption of an effective area of 0.33 cm' for the
EHy y mode, the calculated gain attains a maxi-
mum value of 5g for the 5.2-m interaction length
as opposed to l%%uo, the observed value. The sig-
nificance of the difference is not yet estab]. jshed;

however, random errors in the measurement
were negligible and the difference is believed to
exceed the systematic error.
These measurements have important device im-

plications. Lasers based on the stimulated emis-
sion of bremsstrahlung have a potential for con-
tinuously tunable operation at high power. The
current available from existing electron machines
indicates the possibility of laser operation from
the infrared to the ultraviolet. The instantaneous
peak current from the superconducting accelera-
tor can be raised to the ampere level by reducing
the duty cycle, and circulating peak currents in
excess of 10 A have been obtained in electron
storage rings. "
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
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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.
An electron current of the order of 1 A at 240

MeV would be sufficient for laser operation at
1000 A for a 1-mm' electron-beam cross section.
The measurements indicate that 0.@of the elec-
trons' energy can be converted to radiation in the
periodic field without evidence of saturation; the
corresponding power output for a ].-A, ].0'-ey
electron beam would exceed 10' W.
We gratefully acknowledge the contributions of

the Hansen Laboratory personnel and others who
have assisted in this effort.
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Two new results are reported: (1) verification of the finite-interaction-length threshold
for stimulated Brillouin scattering in a plasma with no critical layers, and (2) use of the
time-dependent Stark effect to detect ion-frequency electric fields in a plasma.

Numerous theorists' ' have predicted that in-
tense laser radiation (&uo, k, ) used to heat a plas-
ma or implode a pellet may undergo parametric
decay into an acoustic wave (~;,k, ) and a back-
scattered light wave (&u„k,), resulting in reflec-
tion of the incident energy in the underdense, out-
er regions of the plasma, and thus diminishing
absorption at the critical layer, where no= e~=
(4nne'/m)~' or n=n, =m&u02/4&e2 This proc. ess of
stimulated Brillouin scattering (SBS) has a. lower
threshold' and higher nonlinear saturation' than
the competing decay into a backscattered wave
and an electron plasma wave (stimulated Raman
scattering). The practical threshold depends on
the finite interaction length' and the plasma. in-
homogeneity, Recent high-power measurements'

on solid targets indicate an increase in backscat-
tered power with incident power I, up to 10"
W/cm', but a decrease thereafter; the latter has
been attributed to a decrease in plasma scale
length with intensity. ' Because solid-target ex-
periments are complicated by plasma formation
and expansion and by reflection and absorptive
parametric processes occurring at the critical
(&uo=&u~) and quarter-critical (no= 2m~) layers,
we have designed an experiment to test the basic
finite-length linear SBS theory under conditions in
which the plasma is independently created and is
everywhere underdense (n&n, /4 or a, )2~ ).
Our previously reported observations' have been
confirmed by direct detection of the low-frequen-
cy field by means of the time-dependent Stark ef-
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• Compensation of the energy loss per turn with a radio-

frequency cavity 
• Bunching
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Fig. 28 Electron bunching due to the electron / optical wave interaction

Considering this electron bunching will enable to evaluate the second order energy exchange.

5.3 Gain

Let’s consider now the optical wave. The FEL spontaneous emission is given by the synchrotron radiation emitted by
the Nu periods of the undulator. In the historical configuration, the oscillator, the spontaneous emission is stored in an
optical cavity, as shown in Fig. 29. It is the considered optical wave.

Fig. 29 Free electron laser oscillator configuration

The first order energy exchange average over the electrons is zero. One should then calculate the second order
energy exchange < �⇤2 > averaged over phases with the bunched electron distribution.

The change in electromagnetic power �P is given by :

�P =� I
e

moc2 < �⇤2 > (148)

For small variation of the optical field, The gain G per pass can be expresses as the second order energy exchange
divided by the incident field energy, according to :

G =
mocI < �⇤2 >

e⇥o
�

E2
l dS

=
moc2⌅e < �⇤2 >

1
2 ⇥oE2

l
(149)

where ⇥o is the vacuum permeability, the radiation field is integrated over the transverse coordinates, ⌅e the elec-
tronic density in the volume.

One first calculate the second order energy exchange.

+ =

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)
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FEL

Saturation- Hope in storage ring FELs

Renieri, A. (1979). Storage ring operation of the free-electron laser: The amplifier. Il Nuovo Cimento B Series 11, 53(1), 160-178.
Dattoli, G., & Renieri, A. (1980). Storage ring operation of the free-electron laser: the oscillator. Il Nuovo Cimento B Series 11, 59

(1), 1-39.
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(a)
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FIG. 2. Experimental laser horizontal (solid curve),
vertical (dashed curve) transverse profiles, and the
calculated (dotted curve) cavity TEMpo profile.

pends on how far the laser is from threshold.
Quasiperiodic peaks have sometimes been seen
near a 40-Hz frequency. And the laser variation
also reproduces the pulsed 27.2-MHz structux e
of the electron beam.
Figure 4 presents two spectra: (a) is recorded

without amplif ication (optical cavity completely
detuned) and (b) is recorded at laser operation
(cavity tuned). For case (b), the laser oscillates
at three wavelengths, with the strongly dominant
one being at A. =6476 A; each wavelength is locat-
ed at a maximum of the gain versus wavelength
curve. ' Smaller gain/loss ratios would restrict
the number of laser wavelengths to two or one.
Typical laser lines are Gaussian if averaged over
a long time scale of ~ 1 sec, with 2 to 4 A full width
at half maximum. Figure 4 also shows an enlarge-
ment of the main laser-line spectrum recorded
by using a one-dimensional charge-coupled-de-
vice (CCD) detector instead of the usual mono-
chromator exit slit. The aperture time is 3 ms.
Each narrow square peak in this curve is record-
ed on only one CCD element and corresponds to
a 0.3 A spectral width which is of the same order
as the monochromator resolution. We conclude
that there is a residual inhomogeneous contribu-
tion to the laser linewidth probably connected
with the long-time-scale laser-pulse structure
(see Fig. 4). The central wavelength of any line
is always equal to the wavelength of maximum
emission of spontaneous emission with the cavity
completely detuned (no amplification) plus 0.15

FIG. 3. Laser time structure over a 200-ms interval.
Curve b is recorded in the same condition as g, but
with a higher detector sensitivity.
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FIG. 4. Spectra of the cavity output radiation under

two conditions: cuive g, cavity detuned (no amp1ifica-
tion) and curve b, cavity tuned (laser on).

of the wavelength interfringe distance (see Fig. 4)
instead of 0.25 as predicted from Madey's theo-
rem. ' This discrepancy is probably due to the
transverse multimode content of the spontaneous
emission stored in the cavity; laser operation is
only achieved on the TEM«mode. Laser tunabil-
ity was obtained between 640 and 655 nm by
changing the magnetic gap [equivalent to a change
of K in Eq. (1)]. The range of tunability is in fact
limited for the moment by the mirror ref lectivity.
A typical 75-&% average output power has been

recorded at 50-mA current of 166-MeV electrons.
This corresponds to a typical 60-mW output peak

1654
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away from the axis of the electron beam (Fig. 2). The 

calculated trajectory is shown in Fig. 1 which shows a 

large wiggle of about 2 mm amplitude for an electron 

energy of 240 MeV and a gap of 33 mm. 

2. Spontaneous Emission 

2.1. General Features of the Fundamental 

As was done for the undulator, the electron beam is 

initially aligned by optical means into the axis of the 

vacuum chamber within + 1 mm [-3]. 

The spontaneous emission pattern of the optical 

klystron looks the same to the eye as that of an 

undulator [7, 6, 3], namely a series of concentric 

coloured rings with a similar pattern produced by each 

harmonic at progressively larger opening angles. The 

big difference appears in the spectrum. 

The experimental set up used to measure the 

spontaneous emission spectrum has already been 

described [6]. It consists of a 1750mm focal length 

spherical mirror placed at about 6.5 m from the center 

of the optical klystron. 

The light transmitted by a 75 ~tm pinhole placed at the 

focal distance from the mirror is sent through a lens 

into an M20 uv Jobin Yvon monochromator (4~  

resolution with 0.1ram slits). The output of the 

monochromator  is then sent into a Hamamatsu R 928 

photomultiplier. Fig. 3 shows a spontaneous emission 

spectrum of the fundamental at an energy of 240 MeV 

for a gap of 34.4 mm at low current in the ring. 

We have compared the envelope of the oscillations 

with that of the emission spectrum of a perfect 

undulator having exactly N sinusoidal periods, the 

fields outside these periods being exactly zero. The 

emission spectrum dI/d2 of such an undulator is: 

d ~  - -  (31 

with 6 = n~N (1 - 2a/2), 

where 2R is the resonant wavelength and n is the 

harmonic number. Fitting the envelope to curves given 

by (3) gives N = 8.1 + 0.1 instead of 7. This discrepancy 

is probably due to the dispersive section field which 

could be partly resonant with the other 7 periods. It is 

certainly not due to the fringe field of the half periods 

which slightly decreases the effective number of 

periods. The envelope of oscillations also presents a 

long, short wavelength tail with the secondary 

maximum amplitude lower than expected. This effect 

was also seen in the 17 period undulator emission 

curves and is due to the parasitic tail of the ACO 

bending magnets fringe field [2]. Similar curves of 

emission were obtained as function of energy or field in 

the dispersive section (by changing the gap). 

VERTICAL MAGNETIC FIELD 

 AAAAAA/1 ~ 
vvvvvvv lic vvvvvvv ' 

HORIZONTAL ELECTRON TRAJECTORY 

Fig. 1. Vertical magnetic field calculated for the Orsay optical 
klystron (gap: 33mm) and the corresponding calculated 
horizontal electron trajectory at an energy of 240 MeV 

Fig. 2. Dispersive section permanent magnet configuration 
optimizing the low field gain 

G 

I(t) 

6oooA sooo~ 

Fig. 3. Spontaneous emission spectrum dI/d2dQ measured for an 
electron energy of 238 MeV and a magnetic field parameter of 
K = 2.09 at low current where the modulation is almost total. The 
current decay I(t) is superimposed 

Plotting the Nd of each maximum as a function of 1/2, 

we verified a high linearity (0.9999 correlation 

coefficient in the range 0.3 < 2 < 0.7 [gm]). From the 

slope, we can calculate the experimental value of Ne 

which is Nd =65.3+0.2 at 7mc2=240MeV and 

2=  6238 A for a dispersive section gap of 35 ram. This 

value is close to the value Nd----68 predicted from the 
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Undulators for Storage Ring based FEL Oscillator

– gain /pass is low ( 0.1% to 10 %)  because :

• Relatively long bunch length ( several10 ps)

• Straight section length is limited to a few meters

– All storage ring FELs use a modified version of the Undulator 

called “Optical Klystron”

– Magnetic Field Quality : Same requirement as other storage ring 

IDs in terms of multipole correction and shimming

Undulator Undulator

Dispersive

Section

V, 5/22 , P. Elleaume, CAS, Brunnen July 2-9,  2003.

I. Introduction 
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VOLUME 53, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1984
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FIG. 2. Time structure of the optical klystron emission

measured on the third harmonic of the fundamental line
at 3550 A. The pulse corresponding to a passage of the
electron through the OK in coincidence with the laser is
shown (a) for a weak amplification ratio (R3=3); (b)
for a strong amplification ratio (R 3 ) 100).
value is about 5 to 6 times more. We explained this
effect by considering the pulse-to-pulse fluctuations
of the coherent emission when recorded on a fast
scope. These fluctuations are of the order of
several units and do not appear on Fig. 3 where the
signal is averaged over about 50 laser pulses. They
might correspond to a time jitter between the elec-
tron and laser pulses of the order of a few
nanoseconds considering the fact that the laser
longitudinal pulse shape exhibits 2 to 3 peaks for a
total duration of 12 nsec. We have also considered
the effect of the lack of coherence of the laser
(li /b, A. = 15 mm although the bunch length is—300 mm). It seems to have no effect on the in-
tensity of the coherent emission, but only on its
spectral width. Let us point out that since the real
spectral width of the coherent emission is less than

00.1 A, as discussed above, the maximum measured
value of R3, within the coherent emission line, is at
least 3&&10 .
The maximum number of coherent photons

emitted per pulse is about 4x 10 theoretically and
6x 10 experimentally. This rather small number is
due to various losses: (i) Because of the large ener-
gy dispersion of the ring at low energy, the max-
imum is reached at 1 mA of ring current where f32
is only 10 2. (ii) We worked at a lower laser power

—O.i

0)
s s s I s ~ s s I

„

i(mA)
s ss I ssssl

FIG. 3. Amplification ratio between the coherent and
incoherent emission measured for AX = 0.7 A and a solid
angle of 0.2 mrad' (full line, theory; points with error
bars, experiment) and modulation rate of the spontane-
ous emission measured with (curve b) and without
(curve c) the laser, with respect to the ring current.
Since the real spectral width of the coherent emission is
less than 0.1 A, the ordinate has to be multiplied at least
by 7 to obtain the real value of this amplification ratio.

(PL = 15 MW); this accounts for a loss of a factor—102 (PL =100 MW and optimized dispersive
section). (iii) We have a limited number of periods
in the "radiator" section (N =7). Thus a factor
10 —10 is lost when we compare with an optimized
klystron placed on a storage ring exhibiting no
anomalous bunch lengthening. In our case the OK
had been optimized for free-electron-laser stud-
ies ' and the parameter Nz is too strong for this
experiment. Moreover the energy of 166 MeV is
very far from the nominal working energy of the
ACO storage ring (540 MeV).
In summary, this work demonstrates for the first

time the feasibility of the free-electron harmonic-
generation experiment. This technique will be able
to deliver 10' -10' photons/pulse when installed
on modern storage rings working at their nominal
energy. The spectral region covered should extend
toward a few hundred angstroms. Experiments in
the vuv region are planned in the near future.
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Génération d’Harmoniques Cohérentes sur ACO

ACO (Orsay, France), 166 MeV
Nd-Yag at 1.06 µm, 20 Hz, 15 MW, 12 ns
 => CHG at 352 nm

VOLUME 53, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1984

Optical Frequency Multiplication by an Optical Klystron

B. Girard, ' Y. Lapierre, J. M. Ortega, ' C. Bazin, M. Billardon, ' P. Elleaume,
M. Bergher, M. Velghe, d and Y. Petroff

Laboratoire pour l'Utilisation du Rayonnement Electromagnetique, Universite de Paris-Sud, F-91405 Orsay, France
(Received 25 June 1984)

We report the first observation of the emission of coherent light by an electron beam
bunched at 1.06 p, m by a Nd-doped yttrium aluminum garnet laser focused into an optical
klystron. An enhancement of 10' to 10 over its spontaneous emission level at 355 nm has
been observed in these experiments performed at the ACO storage ring at Orsay.

PACS numbers: 42.65.Cq, 07.60.—j, 41.70.+ t, 42.60.—v

In the past few years much attention has been
paid to the possibility of producing coherent light in
the vacuum-ultraviolet (h. ( 2000 A) spectral range
by use of free-electron sources. ' One way is to real-
ize a storage-ring free-electron laser operating in
this spectral range. However, this will take some
time to come about even with todays existing
storage rings. Another possibility is to realize an
up-frequency conversion of a high-power external
laser focused into an optical klystron or an undula-
tor. The external laser "bunches" the electron
beam, i.e., makes a spatial partition of the electrons
into microbunches separated by the laser
wavelength, XL (Fig. 1). Therefore, in the Fourier
analysis of the bunch density there appears a series
of lines at the laser frequency and its harmonics. In
the optical klystron (OK) configuration the external
laser is focused into a first undulator (modulator)
where it produces an energy modulation. This
modulation is converted into a spatial modulation in
the dispersive section (buncher) which is either a
drift space or a long period of magnetic field. Then
at wavelengths XL jn, where n is the harmonic
number, light emission of the electrons passing
through the second undulator (radiator) is
enhanced by this coherent bunching and becomes
proportional to the square of the number of elec-
trons. This technique avoids the use of mirrors, as
in the free-electron-laser case, to produce uv light.
It should be efficient on most of the existing
storage rings to produce light of wavelength
between about 100 and 2000 A by starting with a
visible or uv, commercially available, laser.
Although this process is often called "multiplica-
tion" or "up-conversion" it is different from the
usual harmonic production since the coherent out-
put power is taken from the electron energy and not
from the pumping laser. Coherent emission by
bunched beams (emission proportional to the
square number of electrons) is a common fact in
the centimeter and millimeter range of the elec-
tromagnetic spectrum. Recently, it has been ob-

served with an undulator in the infrared. Howev-
er, no quantitative studies had been made yet. In
this Letter we report the first observation of
coherent light in the uv region produced by an OK
with a high enhancement of the spontaneous emis-
sion.
The theory of the OK has been discussed by

many authors, as has the theory of harmonic pro-
duction. Let us only recall that, in the case of the
OK, the ratio, R„,of the coherent over the in-
coherent (spontaneous) emission, for the nth har-
monic of the laser frequency and for a given laser
power and within the bandwidth of the coherent
emission, is proportional to

R„~NIf„,
where N is the number of periods of the radiator
and I the ring current. f„is the spontaneous-
emission modulation rate, resulting from the in-
terference of the two undulators constituting the
OK, at wavelength XL /n This . interference is
driven by the strength of the dispersive section and
the energy spread of the electrons and

f„~exp —242m. (N+ Nd) " n
y

where Nd is the number of wavelength of the yttri-
um aluminum garnet (YAG) laser passing over an
electron in the dispersive section and characterizes

Drift space
First undulator or . Second undulatormagnetic

dispersive section
I L I tILL114 I t1

emission

I I I t J i I t I l It I;„;;;.„[J&.t lk1tll I
t

I

Focused electron
pulsed laser traj ector y

'Modulator" "launcher" "Radiator"

FIG. 1. Schematic principle of the experiment (see
text).

1984 The American Physical Society 2405B. Girard, Y. Lapierre, J. 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)

352 nm
R3 = 3

352 nm
R3 > 100
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1985: Comment j’en suis venue au FEL…

C. Cohen-Tannoudji S. Haroche

1984-1985 M2 physique atomique et moléculaire à Paris VI, ENS

Eduquée en mécanique quantique et en lasers, j’étais fascinée par la  
production de lumière avec des électrons relativistes dans un champ 
magnétique, ce nouveau type de milieu de gain. 
LEL : multi-disciplinaire (accélérateur, laser, magnétisme, optics …), 
LEL : nouveau type de laser, Domaine très exploratoire en 1985
Stage sur ACO en 1983 en physique des surfaces
=> j’ai rejoint le groupe LEL d’ACO qui préparait aussi celui de Super-
ACO

1997 2012
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Pascal Elleaume (1956-2011)
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Nouveaux résultats sur le LEL sur ACO

 CHG à 355 nm, 177 et 106.4 nm 
70

4. Exper i ment s

I n 1984, we had obser ved t he t hi r d harmoni c at 3547
Âof an ext er nal Nd- YAGl aser [ 9] . Adi el ect r i c mi r r or
was used t o separ at e t he harmoni c f r om t he f undamen-
t al wave. The harmoni c si gnal was anal ysed by a normal
i nci dence gr at i ng monochr omat or . I n or der t o anal yse
t he coher ent i nt ensi t y i n t he pr oper " t i me wi ndow"
cor r espondi ng t o t he i nci dent l aser pul se, we used a
"Box-Car " aver ager . The beamener gy ( 166 MeV) was
t oo l ow t o ensur e good st abi l i t y of t he r i ng, and t he
l i f et i me was onl y one hour . The i nci dent l aser power
was 15 MWat 1 . 06, um. However , t he maxi mumi n-
t egr at ed r at i o has been measur ed t o be R3t = 300,
cor r espondi ng t o a spect r al r at i o of R1( A, 0) =3000,
f or a cur r ent t o t he st or age r i ng of 1 mA. Thi s cor r e-
sponds t o 3 X10 5 coher ent phot ons by pul se, at t he
out put of t he opt i cal kl yst r on .

Thi s exper i ment has shown t he exi st ence of t he
coher ent gener at i on pr ocess, but t he i nt er est of t hi s ki nd
of exper i ment s i s t he pr oduct i on of phot ons i n VUV
spect r al r ange. Thus, t he next st ep was t o oper at e i n t hi s
spect r al r ange, whi ch i mpl i es di f f er ent exper i ment al
t echni ques .

I n r ecent exper i ment s, we gener at ed t he 3r d and 5t h
harmoni c, at 1773 and 1064 Â, f r om a doubl ed
Nd- YAGl aser ( 5320 Â) . The 220 MeVbeamwas mor e
st abl e t hi s t i me, and t he l i f et i me was a f ewhour s. The
l aser power was i ncr eased t o 36 MW. Fi g. 2 shows t he
exper i ment al syst em. The VUVspect r al r ange has t o be
handl ed wi t h a di f f er ent t echnol ogy t han bef or e, and i n
par t i cul ar l eads t o wor k i n ul t r ahi gh vacuum(because
ul t r ahi gh vacuum i s needed f or st or age r i ngs) . The
emi ssi on f r om t he opt i cal kl yst r on was f i l t er ed by a
gr azi ng i nci dence monochr omat or . The l i ght was
anal ysed by one of t wo di f f er ent ki nds of phot omul t i -

N
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Otmal

Fi g. 2 Exper i ment al set up.

pl i er s . The bot t omdet ect or ( CsTe cat hode) was devot ed
t o t he 3r d harmoni c, and t he t op ( CuBe cat hode) t o
smal l er wavel engt hs . I n pr act i ce, t he phot omul t i pl t er s
ar e chosen t o be bl i nd i n t he vi si bl e r ange, but t he hi gh
at t enuat i on r equi r ed ( 1016 ) l ed us t o use al so a di chr di c
mi r r or pl aced af t er t he monochr omat or . The synchr o-
ni sat i on of t he dat a r ecor di ng syst em i s pr ovi ded by a
f ast phot odi ode, whi ch r ecei ves t he l aser l i ght scat t er ed
t hr ough t he wi ndows of t he vacuumchamber . Not e t hat
t he hi gh power densi t y of t he l aser f or ces us t o open t he
ent r ance sl i t of t he monochr omat or , i n or der t o avoi d
t hei r dest r uct i on ( t he power densi t y at t hi s poi nt bei ng
appr oxi mat el y 10 GW/ cm2) . Thi s decr eases i t s spect r al
r esol ut i on t o appr oxi mat el y AN=2 Â, and al so t he
measur ed i nt egr at ed r at i o R; , nt .

Looki ng at t he 3r d harmoni c, wi t h an ener gy spr ead
of 4 X10- ° f or a cur r ent of 2 mA and f or a gi ven
aper t ur e of t he monochr omat or , we have measur ed an
i nt egr at ed r at i o of R3t =350. Thi s cor r esponds t o a
spect r al r at i o of R3 (A, 0) =6000. The cur ves gi ven t o
f i g. 3 show, as a f unct i on of cur r ent , t he i nt egr at ed r at i o
( Ri t ) , and t he number of coher ent phot ons pr esent at

Cu Be

PM

LASERTRI GGER

KBP

CsTe

PM
BOXCAR
aver ager

SPONT. EMI SSI ON
MEASUREMENT

®band- pass f i l t er

Tr i gger I r r e

Kl ysi r on RI NG

Adj ust abl e
del ay

Tabl e 1
Exper i ment al r esul t s on ACO(1987)
Obser ved harmoni c 3 5
Cor r espondi ng wavel engt h [ Â] 1773 1064
I nt egr at ed r at i o Rnt 350 3- 4
monochr omat or bandwi dt h [ ?+] 2 2
monochr omat or angul ar aper t ur e [ mr ad 2 1 1 . 4 3

Spect r al r at i o R, ( X, Sd) 6000 100
Number of coher ent phot ons/ pul se 1 . 5 X107 10 5
mspect r al wi dt h [ A] 0. 1 0. 07
i n angul ar aper t ur e [ mr ad] 02 0. 1

R. Prazeres et al., Nucl. Instr. Meth. A272 (1988), 68-72
R. Prazeres et al, Europhys. Lett., 4 (7), 817-822 (1987) 
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is 6 ns long and the electron pulse 1 ns). Also a wavelength change by more than 2 A (OUT 
resolution) andlor a very small variation (less than lmrad in angle) in the alignment 
between the laser light and electron trajectories made this signal disappear. 

The signal observed at the 3rd harmonic is much larger than at  the 5th harmonic and has 
been studied by means of a box car averager. Its dependence with respect to the ring 
current is shown in fig. 2b). It reproduces the shape of the calculated curve[15] with a 
discrepancy on the absolute value by a factor 3, which is reasonable given the uncertainties 
in this type of calculation. The measured maximum of R3 is about 350 and corresponds to a 
value of the spectral ratio, B3 of about 3 - lo4 and to an emitted total number of coherent 
photons of 1.5 - lo7. The number of coherent photons at  1064 A is only approximately lo5. 

t h e  50 ns/div 

2 . 1 0 ~  

R, measured number of  

R ,  theoretical photons I I (measured) 

coherent 3 0 0 1 T  
2 00 

current ( m a )  

Fig. 2. - a) Oscilloscope recording showing a spontaneous emission histogram at 1064A. The first 
pulse, corresponding to a laser shot, is amplified by the laser-beam interaction. The interval between 
pulses corresponds to the ring round trip time (73 ns). b) Experimental coherent/incoherent ratio R3 on 
the 3rd harmonic and number of coherent photons with respect to the ring current. The data are taken 
within a bandwidth of 2 A, although the spontaneous emission one is approximately 80 A and the 
coherent is probably 0.12 A. 

This coherent emission will probably be of no practical use mainly because the emitted 
wavelength cannot be tuned. A variable wavelength system would need a cumbersome 
system including a powerful Nd-YAG pump laser and a chain of dye amplifiers providing 
(200 + 300) mJ on 5 ns pulses. This will be easier on the new ring Super-ACO presently being 
commissioned at LURE at Orsay [16], where much shorter electron pulses will allow the use 
of mode-locked lasers. Calculations for Super-ACO [lll show that 10' to 10l2 photons/pulse 
may ( i . e .  up to 100 kW on 20 ps) be expected in the range (500 + 2000) A ( (5 + 20) eV) either 
with a (5 + 10) mJ mode-locked dye laser or by using the FEL itself in its Q-switched regime 
(which leads to higher FEL peak powers). However, this experiment has shown for the first 
time that a free-electron generator of coherent radiation can provide VUV radiation, even 
on an old storage ring like ACO, where a large anomalous bunch lengthening (proportional 
to the energy spread) counteracts strongly the harmonic generation. 
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f is the modulation rate of the optical Klystron. The filling factor Ff represents the overlap 
between the electron beam and the electromagnetic wave, and is determined by the value of 
the beam waist of TEMm mode and of the transverse size of the electron beam. The last 
factor in eq. (1) is the electronic density which is proportional to the ring current I divided 
by the transverse (ox, gz) and longitudinal (q) sizes of the electron beam. All the parameters 
of eq. (1) vary with K ,  y (and therefore A) or  the ring current. A theoretical estimation of the 
gain can be made only after a precise determination of these parameters. 

Figure 2 represents the theoretical optimal gain for ACO with respect to the ring current 
and for different wave-lengths. Experimental determinations of the gain deduced from the 
exponential rise time of the laser macropulse are also indicated on fig. 2 for A = 4800 A. In 
these measurements the gain was switched off during a time longer than the energy spread 
relaxation time (= 100 ms) in order to eliminate any perturbation of the electron beam due to  
the previous laser shot. This comparison shows that there is a good agreement between 
theoretical and experimental estimations, and this constitutes probably the best test of 
validity of the FEL gain formula, expressed in our case in eq. (1). 

The A312 dependence of the gain given by (1) can be misleading. In fact data (due to the 
evolution of the filling factor which partially inhibits the theoretical A3" dependence) 
reported in table I show that the gain was practically unchanged when the laser wave-length 
was lowered from 5800A to 4800A. 

With respect to the first experiments, data from table I indicate also an enhancement of 
the gain by a factor of 2. This is due to a change of the storage ring operating point which 
leads to smaller transverse sizes (mostly vertical) of the electron beam and then increases 
the electronic density. It also decreases the filling factor, but with a net advantage for the 
first parameter. 

Cavity losses are the second parameter which determines the laser threshold. These 
losses are the sum of the mirror's diffusion, absorption and transmission (the latter being the 
smallest term in our case). All experiments from 6500 A to 4800 A have been performed with 
SiOz/TiOz dielectric mirrors having SiOz as external layer. Previous experiments showed us 
that this type of mirrors is, at the present time, less subject to a degradation by X-UV 
irradiation than SiO2/Ta2O5 mirrors or SiOz/TiOz mirrors with a TiOe external layer. 
However, important and immediate degradation of reflectivity appears under X-UV and 
perhaps UV irradiation which limits the tunability. Data reported in table I indicate that 
this degradation was more important at lower FEL wave-length. Degradation of mirrors is 

0 50 100 150 2 
ring current (ma) 

'0 

Fig. 2. - Optical gain per pass for ACO vs. the ring current for different wave-lengths. Plain curves 
represent the theoretical optimal gain calculated from eq. (1). o represents experimental gain 
measurements a t  A = 4800 A, from exponential rise as explained in the text. 
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.competition>> between laser power and laser threshold. In this letter we report also some 
results on laser operation when the electron energy is increased from 190 to 245MeV. 

The past and present experiments (from 6500A to 4600A) were performed with the 
storage ring ACO, the same optical Klystron and optical cavity design, except a change of 
the storage ring operating point together with the use of several sets of mirrors centred at 
different wave-lengths. Description of apparatus, technical problems and FEL features has 
been done elsewhere (see ref. [l-31 for complete bibliography on these points). In this paper 
we report only on the final results of these different experiments. 

Although the rotation frequency of ACO is 13.6 MHz, our FEL is a 27 MHz pulsed laser, 
due to the presence of two bunches in the ring. However, on a long time scale, as previously 
demonstrated, the laser has a natural tendency to exhibit a pulsed macro-temporal structure 
as illustrated in fig. 1. This behaviour is very similar to  the relaxation oscillation of a 
conventional laser, the energy spread of the electron beam being the equivalent of inverted 
population. However, by changing the operating conditions it is possible to obtain a 
acontinuous>> laser ctr a Q-switched laser. This is a first general result. 

Laser oscillation depends primarily on the difference ( g  - p )  between the optical gain (9 )  
and the round trip cavity losses ( p )  per pass. For an optical Klystron the optical gain per 
pass can be rewritten as[4] 

The first factor depends on the electron energy ( y  = E/mc2) and on K the deflection 
parameter of the undulator ( K  = 93.4BOAo, where Bo is the peak undulator magnetic field 
and A. the undulator period). K and y are related through the laser wave-length 

U ms 
Fig. 1. - Macrotemporal structure of the FEL power. The initial 27 MHz microtemporal structure is 
not represented on this figure, but only the <<envelope>) at a long time scale. Laser structure is 
determined by relaxation oscillations of gain which give a nearly perfect periodic laser with a 
repetition rate around 100 Hz and a pulse width of 1 ms. By externally driving the gain it is very easy 
to achieve a perfectly periodic Q-switched laser at  any frequency lower than 1 KHz (see refs. [2,3] for 
more details). 

Gain
Structure macrotemporelle 
=> Q-switch
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[Log Fn((O) - Log R(~)] versus C0 2 
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Fig. 4. Least square fit of [log F,(co)-log R(co)] versus co2. 
Fn(co ) is the power spectrum at frequency ¢o; it is supplied by 
the spectrum analyser. R(co) is the power spectrum of the 
pick-up electrode and cables. The measured correlation coeffi- 
cient is 0.99. The straight line corresponds to a rms bunch 

length o = 0.5 ns. 

where R (c0) represents the power spectrum of the time 
response of the pick-up electrode and cables. The spec- 
trum can be obtained by dividing this response R(c0) 
from F, (c0). 

In order to measure R ((o), A C O  was operated at low 
current (less than 0.1 mA) and at low energy (130 MeV) 
with a rf accelerating voltage of 13 kV giving an ex- 
tremely short bunch, without  anomalous bunch 
lengthening. Under  these conditions, the bunch length 
was computed using its theoretical formulation [9]. This 
bunch length was related to the detected signal Fn(~ ) 
through eq. (4), and R(~0) was obtained. 

More precisely, a least squares fit of (log F , ( ~ 0 ) -  
log R ( ~ ) )  versus ~02 was performed numerically and is 
illustrated in fig. 4. Good  correlation coefficients are 
generally obtained and the different points of the fit he 
on a straight line so that over the whole frequency range 
the distribution for the electron bunch is reasonably 
Gaussian. If the bunch is not Gaussian, the result of the 
fit is no longer a straight line but its slope at the origin 
is related to the rms bunch length in all cases. 

3. Experimental results 

In this section some of experimental results obtained 
on ACO pertaining to the modification of some of the 
electron beam parameters induced by the FEL are 
discussed. The characteristics of the FEL strongly de- 
pend upon the adjustment of the revolution frequency 
or, equivalently, the optical cavity length. For  practical 
reasons, the revolution frequency is the preferred ad- 
justment.  Fig. 5 plots several parameters simultaneously 
recorded as a function of the rf cavity frequency tuning. 
Shown in fig. 5 are the spectral power d P / d ~  through a 
monochromator,  the rms bunch length computed by the 
method just presented before, the average power, and 
the temporal structure on a 500 ms total time scale [10]. 

_ dP spectral  power 
- - - ~  . . . .  h ie  t _ i ~ ( l a s e r o f f = O , 4 4 4  ns 

I~M:~ Dune ng n t.O~ (laser on 18a Hz)=.720 ns 
P average power  

nnacrotemporal  s t ructure  of the  laser 

175Hz  I ' 160Hz  

r " ~ . ~ "  , , - " - ' ~  
200  100  0 - 100  - 200  

¢ • / I  fRF (Hz )  

Af=4OOHz 
A ~ 'm i r r o r  = 160/urn 

Fig. 5. Plot of the average power P, the spectral density 
dP/d~, the rms bunch length a versus cavity detuning. Re- 
cords of the temporal structure of the laser on a 500 ms total 

scale are superimposed. 

It becomes obvious that, within a 10 /zm range of cavity 
tuning (out of a total of 160 / tm of tuning range for 
FEL oscillation), the macrotemporal  structure is sharply 
pulsed and the spectral power is high even though the 
average power does not evolve very much. The peak 
bunch length is o = 0.720 ns and the base line corre- 
sponds to o = 0.444 ns. It should be mentioned that 
these parameters are constantly monitored to optimize 
the FEL oscillation by maximizing the bunch lengthen- 
ing on the spectral power signals as a function of cavity 
tuning, electron orbit position and magnetic gap. 

More particularly, one can observe this bunch 
lengthening at some of the harmonics of the revolution 
frequency. As it is shown schematically in fig. 6, for a 
given bunch length increase, the higher the harmonic 
number, the larger the decrease in the signal amplitude 
should be. Fig. 7 plots the FEL total power as a 
function of rf frequency tuning as well as the signal of 
three even harmonics of the orbit frequency. These 
signals were obtained with the spectrum analyser oper- 
ating in receiver mode. The main feature is a decrease 
of the signal amplitude, at each harmonic when the 
laser oscillation is achieved, and, as expected, the higher 
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Chaos

In the literature, absolute (respectively convective) in-
stabilities are generally used as a criterion for predicting
small (respectively high) sensitivity to small noise [1].
However for this criterion to hold, it is important to re-
member three validity conditions. The criterion is expected
to hold in the limit of large system size (here 1=! ! 1 and
1=! ! a), and small noise (here " ! ffiffiffiffi

#
p

). As a third
condition, the new created solution should not present
large sensitivity to noise. We tested this last point numeri-
cally in the cases of local and global coupling.

With noise, a typical bifurcation diagram versus a is
presented in Figs. 3(c) and 3(d) (with

ffiffiffiffi
#

p ¼ 10#10 and
" ¼ 10#4). Creation of the new deterministic solution by
the feedback [Fig. 3(c)] is correlated to a rapid decrease of
the fluctuations [Fig. 3(d)]. Besides, the transition indeed
corresponds to the absolute threshold given by Eqs. (5) and
(6) (with systematic small shifts due to the finite size of the
system). This indicates that the created solution does not
display large transient growth when the absolute threshold
is noticeably exceeded. The absolute-convective transition
criterion gives quantitative information on the transition
between highly and weakly noisy behavior.

An opposite situation occurs in the complex case of
global saturation coupling, i.e., Eq. (1) with

S¼
Z þ1

#1
jeðz; tÞj2dx: (7)

Feedback is also efficient (Fig. 4) in this case and a similar
interpretation applies: (i) the small feedback (" ! ffiffiffiffi

#
p

)
creates a new stationary solution through a convective-
absolute transition, and (ii) with noise, the created solution
remains very close to the new stationary solution. How-
ever, dropoff of sensitivity to noise is obtained at values of
a that are significantly higher than the convective-absolute
threshold. This theoretical complication is expected to
affect generally systems with nonlocal saturation coupling,

as is suggested by works on global saturation in different
contexts [9]).
In a general way, this type of strategy presents simulta-

neously strong differences as well as hidden common
points with Ott-Grebogi-Yorke (OGY) type methods
[10]. When erratic regimes are successfully suppressed,
the amplitude of the perturbation applied to the system,
pðtÞ ¼ "eðzþ a; tÞ, cannot vanish in the limit of zero
noise (# ! 0), in contrast to OGY methods. However, in
practice, the needed perturbations reach extremely small
values [as displayed in Fig. 3(b)]. This was observed in
numerical simulations in various situations where
(i) transient growth is large, and (ii) the system’s size is
much larger than the spatial shift. As a reason for this
‘‘low-cost,’’ transient growth—though responsible for the
turbulent behavior through amplification of noise—also
serves as an amplification mechanism for the feedback
signal.
In the experimental problem that motivated this work,

stabilization of free-electron Laser oscillators (FEL), we
will show that the needed feedback is easily implemented
by using a delayed optical reinjection. This corresponds to
the coherent photon seeding technique (CPS) [2,13,14]
which is known to affect the so-called excess noise of
mode-locked lasers and synchronously pumped optical
parametric oscillators [14].
In these systems, an optical pulse experiences

round trips between two mirrors of a cavity, and the evo-
lution of the field pulse shape versus time T is usually de-
scribed by a master equation with the following structure:

eTð$;TÞþve$ð$;TÞ¼Fðeð$;TÞ;e$$ð$;TÞ;gð$;TÞÞ; (8)

where $ is the fast time resolving the pulse shape, and T is
the time expressed in units of the field cavity lifetime. v is
an adjustable parameter characterizing the mismatch be-
tween the cavity round-trip time, and the external forcing
frequency. The right-hand side contains diffusion and dis-
persion terms, a gain term g which usually obeys an addi-
tional differential equation [9,15–17], and a small noise
source % due to spontaneous emission. In the model for our
FEL [17], dispersion is, however, negligible, as it operates
in a picosecond regime. It has been shown that these lasers
possess a dynamics similar to the Ginzburg-Landau Eq. (1)
with global saturation coupling. In particular transient
growth, through the convective term ve$ leads to turbulent
behaviors [2,3,9,17], in the sense of noise-sustained struc-
tures [1].
CPS consists of a small optical feedback with a delay

near the round-trip time &R or one of its multiples p&R [13].
In consequence, CPS can be modeled by the addition of a
term "eð$þ a; TÞ in Eq. (8), with " the fraction of light
reinjected in the mode by the feedback, and #a represent-
ing the feedback delay modulo &R. In this form, CPS hence
appears as a technique for which the present framework
holds.

FIG. 4. Numerical result in the global coupling case for a
velocity v ¼ 4. (a) Without feedback, (c) with delayed feedback
(a ¼ 140, " ¼ 10#4), (b),(d) evolutions of associated spatial
Fourier transforms j~eðk; TÞj2. Other parameters are R ¼ 1, ! ¼
10#2,

ffiffiffiffi
#

p ¼ 10#10.

PRL 102, 134501 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
3 APRIL 2009

134501-3

the attractors via successive values of IðtÞ with a
simple processing of the data. Typically, t which is
clearly a multiple of the sampling time Dt; is
chosen to be 12Dt; or one-fifth of the modulation
period. The attractors IðtÞcos(2pft), IðtÞsinð2pft),
Iðt þ tÞ; in cylindrical coordinates for the intensity
records of Fig. 2a are shown in Fig. 6a. The
stratification seen in the chaotic regime is a
property of strange attractors. Corresponding
Poincar!e sections are illustrated in Fig. 6b, for
which the number of intercepts n of the attractor
with the plane of the Poincar!e section is a
signature of the ‘‘nT’’ regime, and where a folded
shape which does not fill the whole space
corresponds to the chaos. From the observation
of the attractors, the origin of the irregular
patterns of the FEL can be attributed to the
deterministic chaos rather than to noise.

The evolution of the system when a given
control parameter is varied can be followed by
the observation of the bifurcation diagram, in
which the intensity sampled at a definite time of

the modulation period is plotted versus the control
parameter. As the stroboscopy is synchronized
with the modulation, a nT regime delivers a n-
valued output and random answers reflect the
statistics of the chaos. Fig. 7 illustrates a 1T–2T
bifurcation for a change of the frequency of the
modulation in (a), and a 1T, 2T, chaos, 2T, 3T
sequence for a modification of the amplitude of
modulation. Bifurcation diagrams are powerful
tools for the observation of the transitions between
the different regimes.

5. Conclusion

Clear bifurcation and chaos sequences have
been observed in the response of the FEL to a
detuning modulation. In a further work, the
sequences (period doubling, inverse cascade, logis-
tic map, etc.) corresponding to various parameters
set-ups should be studied, for the determination of
the basins of attraction. Clear analysis of the data

Fig. 6. (a) IðtÞcosð2pft), IðtÞsinð2pft), Iðt þ tÞ attractors recon-
structed from intensity evolution of Fig. 3. 2T regime for
a ¼ 12Hz, chaos for a ¼ 20Hz, 3T regime for a=46Hz. (b)
Corresponding Poincar!e sections.

Fig. 7. Bifurcation diagrams (a) for a change of f between 200
and 400Hz, a ¼ 14:3Hz and (b) for a change of a between 0
and 60Hz, f=600Hz.
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• anneau de stockage : longueur de section droite 
limitée
• onduleur plan : harmoniques élevées reçues par 
les miroirs => dégradation des optiques

• Linacs

• ERLs 

Limite en longueur d’onde des LEL oscillateurs

Fig. 41: Efficiency in the case of a tapered undulator in the Los Alamos oscillator experiment from [202].

5.3.3 The Santa-Barbara Free Electron Laser
Besides the interest of storage rings for electron beam recirculation, the use of energy recovery on elec-
trostatic accelerator was studied [170]. An experiment was thus set at University of California, Santa-
Barbara, using an electrostatic accelerator [172], as shown in Fig. 42.

Fig. 42: Picture of the Santa Barbara (USA) FEL.

The electron beam beam is produced in an electron gun, then goes through a pelletron charging
chain so that it is charged to a negative high voltage with respect to the ground, and it is accelerated in
the accelerator column. It is transported and matched to the FEL line with the undulator and the optical
cavity thanks to a set a achromatic bends and quadrupoles, and then sent back to the electrostatic tube
entrance where it is captured by the low voltage multistage collector and restored the lost energy by FEL
interaction. Energy recovery is of interest for FEL since only typically one percent of electron beam
energy is converted to the FEL. It can also lead to a more stable electron beam. The FEL was operated
with a permanent magnet Halbach type undulator (36 mm period, 38 mm gap, 0.46 T peak field) with
a waveguide resonator [203] using electrons of 2.98 MeV providing a peak current of 1.25 A, with

49

Warren, et al, IEEE Journal of Quantum 
Electronics,, 19(3), 391-401.

Augmentation de l’ efficacité par tapering 
d’onduleur sur LEL sur linac

Synchrotron radiation and Free Electron Laser 33

In the example of the CLIO infra-red free electron laser at Lab. Chimie Physique (Orsay) with 48 undulator
periods, the efficiency is of the order of 0.5 %.

The limit can be overcome in using tapered undulator, as already introduced. The tapered undulator provides a
varying magnetic field along the longitudinal direction Bz(s) but just changing the angle of the array on which are
located the undulator magnets. There is also the possibility to vary the period, but it is slight less convenient.

The resonance condition becomes :
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⇤u

2⇥2
s

⇥
1+

1
2

⌅eBz(s)⇤u(s)
2⌅moc2

⇧2
⇤

(141)

enables to maintain the resonance. Efficiency of 1-2 % XXXXXX was reported [134]
XXXXRajouter ref, Los Alamos, tapered und,
schema diagramme LEL
Cas du LEL sur anneau de stockage

4 High gain regime of Free Electron Lasers

4.1 The coupled system of equations

With high density electron beams and long undulators, a strong bunching takes place (space charge) and the change
in electric field can no more be neglected

Thus, the FEL is treated via a set of coupled equations:
- coupled pendulum equation, describing the phase space evolution of the particles under the combined undula-

tor magnetic field and electric field of the optical wave
- evolution of the optical field in presence of an electronic density and current
- evolution of the bunching coupled to the longitudinal space charge forces, enabling to evaluate the electronic

density and current

4.1.1 Radiation field evolution

The radiated field now depends on the longitudinal coordinate as:

Ex(s, t) = Ex(s)exp [�ık(s� ct)] (142)

Its evolution is ruled by the Maxwell equation :

⌅ ⌥ 2
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⌥ 2
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Ex(s, t) = µ0

⌥ jx
⌥ t

+
1
�o

⌥⇧
⌥x

(143)

with jx is the average over the electron beam cross section of the transverse electron peak current.
In the 1 dimensional FEL theory, one assumes that the electronic density is independent of x, so ⌥⇧

⌥x = 0. The
transverse current is mainly due to the electrons in the wiggler, and a little bit to the radiation field.

Under the hypothesis of slowly varying envelop (SVEA) : the electric field does not change much over a few
undulator periods even although its increase over the whole undulator length is large.
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The second order derivative can be neglected.
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So :

Livermore : 40 % efficiency, operated as amplifier
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Table 1 Velocity and trajectory of a single electron in the magnetic fields for the planar or ellip-
soidal undulator cases.

Planar undulator Elliptical Polarized Undulator
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in Table 1, considering that 1
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⌥
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s with the deflection parame-

ter Ku, Kux, Kuz given by Ku = eBu⌅u
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regime, the angle of the velocity Ku
⇥ is large with respect to 1
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⇥2 �
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u
2⇥2 . A second integration gives the trajectory.

In the planar case, the electrons execute smooth sinusoı̈dal oscillations in the hori-
zontal plane, so that the radiation is kept in the same emitted cone. In addition, the
beam oscillates at twice the pulsation in the longitudinal direction. The interference
takes place for the wavelengths ⌅n for which n⌅n = c(1��s)t, with n an integer, �s
the longitudinal reduced velocity of the electrons. The fundamental resonant wave-
length is obtained for n = 1, i.e. for ⌅1 = ⌅u(1��s). Using the expression of �s, it
comes for the resonant wavelength and its harmonics in the planar case :

n⌅n =
⌅u

2⇥2 (1+
K2

u
2
) (2)

n⌅n =
⌅u

2⇥2 (1+
K2

u
2

+ ⇥2⌃ 2) (3)

The wavelength ⌅n of the emitted radiation can be varied by a modification of the
undulator magnetic field (by changing the gap for permanent magnet insertion de-
vices or the power supply current for electromagnetic insertion devices). In the time
domain, the observer receives a train of Nu magnetic periods which can be consid-
ered as quasi-continuous emission of radiation with respect to the bending magnet
radiation. The radiation spectrum, square of the Fourier transform of this train, is
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(181)

When the electron travels on half the width of the gain curve, it can deliver up to 1
4Nu

of its kinetic energy, the
efficiency r comes :

r =
1

4Nu
(182)

The maximum efficiency is found in considering the total width of the gain curve, which would lead to r = 1
2Nu

. It
is however less realistic because energy spread effect can limit the process.

In the example of the CLIO infra-red free electron laser at Lab. Chimie Physique (Orsay) with 48 undulator periods,
the efficiency is of the order of 0.5 %.

The limit can be overcome in using tapered undulator, as already introduced. The tapered undulator provides a
varying magnetic field along the longitudinal direction Bz(s) but just changing the angle of the array on which are
located the undulator magnets. There is also the possibility to vary the period, but it is slight less convenient.

The resonance condition becomes :
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enables to maintain the resonance. Efficiency of 1-2 % XXXXXX was reported [130]
XXXXRajouter ref, Los Alamos, tapered und,
schma diagramme LEL
Cas du LEL sur anneau de stockaga

6 High gain regime of Free Electron Lasers

6.1 Introduction

High density electron beam and long undulator : a strong bunching takes place (space charge) the change in electric
field can no more be neglected

thus
- coupled pendulum equation, describing the phase space evolution of the particules under the combined undulator

magnetic field and electric field of the optical wave - evolution of the optical field - evolution of the bunching coupled
to the longitudinal sapce charge forces

=¿ evaluation of the electronic density and current evaluation of the light wave evolution

6.2 Radiation field evolution

The radiated field evolution is ruled by the Maxwell equation :

⇤ � 2
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� 2
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⌅
Ex(s, t) = µ0

� jx
� t
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1
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(184)

with jx is the average over the electron beam cross section of the transverse electron peak current.

jx = �
j=1

Nvx⇥ (x� x j(t)) (185)

Limitation to 190 nm
M. Marsi, et al., 80 (16): 2851-2853 (2002).
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Figure 10. Vibrational photon echo decay data taken of W(CO)6 in 2- 
MTHF at 16 K. The inset is a semilogarithmic plot showing the data decay 
exponentially. Reprinted with pemission from reference 28. 

Metal carbonyl solutes in glassy and liquid solvents 

Vibrational photon echo, pump-probe and transient-grating experi- 
ments of the asymmetric CO-stretch mode of tungsten hexacar- 
bony1 (w[co]6) in various solvents have provided a foundation for 
understanding the dynamics of molecular vibrations in condensed- 
matter systems. The seminal experiment investigated the asym- 
metric CO-stretch mode of W(CO)6 in 2-methyltetrahydrofuran (2- 
MTHF) (28). The FEL was tuned to 5.10 pm and the micropulse 
duration was 2.7 ps at a repetition rate of 1 kHz. Because the 
coupling of vibrations to the heat bath, i.e. mechanical degrees of 
freedom external to the molecule, is substantially weaker than that 
of electronic states, the dephasing times are relatively long for the 
vibrational photon echo, and there are little or no solvation 
dynamics. Consequently, picosecond pulses are appropriate for this 
investigation. The temperature was varied from 300 to 16 K, taking 
the sample from a liquid to a supercooled liquid and then to a glass. 
Photon echoes were observed from 16 to 140 K, where T, is 90 K, 
and the photon-echo decay curve at 16 K is shown in Fig. 10. The 
time constant for the decay is 15 ps, the homogeneous dephasing 
time is 60 ps and the homogeneous linewidth is 5.2 GHz, which 
should be compared with the inhomogeneous linewidth of 540 
GHz. The pure dephasing time contribution to the homogeneous 
linewidth, a measure of the influence of conformational fluctua- 
tions on the vibrational energy level spacing, is 1.6 GHz. 

Subsequent measurements investigated W(CO)6 in 2-methyl- 
pentane (2-MP) from room temperature to 10 K (36). The FEL was 
tuned to 5.04 pm, and the pulse duration was -1.5 ps. These 
results suggest that the asymmetric CO-stretch mode can be 
inhomogeneously broadened in liquid solutions and that in- 
homogeneous broadening occurs at room temperature. The 
apparent decay time was 1.6 ps, the homogeneous linewidth was 
49 GHz and the inhomogeneous linewidth was -300 GHz. The 
room temperature observation of the photon echo is attributable to 
the relatively sharp homogeneous linewidth of asymmetric CO- 
stretch mode for W(CO)6 in 2-MP. 

Infrared photon-echo beats have been observed with -700 fs 
FEL micropulses to investigate the asymmetric CO-stretching 
mode of w ( C 0 ) ~  in dibutyl pthalate (DBP) (37). The FEL can 
populate higher vibrational levels when the bandwidth or Rabi 
frequency of the micropulse exceeds the vibrational anharmonicity. 

Photochemistry and Photobiology, 2005, 81 71 7 
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Figure 11. Beating evident in photon echo decays and fits for the 
asymmetric CO-stretching mode for W(CO)6 in DBP as a function of 
temperature. Reprinted with permission from reference 37. 

The beats are interpreted as multilevel coherence of the anharmonic 
oscillator. Figure 11 exhibits beats in the photon-echo decay curve, 
which are accounted for by a three-level model with a modulation 
frequency of 2.3 ps and a vibrational anharmonic splitting of 
14.7 ? 0.3 cm-'. 

Vibrational spectral diffusion has been investigated with pump- 
probe and transient-grating techniques using 1.3 ps pulses from the 
FEL and 10 ps pulses from an optical parametric amplifier (38). An 
ensemble of solute molecules will sample all possible solvent 
environments and thus a distribution of transition energies on some 
timescale. Consequently, the homogeneous line spectrally diffuses 
throughout the full inhomogeneous line on a timescale that is long 
with respect to the homogeneous dephasing time. Measurements of 
a transient spectral hole demonstrate spectral diffusion and 
orientational motion of the asymmetric CO-stretching mode for 
W(CO)6 in 2-MP. Intriguingly, the lifetime increases with 
temperature. 

Native and mutant myogiobins 

Investigation of the dynamics of the CO-stretching mode in 
myoglobin has provided insight into protein dynamics (39). 
Myoglobin stores and transports O2 in muscle tissue. CO or O2 
binds to the iron atom located in a symmetric protoheme, i.e. 
iron(II) protoporphyrin-lX, located in the myoglobin interior. 
Myoglobin has a number of conformational substates and 
conformational dynamics of proteins occur over a wide variety 
of timescales. The FEL was used for pump-probe measurements of 
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DNA or proteins, enzymatic reactions, mechanisms of trans-
port, and photochemotherapy.

A. Time-resolved fluorescence experiments

The experimental layout of the time-resolved fluores-
cence experiments is shown in Fig. 36. The sample under
study is irradiated by a short FEL pulse, and its fluorescence
decay F(t) is recorded by measuring the arrival time of
single photons of fluorescence versus a synchronization sig-
nal !Fig. 37". The photons must be selected randomly, not
more than one per excitation pulse, to avoid pile-up effects.
For each fluorescence decay curve, about 10 million total
counts were stored, giving approximately 105 counts at the
peak !Fig. 37". The counting rate should be maintained at
approximately 10 kHz for optimum time response. Thus a
measurement is completed in approximately half an hour.
The excitation wavelength was 350 nm (#$exc!1 Å being
the linewidth of the FEL emission" and the emission wave-
length was 460 nm (#$em!8 nm), selected by a H10 Jobin-
Yvon monochromator.

NADH !%-nicotinamide adenine dinucleotide, reduced
form" from Sigma Chemical Co. was studied in a 10 mM
tris-!hydroxymethyl"-aminomethane buffer at pH 8, and con-
tained 0.02% sodium azide as an antibacterial agent. The
final concentration of NADH in fluorescence measurements
was 18 &mol/l, giving an optical density of about 0.1 at 350
nm in the 1 cm path of a quartz cuvette. NADH can bind to
a large variety of enzymes, and provide the H" ions or elec-
trons for chemical reactions, which are catalyzed by the de-
hydrogenase. It constitutes an in vitro natural probe of the
active sites of these enzymes. In addition, it is used as an
indicator of the metabolic state of organisms and tissues in
imaging techniques. In its reduced form, NADH shows an
absorption band at 340 nm and an emission band in the vis-
ible, centered around 460 nm, with a quantum efficiency of

2%. The oxided form (NAD") neither absorbs nor emits in
this spectral range.

The temperature dependence of the measured lifetime
distributions of NADH fluorescence decay is shown in Table
II. The decay is described well in all cases by three to four
clearly separated relaxation processes, only two of which
make a significant contribution to the kinetics !0.28 and 0.62
ns". The temperature dependence of the nonradiative rate is
described by an Arrhenius law, the frequency factor A and
the activation energy Ea characterizing the dynamic quench-
ing process. A linear fit, ln(1/' f#kR)!lnA#Ea /RT
assuming79 kR!5$107 s#1 leads to an activation energy of
2.6%0.3 kcal/mol and a frequency factor of 2%1
$1011 s#1. We observe a shift of the lifetime amplitudes
from the long to the short component when the temperature
is increased, and Arrhenius dependence of both components
with similar activation energies of about 1.5 kcal/mol. The
amplitudes ci of the different components in Table II can, to
first approximation, be identified as the relative populations
of chromophores that have the corresponding fluorescence
lifetime, with the equilibrium constant being K!c2 /c1 . The
thermodynamic parameters !Table II" governing this equilib-
rium are obtained by the linear fit

lnK!#
#H
R ! 1T ""

#S
R , !9"

assuming that these parameters are approximately constant in
the temperature range studied. These data are in good agree-
ment with data obtained by other techniques.80

Polarization of the fluorescence depends on the distribu-
tion of moments of the electronic transitions responsible for

FIG. 36. Schematic diagram of the photon counting fluorescence experi-
ment. A Hamamatsu R1564U-06 microchannel plate photomultiplier was
used for fluorescence detection, and a fast Hamamatsu S4753 silicon pho-
todiode with homemade amplification was used for synchronization. The
polarization of the incident light is rotated to the vertical direction by a
Fresnel rhomb for detection at 90° in the horizontal plane of independent
components I # and I! of the fluorescence. The polarized components Ivv(t)
and Ivh(t) are obtained by orienting the emission polarizer to vertical and
horizontal positions, respectively. The apparatus function g(t) was recorded
at the excitation wavelength with a scattering solution of Ludox® !DuPont
Co." in place of the sample.

FIG. 37. Single photon counting data obtained with the Super-ACO SR
FEL: !A" Total fluorescence decay F(t) of NADH at pH 8, 10 °C, $exc 350
nm, $em 460 nm, and corresponding instrumental function g(t); !B" residu-
als obtained from maximum entropy method analysis of the decay in !A";
!C" autocorrelation of the residuals.

3233Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 FEL-based biophysical instrumentation

M. E. Couprie et al.Rev. of Scient. Inst., 
65(5) May 1994, 1485-1495

Fig. 2. SPV intensity as a function of the FEL/SR delay for
3 Si(1 1 1) surfaces: (a) Si(1 1 1)2!1 freshly cleaved surface; (b)
partially contaminated surface; (c) surface with a high defect
density.

semiconductors surfaces and interfaces such as
Si(1 1 1) 2!1 and Ag/GaAs [11,15]. The SPV is due
to the motion of FEL-created electron/hole pairs,
leading to modi"cations of the band bending. One
then directly measures the SPV by shifts of the core
photoelectron peaks generated by the SR from the
SU3 undulator beamline. Owing to the natural
synchronization between the FEL and SR pulses,
e!ects due to the nanosecond and sub-nanosecond
timescale dynamics of the process have been ob-
served by scanning the FEL-to-SR delay with an
optical delay line on the FEL beam path.

Fig. 2 shows the SPV intensity #uctuations as
a function of the delay between the two pulses for
three di!erent surface qualities of cleaved
Si(1 1 1)2!1. The long-time behavior is due to the
steady-state regime of photocarrier relaxation as
observed in the bulk. In contrast, the strongly oscil-
lating transient regime, observed during the "rst
half-nanosecond, is attributed to the ! (bonding)
and !H (anti-bonding) electronic surface states [11].
One can then understand the very di!erent behav-
ior observed on a surface showing many defects
known to accelerate the electronic relaxation (curve
c in the "gure). These results, as well as recent data
obtained on other silicon interfaces [16], are very
important for the understanding of surface recom-
bination phenomena and their role in the dynamics
of photon-induced electron/hole pairs.

Such studies allow one to track the sub-
nanosecond electrostatic charge density evolution
of o!-equilibrium systems, with an application in
semi-conductor physics related to the transient be-
havior of Schottky diodes. Besides, there are also
interesting high `photon densitya e!ects as ob-
served in spectro-microscopy experiments on
semiconductor surfaces (photoelectron analysis on
a micron size volume) performed with a very bril-
liant SR beam as available on third generation SR
sources. Inducing with the FEL such high-#ux den-
sity e!ects, which could be linked to a SPV e!ect,
permits their precise and quantitative evaluation.

2.2. What can we learn from the SPV experiment
on the experimental procedure

During the performance of the SPV experiment,
several points appeared to be critical for obtaining
reliable data, which are of general importance:

FEL operation lifetime: A complex photoemission
experiment, like many other endstations encoun-
tered around SR sources, requires some time to
become operational (warming up of the mirrors
carrying the SR, checking procedure for the elec-
tron analyzer...), even though the sample has been
prepared previously to the FEL operation. The
typical acquisition time for a given temporal delay
is in the range of 10 min. Therefore, the investiga-
tion of several temporal delay values for a given
sample, with the possible intermediate "ne tuning
of the FEL pointing, requires a minimum of several
hours of satisfactory operation of both the SR and
the FEL. This was the case at Super-ACO, where,
depending on the operation of the FEL (with or
without the use of the 500 MHz harmonic RF
cavity [17]) the lifetime of the FEL in useful experi-
mental conditions (power, stability) is usually in the
range of 3}6 h. This is de"nitely one of the greatest
advantages of operating the FEL at the rather high
energy of 800 MeV, the nominal energy of Super-
ACO, as compared to other SRFELs.

Flux: Because of the thermal load deposited of
the FEL cavity front mirror, exposed to the intense
photon #ux of the undulator, and because of the
high-order coherent synchrotron oscillations which
can be triggered at high current, the FEL operation
requires a moderate stored current, typically below

492 L. Nahon et al. / Nuclear Instruments and Methods in Physics Research A 429 (1999) 489}496

M. Marsi et al.,Appl. Phys. Lett. 70(7) 
(1997) 895-897

the emissions process, which is related to rotational Brown-
ian motion of the molecules in solution. The decay of anisot-
ropy of a chromophore rigidly attached to a sphere can be
described by r(t)!r0 exp("t/!) where r0 is the static anisot-
ropy related to the angles between the moments associated to
absorption and to emission and ! is the relaxation coefficient,
which is inversely proportional to the rotational diffusion
coefficient of a sphere. The measurements of fluorescence
anisotropy decay lead to very fast depolarization of the nico-
tinamide ring, independent of the rest of the NADH mol-
ecule. We find an average hydrodynamic volume of 1000
#100 Å3 for NADH, which would correspond to a sphere
with radius of 6.2 Å. This is in good agreement with the
volume of a folded configuration (836 Å3) given by a van
der Waals model. The spatial conformations deduced are
shown in Fig. 38 in folded and open conformations. These
results are in agreement with those obtained from previous
nuclear magnetic resonance "NMR# studies of aqueous
NAD.81

B. Transient absorption experiments

Figure 39 shows the transient absorption experimental
setup employed at Super-ACO. Control of the spatial overlap
between the pulses is critical. To monitor this, we mounted a
quartz lens, which was used to focus the pump beam onto the

sample, on an X–Y –Z manipulator. The pump beam can
then be moved and focused precisely in the region where the
probe beam intersects the sample. This region where the two
photon beams intersect is optimized with the signal obtained
by a charge coupled device "CCD# camera in steady-state
operation. The time-resolved experiment was performed at a
lower repetition rate, i.e., 83.2 kHz, than the normal one
"8.32 MHz# using a Pockel’s cell.

Acridine from Prolabo, used without further purification,
was studied. Absorption spectra were recorded using a Cary
210 "Varian Inc.# spectrophotometer. Typically, a 0.1 cm or a
1 cm quartz optical cell was used. Its final concentration was
116 $M and 1.6 mM, giving an absorbance of about 0.5 at
350 nm and absorbance of about 1 at 363 nm, respectively, in
the 0.1 cm path of a quartz cuvette.

The absolute intensity of a differential transient absorp-
tion spectrum %A(& ,t) is directly proportional to the popu-
lation of the molecule in an excited state. Assuming that the
pump beam interacts only via the transition S0→S1 , the
saturation fluence is FS!1/'(0(&) where 'a0(&) is the ab-
sorption cross section of the ground state "in units of cm2) at
wavelength &. The pulse fluence of the pump should be of
the same order as the saturation fluence in order to excite a
large fraction of the molecules. The FEL power on the
sample is limited to a maximum of 100 mW, which corre-
sponds to energy of 12 nJ per pulse "i.e., 2$1010 photons/
pulse#. The pump beam is focused onto the sample to within
a diameter of )20 $m, leading to the possibility of fluence
approximately equal to the saturation fluence. In the simplest
situation, the pump/probe signal observed is proportional to
the population that is not in the ground state. Thus, if the
ground state is the only absorbing state, then the pump/probe
observable is given by S(t)!A*Pex(t)+where A is a con-
stant determined by experimental parameters such as the la-
ser intensity and the probability that the system is found in
the excited state *Pex+. If the probe wavelength is in the
spectral region of existing absorption of the ground state or
of the stimulated emission, bleaching of the solution may be
observed. This was the case in our investigation of acridine.
The change in transient absorption shown in Fig. 40 displays
decay of the transient at 430 nm. The lifetime of the first

TABLE II. Fluorescence measurements of NADH performed with the super-ACO FEL.

Temperature
(°C)

c1
#1%

!1 , ns
#0.01

c2
#1%

!2 , ns
#0.02 c3

!3 , ns
#0.2

!̄ , ns
#0.01 ,2

10 61% 0.30 38% 0.70 1% 1.7 0.47 1.30
20 68% 0.28 32% 0.62 %0.1% 1.8 0.39 1.20
40 78% 0.24 22% 0.55 %0.01% 2.1 0.31 1.24

Arrhenius fits for different fluorescence decays.

!1 !2 !̄
Ea 1.4#0.3 kcal/mole 1.5#0.1 kcal/mole 2.6#0.3 kcal/mole
A 4#3$1010 s"1 2#1$1010 s"1 2#1$1011 s"1

Thermodynamical parameter K!c2 /c1!exp("%G/RT) with others techniques.

Technique %H "kcal/mole# %S "cal/K mole# G0 °C "kcal/mole#
Fluorescence "5.0#0.2 "18.5#0.7 &0.1#0.4
NMR ("5.6#0.2) ("17.5#1) ("0.8#0.2) (&0.4#0.1)

FIG. 38. Possible conformations of aqueous NADH. "A# Folded form con-
structed from minimized fragments of the NADH chemical structure under
stereochemical rules borrowed from the DNA structure. "B# Structure
adopted by NADH within the active site of lactate dehydrogenase in its
ternary complex with oxamate, according to the x-ray crystallographic data
of C. Abad-Zapatero, J. P. Griffith, J. L. Sussman, and M. G. Rossmann
"1987# J. Mol. Biol. 198 445, entry 1LDM of the Protein Data Bank.

3234 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Edwards et al.

Premières utilisations des LELs oscillateurs

A. Human neurosurgery

The first patient had a suspected meningioma of at least
3 cm in size, as shown in Fig. 7, and was neurologically
stable prior to the procedure. The patient was operated on by
an experienced neurosurgical team in Vanderbilt’s Keck FEL
Center. While this was the first human operation in this fa-
cility utilizing the Mark-III FEL, the facility had been per-
forming both conventional laser and nonlaser human surgery
!primarily orthopedic procedures" on a daily basis for several
months prior to this operation. There are extraordinary needs
for a neurosurgical operation of this complexity. It became
clear early on in the design of these operating rooms that
great care was required to minimize the likelihood of forget-
ting a seemingly insignificant device, medicine, supply, or
part. Thus a track record was established of successful, rou-
tine cases using these operating rooms prior to the first FEL
case.

The patient was brought to a holding area from the main
hospital, where anesthesiologists prepared the patient for
general anesthesia. The patient was prepped and brought into
one of the two operating rooms fitted for use of the FEL.
Once under anesthesia, the patient was positioned in a supine
position with a shoulder roll under her right shoulder, thus
allowing her head to be easily positioned nearly horizontally
!Fig. 8".

A standard neurosurgical approach was used in the right
temporal area, guided by a Pickar® neuronavigational sys-
tem which utilized a computer topography !CT" scan that
showed contrast obtained the day prior to the procedure. This
system enables a computer in the operating room to show the
location and position of our instruments with respect to the
patient’s anatomic features by viewing a computer monitor
loaded with the preoperative CT images. This is accom-
plished using a system of infrared emitters on the patient and
our instruments, and a series of infrared cameras within the
room all of which feed back to the computer. Using a neu-
ronavigational system thus allowed the creation of a com-
paratively small 6 cm curvilinear incision over the right

temple to expose the skull over the tumor, rather than the
typically large skin flap one uses just to ensure that the tumor
is within the exposed area. A 5 cm bone flap was raised,
exposing the underlying dura, which lines the inside of the
skull. The tumor, attached to the deep, or brain side, of the
dura, was easily located using the wand of the neuronaviga-
tional system. A 1 cm cuff of dura was cut around the border
of the tumor and then folded back to expose the tumor. The
surrounding normal brain was protected from any possible
stray laser energy by moistened cottonoids !Fig. 9".

Once surgically exposed, about 1500 macropulses of
6.45 #m radiation averaging 32 mJ/macropulse were deliv-
ered through an articulated arm to the outer surface of the
tumor. The articulated arm terminates in a hand piece, where
a calcium fluoride lens with a focal length of 12.5 cm fo-
cused the FEL beam to a spot size of 310!20 #m. A
helium–neon pilot beam was used to guide the excision. By
practicing one final time with some sterile paper on a side
table, the surgeon was able to then position the hand piece
with the visible pilot beam to keep the focus on the tumor
surface, controlling FEL-beam delivery with a foot-pedal-
actuated beam block. In the first operation, total FEL expo-
sure administered in multiple passes took about 50 s, ablat-
ing approximately a cubic centimeter ‘‘divot’’ from the outer
surface of the tumor. The remainder of the tumor was re-
sected en bloc !Fig. 10".

Once removed, the tumor was divided and a portion of
the tumor that did not include the defect was sent for neuro-

FIG. 7. Preoperative MRI scan !axial T1 weighting with gadolinium con-
trast". The arrow points to the tumor and its compression of the right tem-
poral lobe.

FIG. 8. Position of the patient prior to incision. The arrow shows location of
the tumor !circled ‘‘T’’" based on data from the neuronavigational system.

FIG. 9. !Color" Exposed tumor just prior to lasing.

3216 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Edwards et al.
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Human surgery

Edwards, G. et al.Review of scientific instruments, 74(7), 
3207-3245 (2003) 
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Panorama des LEL oscillateurs

Fig. 41: Efficiency in the case of a tapered undulator in the Los Alamos oscillator experiment from [202].

5.3.3 The Santa-Barbara Free Electron Laser
Besides the interest of storage rings for electron beam recirculation, the use of energy recovery on elec-
trostatic accelerator was studied [170]. An experiment was thus set at University of California, Santa-
Barbara, using an electrostatic accelerator [172], as shown in Fig. 42.

Fig. 42: Picture of the Santa Barbara (USA) FEL.

The electron beam beam is produced in an electron gun, then goes through a pelletron charging
chain so that it is charged to a negative high voltage with respect to the ground, and it is accelerated in
the accelerator column. It is transported and matched to the FEL line with the undulator and the optical
cavity thanks to a set a achromatic bends and quadrupoles, and then sent back to the electrostatic tube
entrance where it is captured by the low voltage multistage collector and restored the lost energy by FEL
interaction. Energy recovery is of interest for FEL since only typically one percent of electron beam
energy is converted to the FEL. It can also lead to a more stable electron beam. The FEL was operated
with a permanent magnet Halbach type undulator (36 mm period, 38 mm gap, 0.46 T peak field) with
a waveguide resonator [203] using electrons of 2.98 MeV providing a peak current of 1.25 A, with

49

Santa-Barbara, 
Van der Graaf, 
2.5 mm to 63 µm

ETA, Lawrence 
Livermore Nat. Lab.

induction linac
3.5 MeV, 9 mm

ENEA Frascati, microtron, 
2.3 MeV, 2-3.5 mm 

Jefferson Lab., ERL, 
IR-UV 

Los Alamos, 
RF Linac, IR

ELETTRA, SR, vis, UV, VUV

VEPP 3, SR, vis, UV
Novosibirsk, ERL, IR

ACO, SR, vis, UV, VUV
Super-ACO, SR, vis, UV, VUV

CLIO, Linac, IR

TERAS, SR, vis, UV
UVSOR, SR, vis, UV, VUV

NIJI- IV, SR, vis
FELI, Linac, IR, vis, UV

DELTA, SR, vis, UV

DUKE, SR, vis, UV, VUV
MARK III, Linac, IR

FHI, Berlin, Linac, IR

Van der Vilt, Linac, IR

FELIX, Linac, IR

in operation
shut down

Winding the Superconducting Helix

Stanford, 
Linear acc 
IR

1985
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Self Amplified Spontaneous Emission (SASE)
Démarrage à partir du bruit de l’émission spontanée auto-organisation via le 
rayonnement et le champ de charge d’espace => électrons «self bunch» à 
l’échelle de la longueur d’onde rayonnée.
Emission collective des électrons ayant une phase similaire de rayonnement 
synchrotron cohérent. 
Croissance exponentielle due à l’instabilité collective (régime de fort gain)
Optical guiding
Saturation : échange d’énergie cyclique entre les électrons et le champ rayonné.
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M. E. Couprie, CAS School Free Electron!Lasers!and!Energy!Recovery!Linacs !(FELs and !ERLs), Hamburg, Germany, 31 !May –10 !June, 2016 
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Evolution of the light wave in the High gain regime
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start-up from spontaneous emission noise
exponential growth due to a collective instability  (self-organisation of 
the electrons from a ramdon initial state)
At saturation, the amplification process is replaced by a cyclic energy 
exchange between the electrons and the radiated field.

IV. The high gain Free Electron Laser 

Optical guiding
• gain guiding (quadratic gain medium, Kogelnick 1965)
• refractive index
=> undulator longer than a few Rayleigh lengths is possible
Scharlemann, E.T., A.M. Sessler and J.S. Wurtele, 1985, Physical Review Letters 54, 1925.
Scharlemann, E. T., Sessler, A. M., & Wurtele, J. S. (1985). Optical guiding in a free electron laser. Nuclear Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment, 239(1), 29-35.
Z. Huang, K. J. Kim, A Review of X-ray Free-Electron Laser theory, Phys. Rev. Spe. Topics AB, 10,  034801 (2007)
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III- LEL en régime de fort gain

ρFEL = [
Ku[JJ ]ωp

4ωu
]

2/3
=

1
2γku

( μoe2K2
u[JJ ]2kune

4mo
)

1/3
Γ = 2kuρFEL Lgo =

λu

4π 3ρFEL

Δλ
λ

= ρFEL
Psat = ρFELEIp

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)

C. Pelligrini et al, NIMA475, 1 (2001)
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Basculement des anneaux vers les linacs

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

Limites de l’emploi des anneaux de stockage

with a linac and a photoinjector it is possible to reach the nm region at a beam energy of 1.5 
GeV, with about 6 mJ/pulse starting from noise in an 11 m long undulator

J. B. Murphy and C. Pellegrini, J. Opt. Soc. Am. B, 2 (1985)

Développements des photo-injecteurs

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

Photo-injector development 
The Los Alamos photo-injector was developed in L-band for high average power 
FELs as part of the Star Wars program, and promised a much higher electron 
beam brightness. Robert Palmer and I, at the Center for Accelerator Physics at 
Brookhaven National Laboratory, decided in 1986-87 to develop this new 
technology  for application in laser acceleration and FELs. An S-band version of 
the Los Alamos gun, optimized for high peak power and small emittance, was 
designed at Brookhaven. 

Sigtuna, June 14-18, 2015 C. Pellegrini 25 

Batchelor, K., H. Kirk, K. McDonald, J. Sheehan 
and M. Woodle. 1988. Development of a High 
Brightness Electron Gun for the Accelerator Test 
Facility at Brookhaven National Laboratory. Proc. 
of the 1988 European Particle Accelerator Conf., 
Rome, pp. 54–958. 

Later work on photo-injector development was done at UCLA and a program was started 
later at SLAC by Herman Winick, and continued with a BNL-SLAC-UCLA collaboration. 

10 fs-10 ps,
εα1/E

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

10-30ps, εαE2

Energy spread : 0.1 %

Energy spread :  0.01 %

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

III- LEL en régime de fort gain
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FLASH, DESY, Allemagne : 4-45 nm, 50-200 fs, 1-3 GW; FLASH-II : 40 and 20 nm 

315 m 

5 MeV 150 MeV 1250 MeV 

Bunch Compressors 

450 MeV 

Accelerating Structures RF Stations 

Lasers 
RF Gun 

Soft X-ray 
Undulators sFLASH 

FEL Experiments 

Photon 
Diagnostics 

Beam Dump 

THz FLASH1 

2 

Operation of FLASH with Short SASE-FEL 
Radiation Pulses 

First lasing of FLASH II, 2014, Aug. 20,
K. Honkavaara et al., Proceed. FEL conf, Basel, Aug. 24_29

Katja Honkavaara | FEL Conference 2014 | August-27, 2014 

FLASH. 
Free-Electron Laser 

in Hamburg 
History  

> TESLA Test Facility (TTF) Linac constructed at DESY in mid 1990’s 
� to test experimentally high gradient superconducting accelerator technology  

in the framework of the TESLA linear collider project 

� to drive a pilot VUV SASE free-electron laser (TTF-FEL)  

> TTF-FEL operated 2000-2002  
� wavelength range from 80 nm to 120 nm 

> FLASH constructed 2003-2004  
� first lasing in January 2005 (32 nm) 

� user FEL facility since summer 2005,  
first user facility in VUV range worldwide 

� wavelength range from 13 nm to 47 nm 

> Energy upgrades 
� summer 2007: Electron beam energy up to 1 GeV � photon wavelength down to 6.5 nm 

� 2009-2010: Electron beam energy up to 1.25 GeV � photon wavelength down to 4.1 nm 

> Second undulator beamline (FLASH2) constructed 2011-2014 
� first lasing in August 2014 

Katja Honkavaara | FEL Conference 2014 | August-27, 2014 

FLASH. 
Free-Electron Laser 

in Hamburg 
FLASH2 Operation Started 

> Official permission for FLASH2 beam operation  
February-7, 2014 

> Electron beam operation started in March 2014 
� first electron beam in extraction March-4, 2014 

� first beam to dump May-23, 2014 

� only few days available for FLASH2 beam operation  
before simultaneous operation established 

> Simultaneous operation of FLASH1 (SASE) and 
FLASH2 (electron beam) starting end of May 2014 
� FLASH2 runs now in parallel to FLASH1 whenever possible, 

mainly during FLASH1 photon user experiments  
���	������	
��
���
���
��	��	
�	���	����������	��	�	����
� 

� dedicated FLASH2 beam time reserved as well 

> First lasing: August-20, 2014 

Electron beam on 4FL2EXTR 
March-4, 2014 

Electron beam on 3FL2DUMP 
May-23, 2014 

Photon beam on FL2_CE_YAG 
August-20, 2014 

SASE FEL (soft X-ray) : FLASH centre utilisateurs
III- LEL en régime de fort gain
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SASE FEL (hard X-ray) : LCLS centre utilisateurs

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

Stanford, USA

LCLS (Stanford, USA), 2 mJ, 1.4 Å , 1.5 Å saturation at 65 m (of 112 m), now 6 mJ, 4-50 fs,  GW 
power, average flux 1012 ph/s, 2.1033  (1024) ph/s/mm2/mrad2, 96.7 % availability, 120 pulses/s

32 années après le premier LEL,  
50 ans après la découverture du laser

III- LEL en régime de fort gain
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SASE FEL (hard X-ray) : European XFEL centre utilisateurs à 
haute cadence (MHz)

European project. The FEL on TESTA-TTF [465, 466] was seen as a test-bench for the technology
and physics of the future European XFEL project. In 2004-2007 was set a "Science and Technology
Issues" group chaired by F. Sette. In 2007, the European XFEL project was officially launched. The
European XFEL GmbH company, has been founded in 2009 for building and operating the facility has
been founded in 2009. It gathers a consortium of different countries : Denmark, France, Germany,
Greece, Hungary, Italy, Poland, Russia, Slovakia, Spain, Sweden, Switzerland, these partners realize a
joint effort. The 3.4 km long X-ray free-electron laser facility extends from Hamburg to the neighboring
town of Schenefeld in the German federal state of Schleswig-Holstein. Technically, European XFEL
[512] uses a superconducting linac of extremely good electron beam parameters, enabling operation at
high repetition rate. The electrons will be accelerated up to 17.5 GeV over 2.1 km. There are 101
accelerator modules. EFEL will provide three different SASE sources for six experimental stations, as
shown in Fig. 75.

Fig. 75: Sketch of the Euroepan X FEL facility, from [513]

SASE1 and SASE2 covers 0.4 0.05 nm spectral range, with 175 m undulator length, whereas
SASE3 covers 4.7 0.4 nm spectral range, with 105 m undulator length. Pulse duration will be shorter
than 100 fs. The flux reaches 1012 ph/. The specificity of the EXFEL is its repetition rate of 27 000
pulses per second, leading to a peak brilliance a billion times higher than that of the best synchrotron
X-ray radiation sources (5 1033ph/s/mm2/mrad2/0.1% BW ).

Civil construction of the facility, started in 2009, continued with the completion of the 3.4 km
tunnel in 2012, and underground in 2013. The overall cost for the construction and commissioning of
the facility is as of 2015 estimated at 1.22 Beuros. First electrons have guided for the injector into the
first four 2 K superconducting accelerator modules and compression chicane in January 2017 [513]. in
the -271ąC cooled main accelerator, as presented in Fig. 76.

Fig. 76: View into the accelerator tunnel: electrons guided into the first four superconducting accelerator modules
(yellow) and in a chicane (in front, blue and red), from [513]

EXFEL will be the world’s brightest source of ultrashort X-ray pulses: the European XFEL, it

83

SC Linac, 2 km, 0.5 nC , 5 kA, ε
n
 =  0.4π mm.mrad, 

up to 5000 electron bunches/s
6 W average power

2017: Eu XFEL, 8-17.5 GeV, 0.05-0.2 nm,

32

Beamlines of the European XFEL

The European XFEL will provide beamlines for X-ray flashes with different properties. 

Data collection at very fast timescales (figures on the right side):
Single pulse coherent diffraction imaging by Chapman

et al. with the free-electron laser FLASH at DESY.
Image of the first (a) and second pulse (b) at 32 nm.

The second pulse shows that the structure
has been destroyed by the first pulse.

The original microstructure (c) was recovered (d)
from the diffraction pattern of the first pulse.

SASE 2
0.05 nm - 0.4 nm

Femtosecond 
X-ray Experiments

Spectroscopy & 
Coherent Scattering

Small Quantum 
Systems

Single Particles, Clusters, 
and Biomolecules and 
Serial Femtosecond 
Crystallography 

SASE 1
0.05 nm - 0.4 nm

SASE 3
0.4 nm - 4.7 nm

High Energy 
Density Sciencephoton tunnel

undulator

electron switch

electron dump

electron tunnel

linear accelerator
for electrons (10.5, 14.0, 17.5 GeV)

electron bend

FXE

HED

SFX
SPB

Materials Imaging 
and DynamicsMID

SQS

SCS

Optional space for
two undulators and
four instruments

W. Decking et al., Nature Photonics, 14(6), 391-397 (2020)

And coming LCLS II (USA), SHINE (China)

III- LEL en régime de fort gain
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Wavefront quality : ability to properly focus

M. Kuhlmann et al, FEL06
P. Mercère et al, , Optics Letters, 28 (17), 1534-1536 (2003)

A. Singer et al. PRL 101, 254801 (2008)

SCSS Test Accelerator : 60-40 nmFLASH

R. Bachelard et al.,  Phys. Rev. Lett. 106 (23), 234801 (2011)     

Propriétés du SASE
III- LEL en régime de fort gain
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Cohérence temporelle limitée: démarrage à partir du bruit, bunching sur 
different trains du paquet => “spikes” dans les distributions spectrales 
et temporelles
Longueur de coopération length :  slippage sur une longueur de gain
Nber of spikes  = longueur de paquet / longueur de coopération

• jitter d’une 
impulsion à 
l’autre

Manipulation :
single spike
taper
seeding / self seeding

S. Reiche et al., NIMA  593 (2008) 45-48 
L. Giannessi et al., Phys. Rev. Lett. 106, 144801 (2011) 

Lcoop =
λ

4πρFEL

III- LEL en régime de fort gain

Propriétés du SASE



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

collaboration 
        

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    

Seeding :  une interaction laser-électron
• Cohérence temporelle apportée par la seed laser externe 
(suppression de spikes, réduction de la largeur de raie)
• Meilleure stabilité (intensité, fluctuations spectrales, jitter) 
• Reduction of the saturation length
• Bonne transverse coherence

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

Seeding

L. H. Yu et al, PRL912003, 074801

• Seed : laser, HHG (160, 60, 30 nm)
• up-frequency multiplication (260 nm -> 4 nm at FERMI) 

Interaction électron/ laser dans l’onduleur :
Modulateur: modulation en énergie 

imprimée par la seed à 𝞴seed

Chicane : modulation en densité,  
composantes de Fourier à 𝞴seed/n

Radiateur : émission de rayonnement 
cohérent 

Modulation en énergie required ∆E pour 
un  bunching suffisant à l’harmonique n 

harmonic ~ n 𝞼𝞤
Détérioration du gain pour  nmax ~15

High Gain Harmonic Generation  
HGHG in cascade

Fresh bunch technique.      𝞴seed/n1n2
Max  n ~60-70

III- LEL en régime de fort gain
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FERMI :  4-60 nm, sub-ps to 10 fs, ~0.3 GW, polarisation variable, centaine de 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

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,

1
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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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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

Allaria E et al 2012 Highly coherent and stable pulses 
from the FERMI seeded free-electron laser in the extreme 
ultraviolet Nature Photon. 6 699–704

LEL injecté (soft X-ray) : FERMI, premier centre serveur
III- LEL en régime de fort gain
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Progrès en injection directe de LEL

2000 2004 2010 2016 2018

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

3rd harmonic interaction between the 120 MeV beam and
800 nm laser (fundamental resonant wavelength of U55 is
2:4 !m).

The energy distribution of the 120 MeV beam with the
laser on is shown in Fig. 5(b) where a double-horn shape is
clearly seen. This shape can only be obtained when the
transverse electron beam size ["e ! 100 !m (rms)] is
smaller than the laser spot size ["r ! 800 !m (rms)],
and when the electron bunch length (about 0.5 ps FWHM
with velocity bunching in the gun [34]) is shorter than the
laser pulse length such that the modulation amplitude is
roughly uniform across the whole bunch [35]. The sinu-
soidal energy modulation, together with the rf curvature
results in a double-horn shape in beam energy distribution,
with the low-energy horn slightly larger than the high-
energy horn. The FWHM of the projected energy dis-
tribution equals approximately twice the peak energy
modulation which is found to be about 230 keV, in good
agreement with that obtained with Eq. (4).

Following the observation of 3rd harmonic interaction,
5th, 7th, and 9th harmonic interactions are similarly
studied by reducing electron beam energy to 93, 79, and
69 MeV, respectively. In this experiment, the magnetic
fields of the chicane was accordingly reduced following
the reduction of beam energy to keep the momentum
compaction constant (constant path length in the chicane)
such that the relative timing between the laser and electron
beam is roughly maintained. After the energy spread
growth from beam-laser interaction is seen, the beam
energy and laser timing are finely adjusted to maximize
the energy spread growth. The measured beam energy
distribution for these higher harmonic interactions (not
shown) have similar double-horn shapes as that observed
in the thirrd harmonic interaction. The measured peak

energy modulations for the 3rd, 5th, 7th, and 9th harmonic
interactions are shown in Fig. 6 and they are in good
agreement with the theoretical values calculated with
Eq. (4) assuming an ideal undulator (note, R ¼ 0:91 for
n ¼ 9, so the phase error effect may be neglected).
Finally, the beam energy was reduced to about 54 MeV

which is on the edge of the accessible parameter space in
our machine to test the 15th order harmonic interaction
(fundamental resonant wavelength of U55 is 12 !m).
Because the EEHG beam line is designed for a 120 MeV
beam, the stability of power supply for the magnets at
low currents is not as good as that at high currents, which
leads to a less stable beam at low energy. Furthermore,
OTR yield is lower at lower energy, which together with
the relatively large beam size reduces the accuracy of the
spatial overlap between the laser and electron beam in U55.
Nevertheless, significant energy spread growth was still
produced with the laser interacting with the beam through

FIG. 6. Measured peak energy modulation amplitudes for har-
monic interactions at various orders. The theoretical values are
calculated assuming a perfect undulator with no phase error and
a beam with exact on-resonance energy.FIG. 5. Measured beam energy distributions with laser off (a)

and laser on (b) at 120 MeV (corresponding to the 3rd harmonic
interaction). The beam intensity in (a) is reduced by a factor of
10 to avoid saturation using the same scaling as (b). The
projections of beam energy distributions in (a) and (b) are shown
in (c).

FIG. 7. Measured beam energy distributions with laser off (a)
and laser on (b) at about 54 MeV (corresponding to the 15th
harmonic interaction). The beam intensity in (a) is reduced by a
factor of 2 to avoid saturation using the same scaling as (b). The
projections of beam energy distributions in (a) and (b) are shown
in (c).

D. XIANG et al. Phys. Rev. ST Accel. Beams 16, 110701 (2013)

110701-4

D. Xiang et al., Phys. Rev. ST Accel. 
Beams 16, 110701 (2013) 

H15

 

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

HHG 60 nm 
seeding,

SCSS Test Acc

BNL

HHG 160 nm 
seeding,

SCSS Test Acc, up 
to H7

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 !rad¼ 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 !rad¼
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

HHG 160 nm 
seeding,
SPARC

M. Labat, et al. , Phys. Rev. Lett. 107, 
224801 (2011)

S. Achkermann et al, PRL 111, 114801 (2013)measured with a fast longitudinal profile monitor based
on single-shot wavelength-resolved THz detection [38].
The undulators are set to a gap value corresponding to
approximately 38 nm for the given electron beam energy of
700 MeV. For the precise spectral overlap, the HHG and
FEL spectra are measured with the same spectrometer.
Typical single-shot SASE spectra, the average over 100
shots of these spectra, and the HHG reference spectrum are
shown in Fig. 2(c). In order to verify that the first undulator
module, at which the seeding takes place, contributes
significantly to the FEL gain, the undulator gap is scanned.
Measuring the gain curve of the FEL assures that the
FEL amplifier for the HHG radiation is set up correctly
and results in a power gain length of ð0:70 " 0:04Þ m.
Therewith, the average pulse energy hESASEi of the seeded
FEL was measured to be ð1:3 " 0:5Þ !J. To establish the
transverse photon-electron overlap within the first undula-
tor module, the EUV seed and the electron beam profiles
are measured on cerium-doped YAG screens in front of the
first undulator module [Fig. 2(a)] and at the exit [Fig. 2(b)].
Using the steering capabilities of the seed injection beam
line and the corrector magnets, an iterative procedure is
used to overlap both beams on these screens without dis-
turbing the FEL amplification performance. The temporal
overlap between the laser pulses and the electron bunches
is established to the sub-ps level using the timing diagnos-
tics described earlier. To this end, the delay between both
pulses is scanned by electronically changing the phase of
the synchronization signal for the laser oscillator. The
delay is scanned in steps of 100 fs within a range of
" 2 ps. Dedicated software analyzes the FEL pulse energy
and the data from the spectrometer on a shot-to-shot basis
to discriminate the seed signal from unseeded SASE
amplification. If one value within a set of about 30 machine
parameters is outside of the nominal range for one shot, the
software disregards this shot and proceeds until a fixed
number of well-defined samples at the same time delay is

reached. To clearly identify radiation from the seed pro-
cess, the seed laser is toggled on and off every two seconds.
In total, this procedure assures that possible fluctuations
or drifts of any subsystem which would change the SASE
pulse energy distribution can be excluded.
Figure 3(a) shows the result of two delay scans with a

total scan range of 4 ps. For every delay, 200 FEL pulses
were evaluated. In the range between t ¼ % 0:5 and 0.5 ps, a
strong positive correlation between the seed input and the
FEL output signal [Fig. 3(b)] is observed, demonstrating
successful seeding. The width of the curves in Fig. 3 is
dominated by the relative laser-electron arrival-time varia-
tions, since no active compensation for the arrival time of
the laser pulses was used. An alternative analysis of the
same data set is presented in Fig. 4. Without HHG pulses,
the FEL generates only SASE radiation and a histogram
of the FEL pulse energies assumes the shape of a Gamma
probability distribution [39], plotted as a solid line in
Figs. 4(a) and 4(b). The histograms in these figures com-
prise the data from Fig. 3 with an activated seed laser.
Values with energy contrast >2:5 are accumulated in the
rightmost E=hESASEi bin. Figure 4(a) shows the data in the
time range from t ¼ % 0:4 to 0.4 ps, while the histogram for
the range from t ¼ % 1:7 to % 0:9 ps is plotted in Fig. 4(b).
Ideally, for each bunch being seeded without any source
of spatiotemporal jitter, a probability distribution reflecting
the statistics of the HHG pulse energies is expected.
However, during the time of this experiment, the arrival-
time spread of the electron bunches has beenmeasured to be
500 fs (peak to peak), which is 25% larger than the typical

TABLE I. Summary of the electron and seed laser beam
parameters at the seeding undulator entrance.

Electron beam Value

Energy 700 MeV
Energy spread (rms) 2 & 10% 4

Emittance 1.7 mm mrad
Bunch charge 0.5 nC
Peak current 1 kA
Power gain length 0.70 m
Average beam size (rms) 170 !m

Seed beam Value

Pulse energy (at source) 9 nJ
Pulse energy stability (rms) 10%
Central wavelength 38.2 nm
Spectral bandwidth (rms) 0.09 nm
Pulse duration (rms) <15 fs
Average beam size (rms) 280 !m

FIG. 2 (color online). Illustration of spatial and spectral overlap.
The upper panels show the normalized spatial distribution of the
EUVbeam (filled contours) and the electron beam (black contours)
(a) in front of and (b) after the first undulator module, respectively
(see also Fig. 1). Note the different scales. In (c), typical single-shot
SASE spectra (solid grey lines), an average SASE spectrum (solid
black line), and an HHG spectrum of 20 pulses accumulated and
multiplied by 1000 (dotted red line) are plotted.
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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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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 20 mm slits, separated by 0.8 mm, placed "8.5 m before the screen.

1.2

1.0

0.8

0.6

0.4

FE
L 

in
te

ns
ity

 (a
.u

.)

0.2

0.0
38.35

38.30
38.25

−60 −40
0.0

0.2

0.4

0.6

Sp
ec

tr
um

 (a
.u

.)

0.8

1.0a b
FEL 8th
(32.5 nm)
Seeding
 (260 nm)

−20 20 40 60
Photon energy offset (meV)

0

38.20
38.15

38.10
38.05 0

Photon energy (eV)
100

200
300

400

FEL shot (no.)

500

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 FEL 1 H3-13

Allaria E et al 2012 Nature Photon. 6 
699–704

FERMI FEL 2 H65
Dalian FEL 
50-188 nm

SXFEL 
50-188 nm

H192L. Giannessi, FEL prize talk, FEL 
conf, Basel, Aug. 2014, 

Switzerland

L. Giannessi et al.,  FEL 2010, Malmo, Sweden

www.lunex5.com

SRUM201,6, New Frontiers and Emerging Techniques, 
7_8 September, Diamond, UK

collaboration 
        

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    

Seeding : frequency up-conversion

III- Towards advanced properties of FELs  

HGHG : 
Configuration 1 : q, λund.2 =  λund.1 /q, 
L. H. Yu et al, NIM A 393 (1997) 96

 Fresh bunch HGHG : 
non heated part of the electron bunch used 
L. H. Yu et al, NIMA 483 (2002) 493

Cascading HGHG : 
Configuration 1 : q : p 
Frequency multiplication with different 
stages

Harmonic cascade : 
Configuration 1 : n/q, λund.2  = n λund.1/q, 
L. Giannessi, P. Musumeci, New Journal Phys.  8, (2006), 294 

NLH

HHG : 266 nm, Und 1-4 @266 nm, Und5-6 @ 133 nm

L. Giannessi et al.,  FEL 2010, Malmo, Sweden

1 : 2

Seed at 260 nm => 1.36 nm
L. Giannessi, FEL prize talk, FEL conf, Basel, Aug. 2014, 

Switzerland

1 : 12 : 4 : 3/4 => H192

SPARC

FERMI

199 nm132,66 nm

1 : 1
NLH:11

E. Allaria et al., Phys. Rev. Lett. 100, 174801 (2008)

1 : 1 (NLH 3) // 1:3

Figure 2: Extraction of modulation amplitude from longitudinal phase-space distribution: (a) Measured longitudinal phase
space distribution of an uncompressed electron beam and radiator o�. Energy-modulated region is highlighted with a red
circle. (b) Extracted rms energy spread along the electron bunch from the measurement shown in (a).
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Figure 3: Series of consecutive single-shot FEL spectra
taken in HGHG operation at the 8th harmonic.

width is ��/�7  1.4 ⇥ 10�3. In Fig. 4, a Gaussian is fitted
to a single-shot FEL power profile at the 7th harmonic. From
a statistical analysis of a set of profiles at the same harmonic,
the duration of the FEL pulse is found to be �t,FEL = (28.4±
5.6) fs.

Figure 4: FEL power profile at the 7th harmonic extracted
from TDS measurement.

At sFLASH, seeded FEL radiation up to the 11th

harmonic of the 266 nm seed laser has been observed.

Considerations on EEHG seeding
As reported in [16], an EEHG experiment is currently

prepared at sFLASH. After the laser upgrade, two UV-seed
laser pulses are available, and by proper configuration of the
telescopes the laser pulses can be focussed independently,
which enables optimum laser-electron coupling in both mod-
ulators.

Presently, further simulations are on-going in order to find
the experimental parameters that will give the best perfor-
mance for the parameters of the sFLASH experiment.
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Figure 3: Energy spectrum of the transmitted SASE 
radiation, measured by the single-shot spectrometer 
with the silicon (660) configuration. There is a clear 
dip at 9.978 keV due to the Bragg diffraction of the 
diamond crystal.  

Observation of Seeding 
Observing the energy spectrum shape with (220) 

configuration, we closed the gap of the downstream 9 
undulator segments (#10-18). After carefully adjusting the 
K value of the downstream undulators, a clear peak at 
9.975 keV appeared. Figure 4 shows the energy spectrum, 
integrated over 100 shots. When we took away the 
diamond crystal from the beam axis, the peak 
disappeared. Therefore, we confirmed this peak was 
induced by the self-seeding mechanism associated with 
the Bragg diffraction of the diamond crystal. The peak 
intensity with the diamond crystal was 5 times higher than 
the intensity without the crystal. The bandwidth was 
about 3 eV in FWHM, which is about 1/10 of the SASE 
bandwidth. The difference between the peak position of 
the seeded signal in Figure 4 (9.975 keV) and the dip 
position in Figure 3 (9.978 keV) should not be discussed 
here, because of the energy scale uncertainty of two 
configurations. 

Figure 5 shows the typical single-shot spectra with the 
diamond crystal. We defined the XseededY signal as the 
event has a spectrum peak in 9.975�0.005 keV and the 
peak intensity is larger than 15,000 of the same scale as 
Figure 4, which is larger than most of the SASE spikes. 
The rate of the XseededY event was 82% for 100 shots of 
the spectra. It means the SASE was seeded with high 
frequency, which is promising for future practical use. 
The pulse-to-pulse fluctuation of the peak intensity was 
about 50% in the standard deviation.  

CONCLUSION 
The monochromatic X-ray enhancement and the 

spectral narrowing, due to the self-seeding scheme with 
forward Bragg diffraction (FBD) of the diamond single 
crystal, was observed in SACLA. Thanks to the good 
pulse-to-pulse stability of the beam, a hit rate of the 
Xseeded eventY was more than 80%. However, the good 
seeding condition has not been kept well yet for long time. 
Further tuning efforts has been continued in order to 
release seeded X-rays as an experimental option for users. 

Figure 4: Energy spectra of the X-ray radiation with 
and without the diamond crystal, measured by the 
single-shot spectrometer with silicon (220) 
configuration. The plots are the integration of 100 
shots. 

Figure 5: Typical single-shot spectra of the X-ray 
radiation with the diamond crystal. The red dashed box 
means the criteria for XseededY events (see text). 
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FIG. 3. Comparison of seeded (solid red line) and SASE
(dashed blue line) spectra at 930 eV for 10,000 shot averages,
and seeded simulation (sim.) averaged over 30 shots (dot-
dashed black line). Both seeded and SASE spectra use the
slotted foil to produce a 50 fs beam [18]. Seeded spectra are
taken after undulator #25 and with the slit retracted. SASE
spectra uses an optimized configuration with all undulators.
Inset shows the fraction of FEL energy contained within an
integrated bandwidth when seeding.

the seeding monochromator.
Self-seeding has been observed across the nominal pho-

ton energy range of 500-1000 eV, with typical perfor-
mance described in Table I. Figure 3 shows a compari-
son between the seeded spectra and the optimized SASE
configuration (all undulators, seeding optics extracted).
Start-to-end Genesis simulations [17] agree with measure-
ments. The seeded spectra exclude the final eight un-
dulators, which primarily increase the undesirable SASE
background. In the given spectra, the FWHM bandwidth
of 175meV contains approximately 40% of the total pulse
energy. Some experiments may benefit from using the full
undulator line, but the proportion of energy outside the
seeding bandwidth will increase. Figure 4 shows SASE
and seeded FEL gain, which matches simulations.

The peak brightness of the self-seeded FEL (defined
as mJ/s/m2/0.1% bandwidth) is larger than that of op-
timized SASE by a factor of 2 to 5. For some narrow
bandwidth applications, however, it is more relevant to
compare the peak brightness of the full, unfiltered self-
seeded beam with the brightness of the SASE beam fil-
tered through a hutch monochromator. When including
monochromator losses and focal size growth, the unfil-
tered seeded beam is up to 50 times brighter than the
filtered SASE for the same FWHM bandwidth. Note
that using the seeded beam without a hutch monochro-
mator may require a setup with fewer undulator sections
(to produce a cleaner spectrum) at the cost of reducing
the final peak power by a factor of ⇠2.

The central SASE wavelength is determined by the
electron energy, and the wavelength can jitter by as much
as 0.4% shot-to-shot. By comparison, the seeded wave-
length is determined by the M1 pitch, independent of
the electron energy. Figure 5a shows single shot spectra,
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FIG. 4. Gain length scans showing SASE growth before the
seeding monochromator (blue squares, 3 scans) and seeding
growth afterwards (red circles, 3 scans). During seeded op-
eration, undulator #1 is detuned to keep pulse energy on
the grating below 5µJ (blue star). Black line shows simu-
lated seeding. Green boxes show undulators inserted dur-
ing seeding; undulator #8 is removed to protect the grating,
and undulators #9 and #16 were replaced by the self-seeding
chicanes. Measured gain lengths for SASE (⇠ 2±0.2m) and
seeding (⇠ 1.7±0.2m) match simulations. All measurements
taken with the gas detector.

with shot-to-shot jitter of approximately 100meV rms,
corresponding to wavelength stability of 10�4. Though
small compared to SASE, the jitter does broaden the
average seeded spectrum: while the single shot band-
width is 155meV, wavelength jitter broadens the aver-
age bandwidth to 180meV FWHM (Fig. 3). (Both values
include corrections for the estimated 80meV spectrom-
eter bandwidth.) With a transmissive spectrometer up-
stream of the experimental station, it would be possible
to remove the wavelength jitter by sorting shots in post-
processing; a transmissive shot-by-shot spectrometer is
currently under development. Possible causes of wave-
length jitter include vibrations changing M1 pitch, trans-
verse orbit fluctuations of the electrons (which change
the seed wavelength), and changing electron phase space
(which may alter the wavelength after seeding) [19]. Mea-
sured fluctuations in orbit (⇠ 1µrad) and phase space (⇠
1MeV/mm) are consistent with the observed jitter.

The seeded wavelength is fixed by the monochromator
M1 angle, so the electron energy must be set such that the
seeded wavelength is in the center of the FEL gain band-
width. However, the electron energy jitters, and for many
shots the seeding monochromator wavelength lies outside
the gain region of the FEL and the electrons cannot be
seeded. Figure 5b shows the total x-ray pulse energy as
a function of measured electron bunch energy; for this
example, 45% of the shots fall outside the FWHM of the
seeded region. E�orts to reduce electron energy jitter are
ongoing, and can potentially increase the average seeded
power by a factor of 2. Considering only on-energy shots,
the seeded pulse energy has 50% fluctuations, compared
to 25% fluctuations for SASE. (Note that the SASE fluc-
tuations in both cases were larger than usual due to the
use of the slotted foil.)

Demo soft X-ray
Grating

D. Ratner et al., Phys. Rev. Lett., 114 
(5), 054801, 2015. 
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channel-cut crystal monochromator to not match the Bragg con-
dition. The injection of the seed dramatically narrowed the XFEL 
energy bandwidth to ~2 eV (FWHM) for every shot. As the X-ray 

pulse duration of SACLA is estimated to be ~6 fs (ref. 26), the seeded-
XFEL pulses are considered to be nearly Fourier-transform limited. 
Figure 2b shows the averaged spectra of the SASE-XFEL using all 
undulator segments (U1–U21) in the normal SASE mode and of 
the seeded-XFEL. The peak intensity of the seeded-XFEL greatly 
exceeds that of the SASE-XFEL, which corresponds to an increase 
in spectral brightness by a factor of six with respect to the normal 
SASE mode. We evaluated the quality of the e-bunch injected to 
the second section of undulators by measuring the intensity evolu-
tion of the seeded-XFEL along the undulators (Fig. 3). The intensity 
gain length of the seeded-XFEL (Lseed) was measured to be 3.4 m, 
while that of the SASE-XFEL (Lsase) in the normal SASE mode was 
2.1 m (inset of Fig. 3). Because the pulse energy of the XFEL beam 
at the saturation point is expected to be roughly reciprocal to the 
gain length, the high ratio of Lsase to Lseed (62%) indicates that the 
degradation of the e-bunch quality in the first section of undulators 
has little impact on the pulse energy of the seeded-XFEL. In fact, the 
average pulse energy of the seeded-XFEL (450 µJ) was more than 
half that in the normal SASE mode (780 µJ).
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Fig. 2 | Single-shot and average spectra of seeded- and SA SE-XFEL 
beams. a, Comparison of typical single-shot spectra for the second section 
of undulators (U11–U21) with (pulse energy of 390!µJ) and without (pulse 
energy of 370!µJ) the seed. The XFEL radiation without the seed was 
produced by rotating the micro channel-cut crystal monochromator so 
that it did not reflect the SASE from upstream undulators. b, The averaged 
spectra of the SASE-XFEL in the normal SASE mode using all undulators 
(U1–U21) and of the seeded-XFEL measured by scanning the Si(111) double-
crystal monochromator.
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Fig. 3 | Intensity evolution of seeded- and SA SE-XFEL beams along the 
undulators. The average pulse energy was measured with a calibrated 
intensity monitor24 by changing the number of operating undulators by 
opening the gap of undulators one by one from downstream to upstream. 
The main panel shows the average pulse energy of seeded-XFEL as a 
function of the operating undulator length in the second section, while 
the inset shows the average pulse energy of SASE-XFEL in the normal 
SASE mode as a function of the operating undulator length. The intensity 
evolution in the linear gain region is well described by the intensity gain 
lengths (Lg) of 3.4!m (seeded-XFEL) and 2.1!m (SASE-XFEL).
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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.  
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dimensionless momentum compactions of the first and
second chicane, E0 is the average beam energy
and κ ¼ k2=k1.
In our experiment the TCAV is first turned off such that

beam slice energy spread is small (below 1 keV from
simulation) and both HGHG and EEHG signals at high
harmonics can be produced. The momentum compaction of
C2 and C3 are set at Rð1Þ

56 ¼ 4.8 mm and Rð2Þ
56 ¼ 1.0 mm to

produce bunching at the 15th harmonic of the second laser,
corresponding to n ¼ −1 and m ¼ 18 in Eq. (1). The laser
energy modulations are first roughly set at ΔE1 ¼ 80 keV
andΔE2 ¼ 65 keV with the energy spectrometer following
EEHG theory, and then finely adjusted with wave plates to
maximize the EEHG signal. The optimized EEHG signal,
produced by sending the density modulated beam (5 pC
charge, 1 ps FWHM) through the microwave undulator, is
measured with a VUV spectrometer (with a resolution of
about 0.27 nm (FWHM) determined through measurement
of the spectral width of the zeroth order radiation of the
grating) and shown in Fig. 4(a). The intensity of the
coherent VUV radiation at 160 nm is about 2 orders of
magnitude higher than the incoherent undulator radiation.
In addition to the 15th harmonic, moderate signals at the
14th and 16th harmonics with intensities 1 order of
magnitude above incoherent radiation are also observed.
With the 800 nm laser off, the HGHG signal produced by

the 2400 nm laser individually shows a double-peak
spectrum with significantly reduced intensity [magenta
solid line in Fig. 4(b)]. The optimized HGHG signal
[red dashed line in Fig. 4(b)] is obtained by lowering
the energy modulation amplitude ΔE2 by about 20%. This
is in good agreement with theories since for EEHG the
bunching factor at the 15th harmonic is related to the Bessel
function of the 18th order (n ¼ −1 and m ¼ 18) while that

for HGHG is related to the Bessel function of the 15th
order (n ¼ 0 and m ¼ 15) [25,26]. A comparison between
the optimized EEHG signal and the optimized HGHG
signal indicates that the EEHG signal has higher spectral
brightness and smaller bandwidth.
To show the stability and repeatability of the measure-

ments, ten consecutive radiation spectra of the optimized
EEHG and HGHG signals obtained with the beam accel-
erated on-crest in the linac structures are shown in Fig. 5.
The bandwidth of the optimized HGHG signal, averaged
over 50 shots, is found to be about 1.02 $ 0.21 nm
(FWHM) while that for EEHG signal is only about 0.38 $
0.06 nm (FWHM). The averaged spectral brightness of
EEHG is found to be about 60% higher than HGHG.
To understand the difference between the radiation

spectra, we performed simulations using realistic electron
beam and laser parameters. The beam center is assumed to
temporally overlap with the center of the laser pulse, and
the time-dependent beam current and laser energy modu-
lation amplitudes are taken into account. The beam
longitudinal phase space at the entrance to U1 used in
the simulation is shown in Fig. 6(a). The electron beam is
accelerated on-crest in the linac structure, and the non-
linear energy chirp from the varying rf phase along the
bunch is included. The energy chirp of the beam together
with the momentum compaction of C3 shifts the HGHG
bunching wavelength to λ ¼ λ0=C, where λ0 is the
radiation wavelength when the beam has vanishing energy
chirp, C is the compression factor of the chicane [38].
Specifically, the bunching produced by the electrons in the
bunch head (with a negative chirp corresponding to
compression) is blueshifted while that produced by the
electrons in the bunch tail (with a positive chirp corre-
sponding to decompression) is redshifted. This nonlinear
energy chirp leads to broadening of the HGHG spectrum,
as shown with red dashed line in Fig. 6(b). In contrast, the
EEHG bunching is much less sensitive to the beam
nonlinear energy chirp, because of the strong shredding

FIG. 4. Representative single-shot radiation spectrum for
EEHG (a) and HGHG (b).

FIG. 5. Ten consecutive radiation spectra for EEHG (a) and
HGHG (b) with an unchirped beam.
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of the phase space in the first chicane [41]. The simulated
FWHM bandwidth of EEHG signal is found to be about
0.14 nm [blue solid line in Fig. 6(b)] and that for HGHG
signal is about 1.00 nm. This is in agreement with the
experimental results, taking into account the resolution of
the VUV spectrometer.
To understand the double-peaked spectrum of HGHG in

Fig. 4(b), we simulated the bunching spectrum for various
energy modulations in U2 taking into account the effect of
finite laser pulse length. In the simulation, the HGHG
spectral brightness is maximized when the peak energy
modulation is ΔE2 ≈ 52 keV [Fig. 6(c)] and EEHG
spectral brightness is maximized when ΔE2 ≈ 65 keV
[Fig. 6(d)]. For HGHG with ΔE2 ≈ 65 keV, the beam
center is overbunched while the beam head and tail are
optimally bunched. Note, the time-dependent bunching
may be estimated with Eq. (1) by replacing A1;2 with
A1;2ðtÞ ¼ A1;2e−t

2=4σ2t to take into account the variation of
the energy modulation along the bunch, where σt is the
rms laser pulse width. The time-dependent bunching
together with the quadratic energy chirp leads to a dip
in the center of the spectrum and double side peaks at
longer and shorter wavelengths, in good agreement with
the experimental results in Fig. 4(b). This effect is
consistent with earlier observations and has been used
to produce two-color x-ray pulses in seeded FELs
[45–47]. Further increasing the energy modulation ampli-
tude will result in more peaks in the HGHG spectrum,
whereas lowering it by about 20% leads to the optimal
HGHG signal, as shown in Fig. 6(b) and observed in
Fig. 4(b) (red dashed line). For EEHG, the weak depend-
ence of bunching frequency on beam energy chirp enables
a relatively narrow spectrum over a large range of energy
modulation amplitudes.

C. Highly stable radiation from EEHG

The different sensitivity of EEHG and HGHG on beam
phase space imperfections is clearly illustrated with a
chirped electron beam. In this separate experiment, the
beam is accelerated at an off-crest phase (about 2.5 degrees
from on-crest phase) to imprint a positive chirp in beam
longitudinal phase space. In this case the EEHG and
HGHG radiation spectra for 50 consecutive shots are
shown in Fig. 7.
The rf phase jitter leads to fluctuations in beam energy

chirp that together with the timing jitter between the laser
and electron beam result in variation of the central wave-
length in HGHG radiation, as shown in Fig. 7(b). Also the
spectrum is broadened by the nonlinear beam energy chirp.
In contrast, the central wavelength of EEHG signals stays
essentially at the same value [Fig. 7(a)] and the spectrum
bandwidth is much narrower. This may have profound
implications for future seeded FELs where the wakefields
of the acceleration structure and microbunching instabil-
ities may lead to considerable high-order correlations in
beam longitudinal phase space that may cause noticeable
degradations to the radiation temporal coherence.

D. High frequency up-conversion efficiency
from EEHG

In addition to confirming EEHG’s relative immunity to
beam imperfections, we increased the beam slice energy
spread with the TCAV in a separate experiment to dem-
onstrate the high frequency up-conversion efficiency of
EEHG. With the voltage of the TCAV set at 450 kV
determined by measuring the maximal deflection angle of

FIG. 6. Electron beam longitudinal phase space at the entrance
to the EEHG beam line (a); simulated optimal EEHG and HGHG
radiation spectra (b); HGHG spectra for various energy modu-
lations (c); EEHG spectra for various energy modulations (d).
(c) and (d) use the same scaling as Fig. 4.

FIG. 7. Fifty consecutive radiation spectra for EEHG (a) and
HGHG (b) with a chirped beam. Note, the central wavelength
of HGHG signal is shifted by the linear chirp and the bandwidth
of the HGHG signal is increased by the nonlinear chirp, while
those for EEHG are essentially unaffected.
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In order to conduct the EEHG experiment in the NLCTA
tunnel, another x-band structure (X2) was added down-
stream of C-1 to further accelerate the beam to 120 MeV.
The main components of the EEHG beam line consist of
3 chicanes (C0,C1, andC2), 3 undulators (U1,U2, andU3),
several insertable optical transition radiation (OTR) screens
for electron and laser beam position and size measure-
ments, and quadrupoles for beam matching and focusing.

The minichicane (C0) is used to generate an orbit bump
to allow laser injection into the first undulator (U1). The
beam is modulated by the 795 nm laser (1 ps FWHM, Ti:
sapphire laser) inU1 (10 periodswith a period of 3.3 cm and
a K value of 1.82). After passing through C1, complicated
fine structures are introduced into the beam longitudinal
phase space. The beam is again modulated by the 1590 nm
laser (0.7 ps FWHM, produced by an optical parametric
amplifier system pumped with the 795 nm laser) in the
second undulator U2 (10 periods with a period of 5.5 cm
and a K value of 2.09). Finally, density modulations at
shorter wavelength are generated after passage through
C2. The density-modulated beam will produce coherent
radiation in U3 (10 periods with a period length of 2 cm),
which is presently tuned to 318 nm (radiation with wave-
length much longer than 318 nm can be generated off-axis
in U3). The radiation generated in U3 is reflected by a
downstream OTR screen to a spectrometer. The undulators
U1 and U2 were built by the STI Optronics company and
U3 was built by Lawrence Berkeley National Laboratory.

The beam-laser interaction is achieved when the elec-
tron and laser beam overlap both spatially and temporally
in the modulators. The spatial overlap is achieved by steer-
ing the laser to the same position as the beam on the OTR
screens upstream and downstream of the undulators. In the
experiment the laser size is about 2 times larger than that of
the electron beam [14] to provide uniform modulation in
the transverse direction. An OTR screen immediately
downstream of each undulator can be inserted to reflect
out the laser and undulator radiation for temporal synchro-
nization. The radiation is detected by a fast photodiode and
is analyzed with an oscilloscope. By referencing the sig-
nals to an external trigger, the laser and beam can be
synchronized to within about 30 ps. More precise timing
is done by using a scanning delay stage and measuring the
coherent radiation enhancement that is produced when the
beam is energy modulated by each modulator and further
bunched by the subsequent dispersive section [14].

After setting the delay stages such that the two lasers
interact with the electron beam simultaneously, the EEHG
experiment was set up to generate the 3rd and 4th

harmonics of the second laser. The beam was accelerated
about 10! off crest in X1 so that a positive energy chirp is
imparted in X1 and the beam is decompressed to about
2.5 ps rms after C-1. The momentum compaction of chi-

cane C1 was set to Rð1Þ
56 ¼ 4:9 mm and that of chicane C2

was set to Rð2Þ
56 ¼ 2:8 mm. The rf phase of X2 was adjusted

to cancel the energy chirp imparted in X1 so that the beam
had a minimal global energy spread at the entrance to C0.
This also minimized the energy chirp in the beam. The
radiation generated in U3 is reflected out by the OTR
screen and guided into a spectrometer which consists of a
300 lines=mm grating, an optical lens, and a CCD detector.
The wavelength calibration in the measurement is achieved
by using the incoherent undulator radiation, which has a
continuous spectrum, together with two bandpass filters
(one at 395 nm and the other at 531 nm; both have a
bandwidth of 11 nm). With this setup the radiation wave-
length from 350 to about 600 nm can be measured in a
single shot. While the resolving power of the grating is
about 1–2 nm, the relatively large source size limits the
resolution of our measurement system to about 4 nm.
Results are shown in Fig. 2 when the beam energy chirp

is minimized. The spectrum of the coherent radiation is
broadened in our experiment due to the relatively large
residual energy curvature from the varying rf phase along
the bunch. Henceforth, only the center wavelength of the
coherent radiation is quoted. In the experiment the
1590 nm laser was first turned on, and its 3rd and 4th
harmonics were observed (not shown in Fig. 2) at the
CCD when the laser power is high enough to generate an
energy modulation amplitude much larger than the beam
slice energy spread. The 1590 nm laser power was then
reduced until its 3rd and 4th harmonics disappeared. The
measured radiation spectrum is shown in Fig. 2(a). Then
the 795 nm laser was also turned on, and its power was set
to provide a peak energy modulation of about 20–30 keV in
U1. After finely adjusting the 795 nm laser timing, the

FIG. 2 (color online). Spectrum of the radiation at the exit of
U3 when beam energy chirp is minimized: (a) only the 1590 nm
laser is on; (b) only the 795 nm laser is on; (c) both lasers are on.

FIG. 1 (color online). Schematic of the EEHG experiment.
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Given the lower limit 4.1 keVand the upper limit 9.1 keV
mentioned above (for V ¼ 255 kV), in what follows, the
beam slice energy spread at 255 kV will be quoted as
!E;T ¼ 6:6 keV as the median of the estimated lower and
upper values. For beam slice energy spreads at other
TCAV1 voltages, we linearly scale !E;T with V.

Representative spectra for various beam slice energy
spreads obtained with various TCAV1 voltages are shown
in Fig. 4. The spectra were measured with a VUV spec-
trometer, which consists of a 300 line=mm grating and a
UV sensitive CCD detector. The spectrometer was cali-
brated with a Hg(Ar) lamp. A slit with 0.5 mm width is
used at the entrance to the spectrometer to reduce the
radiation source size. The corresponding resolution of the
spectrometer was about 4 nm.

Figures 4(a)–4(d) were HGHG spectra obtained with
only the 1590 nm laser on, and Fig. 4(e) is obtained with
both lasers on. The spectrum of the coherent radiation is
broadened in our experiment due to the relatively large
residual energy curvature from the varying rf phase along
the bunch. As can be seen from Fig. 4, the harmonic
radiation intensity decreases as the beam slice energy
spread is increased. Generally speaking, higher harmonics
are more sensitive to the energy spread increase, as illus-
trated in Eq. (2). When the beam slice energy spread is
increased to 6.6 keV, the fourth to seventh harmonics are all
suppressed, and only the incoherent radiation was observed
[Fig. 4(d)]. When the first seed laser at 795 nm is turned on,

the sixth and seventh harmonics from the EEHG process
are generated, as can be clearly seen in Fig. 4(e).
According to Eq. (2), increasing the beam slice energy

spread from 1 to 6.6 keV will reduce the HGHG bunching
factor at the seventh harmonic from about 20% to the shot
noise level (10"3). With the first laser at 795 nm turned on,
the EEHG theory predicts that the seventh harmonic
bunching of about 10% can be generated. Analysis that
takes into account the realistic experimental condition
implies that the integrated EEHG signal at the seventh
harmonic in Fig. 4(e) should be about a factor of 2 smaller
than the HGHG signal in Fig. 4(a). In the experiment, the
observed EEHG signal is, however, about a factor of 3
smaller than the HGHG signal. This is likely due to the
limited acceptance of the VUV spectrometer and the in-
creased transverse beam size in U3 because the beam was
spatially chirped with TCAV1 on.
The suppression of high harmonics in the frequency

domain can be understood as smearing of fine structures
in the time domain. Consider a beam with a vanishing
bunch length but a spread in energy !E, and after going
through a chicane with momentum compaction R56, the
spread in energy is converted to a spread in time. As a
result, the beam ends up with an rms duration R56!E=E.
With the first laser off, the increased energy spread from
TCAV1 together with the momentum compaction of C2
effectively washes out any structures that are finer than

"Rð2Þ
56!E;T=E % 600 nm. With the first laser on, the energy

modulation !E1 together with the large momentum com-
paction of C1 split the beam phase space into separated

energy bands with spreads a factor of k1R
ð1Þ
56!E1=E (about

10 in this experiment) smaller than !E;T , allowing the
seventh harmonic to be produced via the EEHG process.
Note that, in the regime when energy modulation is

comparable to slice energy spread, the harmonic number
that can be achieved in the EEHG technique is comparable

to k1R
ð1Þ
56!E1=E. To scale to soft x-ray wavelength (say,

5 nm), one needs to increase this factor to about 50 starting
with UV seed lasers. Assuming a 1.2 GeV beam (120 MeV
in our experiment) and 266 nm UV seed laser (795 nm in
our experiment) similar to the parameters in the FERMI
FEL [16] under construction in Italy, given the same mo-
mentum compaction (7.53 mm) as in our experiment, one
may accordingly increase !E1 to 330 keV (20 keV in our
experiment) to increase this factor to 50 to reach the soft
x-ray wavelength at the 50th harmonic. In contrast, with
such a small energy modulation, the harmonic number
achievable in HGHG is limited to 2–3 (assuming
150 keV slice energy spread).
In summary, we have presented the first evidence of high

harmonics from the EEHG technique which overcomes the
limit arising from the beam slice energy spread. Our result
is a clear signature that, by splitting the phase space with a
large momentum compaction chicane, high harmonics can
be generated with a relatively small energy modulation.

FIG. 4 (color online). Spectrum of the radiation for various
beam slice energy spreads: (a) below 1; (b) 2.2; (c) 4.4; (d),
(e) 6.6 keV. The beam slice energy spreads are varied by
changing TCAV1 voltages. (a)–(d) are the HGHG signals
when only the 1590 nm laser is on, and (e) is the EEHG signal
with both lasers on.
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least the same power level and, in favourable cases, a narrower band-
width than the HGHG scheme due to its weaker dependence on the
energy chirp in the electron beam. Moreover, although EEHG is a
more complicated FEL scheme, its central wavelength and intensity
stability are at the same level as for HGHG and much better than
SASE. The experimental results are consistent with theoretical predic-
tions and three-dimensional simulations. The physical mechanism
behind the EEHG FEL is experimentally justified. Efforts are under
way to upgrade the SDUV-FEL to conduct further EEHG FEL exper-
iments at higher harmonics in the near future.

Methods
The radiation properties were investigated with a spectrometer, a photodetector and a
CCD camera. The spectrometer and photodetector were placed outside the linac
tunnel, and the CCD camera was placed close to an in-vacuum reflecting mirror
downstream of the long radiator undulators. The gain curves were measured by the
CCD camera. When measuring the spectrum and pulse energy, the CCD was moved
aside by a remotely controlled translation stage. The reflectivity was calibrated using a
pulsed laser and a joule meter. Total transmission efficiency was measured to be 80%
from the undulator to the CCD camera, and !50% from the undulator to the
spectrometer and photodetector, because six more mirrors and two lenses were added
to transport the radiation outside the tunnel. The measurement uncertainty for the
transmission efficiency was !25%. The spectrometer was a commercial one (model
TRIAX-550, Jobin Yvon) with a focal length of 550 mm, and could provide a
resolution better than 0.1 nm in the ultraviolet regime. The pulse energy was measured
with SXUV100 photodetectors (International Radiation Detectors) and home-made
amplifiers. The efficiency was calibrated with a pulsed laser with an uncertainty of 30%.
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Figure 5 | Gain curves of the EEHG and HGHG FEL at SDUV-FEL. Intensity
is measured with a calibrated CCD at the end of the radiator (red open
squares, HGHG; blue open squares, EEHG). Error bars correspond to the
peak-to-peak intensity statistics of 100 measurements. Simulation results are
shown as a red line (HGHG) and a blue line (EEHG).
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Echo 101 @2.6 
nm, FERMI

Echo 45@ 5.9 nm, FERMI LASING
EMISSION COHERENT

'
Here,'we'demonstrate'the'first'high:gain'lasing'of'an'EEHG'FEL'in'the'soft:x:ray'region'at'7.3'
nm'(~169'eV)'and'5.9'nm'(~211'eV),'i.e.,'the'36th'and'45th'harmonics'of'the'seed'
wavelength'7/ = 264&nm.'We'measure'coherent'emission'at'wavelengths'as'short'as'2.6'
nm'(~474'eV),'demonstrating'that'significant'bunching'could'be'produced'up'to'harmonics'
as'high'as'101.'This'suggests'it'will'be'possible'to'extend'the'lasing'region'in'EEHG'seeded'
FELs'down'to'the'water'window'(~4'nm'or'~310'eV)'and'beyond'to'the'oxygen'K'edge'
(~2.3'nm'or'~540'eV).'
(
Results(
'
The'left'panel'of'Fig.2'shows'the'gain'curve'(power'build:up)'of'the'FERMI'FEL10,16'in'EEHG'
mode'at'7 = 7.3&nm'(~169'eV),'i.e.,'ℎ = 36,'measured'by'putting'into'tune'one:by:one'
each'of'the'six'radiator'sections.'The'e:beam'was'accelerated'(Methods)'to'a'nominal'
energy'of'AH = 1.31'GeV'in'a'linear'accelerator'(linac)'and'sent'to'the'EEHG'beamline'(Fig.1'
and'Methods).'The'dispersion'of'the'strong'chicane'was'fixed'at'2.38'mm,'while'that'of'the'
weaker'chicane'was'set'to'62'Im'to'optimize'bunching'at'ℎ = 36'in'the'. = −1'tune.'To'
maximise'gain,'the'six'FERMI'FEL'radiator'sections16'were'operated'in'circular'polarisation.'
'

(
(
Figure(2:(EEHG(gain(curve(at(7.3(nm((~169(eV)(and(typical(e,beam(longitudinal(phase(space(at(the(FERMI(FEL.(Left:'
Measured'(red'circles)'and'simulated'(blue'line)'FEL'pulse'energy'along'the'radiator.'The'pulse'energy'after'each'
radiator'section'was'determined'from'spectrometer'images'after'background'subtraction'and'calibrated'with'a'
photodiode.'These'values'were'then'multiplied'by'a'factor'of'2'to'match'the'simulations'(see'text'for'details).'The'
input'parameters'for'the'Genesis27'simulation'were'extracted'from'the'measured'phase'space,'Right,'giving'typical'
values'of'700'A'for'the'current'and'150'keV'for'the'uncorrelated'energy'spread'F, 'in'the'central'region'of'the'beam.'
The'e:beam'energy'profile'shows'a'residual'quadratic'energy'chirp'(~20&MeV/ps2)'induced'by'longitudinal'wake:
fields'during'acceleration'in'the'FERMI'linac28.'The'right'axis'refers'to'the'current'profile'(white'line)'and'the'left'to'
the'energy'profile.'The'charge'density'is'shown'in'false'colours.'
'
The'gain'curve'displays'exponential'growth'with'a'gain'length'OP = 1.9'm'and'some'
indications'of'saturation'in'the'last'radiator'segment.'Genesis27'simulations'(Methods)'using'
experimentally'determined'parameters'of'the'two'seed'lasers'and'e:beam'parameters'
extracted'from'the'measured'longitudinal'phase'space'in'the'right'panel'of'Fig.2'show'a'
matching'gain'length.'To'compare'the'gain'lengths'the'measured'pulse'energies'at'the'
detector'were'multiplied'by'a'factor'of'2'to'match'the'simulation.'Part'of'the'discrepancy'
between'the'measured'values'and'the'ones'predicted'from'simulations'may'be'associated'
to'a'degradation'of'the'transmission'efficiency'of'the'beamline'optics'and'detectors,'but'we'

EEHG gain curve at 
7.3 nm (169 eV)

P. R. Ribic et al., Nature Photonics 
https://doi.org/10.1038/

s41566-019-0427-1

1.1 GeV

dispersive strength of the chicane. One of the critical
parameters for the parameter setting of EEHG is the slice
energy spread, which is measured to be about 30–40 keV
(depending on different compression ratios) by the coherent
harmonic-generation-based method [33].
Two UV laser systems are adopted for the two seed lasers

(seed 1 and seed 2) of EEHG to achieve a higher seed
power. The pulse lengths of these two seed lasers are tuned
to 1 ps to fully cover the electron bunch, which will be
helpful to illustrate the sensitivity of the FEL output to
beam linear and nonlinear energy chirps. Laser-electron
beam interactions were achieved when the electron beam
and laser beam overlapped spatially and temporally in
modulators. The FEL properties can be detected by the FEL
diagnostics station located by the end of the radiator, which
consists of a fluorescence screen for detecting the FEL
transverse spot, a photodiode for measuring FEL pulse
energy, and a spectrometer that can cover the wavelength
range of 5–25 nm.

B. Benchmark the theory of EEHG in EUV region

As mentioned above, the key advantage of EEHG is, by
manipulating the longitudinal phase space of the electron
beam with a large chicane, very small-scale coherent
microbunchings can be generated from separated energy
bands with a relative small energy modulation. As a result,
the up-conversion efficiency will be enhanced only for the
target high harmonics, which is close to the ratio R1

56=R
2
56.

In contrast, the bunching factor of HGHG shows expo-
nential behavior, and bunching at many harmonics will all
be produced. The harmonic up-conversion efficiency can
be quantified by the bunching factor, which can be
calculated for HGHG and EEHG by [12,21]

ba ¼ jJað−aABÞe−ð1=2Þa2B2j; ð1Þ

bn;m ¼ jJnf−A1½nB1 þ ðKmþ nÞB2&Jm
× ½−ðKmþ nÞA2B2&ge−ð1=2Þ½nB1þðKmþnÞB2&2j; ð2Þ

where A is the energy modulation amplitude divided by the
energy spread σE, B ¼ R56kσE=E, k is the wave number of
the seed laser, K ¼ k2=k1, a is the harmonic number for
HGHG, and a ¼ mþ n for EEHG.
Comparing with HGHG, the optimized condition is more

complicated for EEHG, whose bunching factor is deter-
mined by the combination of four parameters for a given
harmonic number. One novelty of our experiment is
measuring and comparing the bunching factor distributions
of HGHG and EEHG over one octave in frequency in the
EUV region, via direct measurement of the coherent
radiation intensities for various harmonics. To allow
benchmarking the theory in such a large parameter space,
we removed the first undulator segment of R2 (U23.5) and
replaced it with an undulator with a longer period (U40)
from R1, which can cover the harmonic number range from
6th to 20th (13.3–44 nm) by tuning the magnetic gap from
15 to 30 mm with the electron beam energy of 670 MeV.
The intensity of the coherent radiation is proportional to the
square of the bunching factor and can be detected by the
photodiode at the end of R2.
Figure 2 shows the measurement results for both HGHG

and EEHG. In the experiments, seed 2 was first turned on to

TABLE I. Main parameters of the EEHG experiment.

Electron beam

Beam energy 500–670 MeV
Bunch charge 500 pC
Slice energy spread 30–40 keV
Project energy spread 1 MeV
Project emittance 2 mm mrad
Peak current >500 A
Bunch length (FWHM) 1 ps

Seed laser
Seed laser wavelength 266 nm
Seed laser pulse length (FWHM) 1 ps

Undulator system
Np × λu for M1 20 × 8 cm
Np × λu for M2 36 × 5.5 cm
Np × λu for R 120 × 2.35 cm
R56 of DS1 (R1

56) 0–10 mm
R56 of DS2 (R2

56) 0–2 mm
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FIG. 2. Comparison of coherent radiation intensities at
various harmonic numbers for single-stage HGHG and EEHG.
(a) HGHG: A1 ¼ 0, A2 ¼ 8.5, R1

56 ¼ 1.0 mm, and R2
56 ¼

90 μm; (b) EEHG: A1 ¼ 2.5, A2 ¼ 8.5, R1
56 ¼ 1.0 mm, and

R2
56 ¼ 90 μm; (c) EEHG: A1 ¼ 2.5, A2 ¼ 8.5, R1

56 ¼ 1.45mm,
and R2

56 ¼ 90 μm.
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C. COHERENT RADIATION IN THE EUV
AND X-RAY REGION FROM EEHG

The coherent signal of EEHG can be further amplified by
the following undulator segments of R2 with a period
length of 23.5 mm. To facilitate the comparison of HGHG
and EEHG spectra in the presence of beam imperfections,
we amplified HGHG and EEHG at the 11th harmonic
(24.2 nm) of the seed, where both HGHG and EEHG have
sufficient bunching factors. With the same energy modu-
lation amplitudes of A2 ¼ 8.5, the total laser-induced
energy spread for EEHG with two seed lasers is larger
than HGHG, which results in a higher saturation power of
HGHG. However, we can reduce the seed laser power and
correspondingly increase the two DS strengths of EEHG to
reduce the laser-induced energy spread and maintain the
bunching factor. In our experiment, the A2 of EEHG had
been reduced by over 2 times by tuning the attenuator, and
the R1

56 and R2
56 had been accordingly increased to about

1.55 and 0.16 mm, respectively. It is worth pointing out
here that no coherent signal at the 11th harmonic is
observed from HGHG for the reduced energy modulation
amplitude of A2 ¼ 4. The measured gain curves of HGHG
for A2 ¼ 8.5 and EEHG for A1 ¼ 2.5 and A2 ¼ 4 are
shown in Fig. 4(a). HGHG got saturation inside the 4th
undulator with a pulse energy of about 190 μJ. EEHG
generated a slightly higher saturation pulse energy of about
230 μJ. The gain length for HGHG and EEHG is 1.33 and
1.25 m, respectively, fitting reasonably well with the

Genesis [34] simulations with the same parameters. The
slightly shorter gain length and higher saturation power of
EEHG are mainly due to the reduced beam energy spread.
Figure 4(b) shows the spectra of HGHG and EEHG,

where one can see that EEHG has a higher spectral
brightness and narrower bandwidth. The relative bandwidth
(FWHM) for EEHG is about 6 × 10−4, while that for
HGHG is about 3 × 10−3. In addition, the central wave-
length of the EEHG scheme is at 24.16 nm, while that for
the HGHG scheme is at 24.09 nm. The difference in
bandwidth and central wavelength is mainly due to
correlations in beam phase space. Figure 4(c) shows the
electron beam longitudinal phase space measured with an
X-band deflector at the linac exit, where considerable linear
and nonlinear energy chirps superimposed with high-
frequency modulations from microbunching instability
can be seen. As predicted by the theory [29,30], the spectra
of HGHG and EEHG have different responses for the
energy curvature in the electron beam. A linear energy
chirp in the electron beam together with the strength of the
DS will shift the central frequency of HGHG by
kh ¼ a=k2ð1þ hR2

56Þ, where h ¼ dδ=dz is the energy
chirp and δ is the relative beam energy change along the
longitudinal direction z. This effect will broaden the
bandwidth if the chirp also varies in z. In contrast,
EEHG can be made nearly immune to the energy chirp
under the optimized strengths of the two dispersions. As
shown in Fig. 4(c), the beam core [from 0.5 to 1.2 ps in
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FIG. 4. Comparison of FEL gain curves (a) and spectra (b) for HGHG and EEHG at the 11th harmonic of the seed lasers (accumulated
by 50 consecutive shots). (c) Measurement results of the longitudinal phase space of the electron beam by the X-band deflecting cavity at
the end of the linac (bunch head to the left).
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Low charge short electron bunch
pulses, it is advantageous to operate BC2 in the over-
compression mode where the current is higher in the
central part of the bunch instead of the double-horn current
profile from an under-compressed bunch. This can be
achieved when operating L2-linac at !35" (hereafter the
phase represents the experimental phase, which is !1:3"

shifted from simulations). At this phase, ELEGANT tracking
shows that a peak current above 3 kA can be expected at
the undulator entrance. As shown in Fig. 7, the simulated
x-ray power at 1.5 Å saturates at about 60 m of undulator
length, well within the LCLS total undulator length
(132 m). The inset plot also shows a typical FEL power
profile near the end of the LCLS undulator approaching
500 GW with a fwhm x-ray pulse duration of about 2 fs.
The integrated photon flux is about 3 # 1011 for this 2-fs
x-ray pulse with 3% statistical fluctuation due to shot noise
startup. The x-ray pulse length can be varied by adjusting
L2-linac rf phase to change the compression ratio on the
electron bunch after passing BC2.

When the LCLS is operated at a beam energy of 4.3 GeV
(turning off L3-linac), soft x-ray photons of 800 eV
(1.5 nm in wavelength) will be produced. Because of this
longer radiation wavelength and hence stronger slippage
effect in the undulator, a single x-ray spike with full
longitudinal coherence may be expected. In the over-
compression mode, with the L2-linac phase setting at
!35:5", the GENESIS simulation in Fig. 8 shows the
1.5 nm FEL may reach saturation at z ¼ 25 m with nearly
a single longitudinal spike of 2 fs duration. The integrated
photon flux is about 2:4 # 1011 with 20% statistical fluc-
tuation at this saturation point.

In summary, we have shown the extraordinary bright-
ness of a low-charge bunch produced by the LCLS injector
and accelerator. FEL simulations indicate such a bunch
may generate hundreds of GWof hard x-ray power at 1.5 Å
and nearly a single longitudinal spike of 2 fs at 1.5-nm
wavelength. Such high-power, ultrashort x-ray pulses may
open up new applications in many areas of science. In
addition, the achieved beam brightness may enable a

more compact design of a future hard x-ray FEL facility,
where a much lower-energy linac than the LCLS and a
shorter-period undulator can be envisioned to drive a hard
x-ray FEL.
We thank the SLAC engineering, controls, operations,

and rf support groups for their help and dedicated support,
and we also thank R. Fiorito, C. Pellegrini, G. Stupakov,
and D. Xiang for helpful discussions. This work was
supported by Department of Energy Contract No. DE-
AC02-76SF00515.
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FIG. 7 (color online). GENESIS simulation at 1.5 Å for the
average FEL power (solid line) and the rms fluctuation (dashed
lines) along the undulator. The inset plot shows a snapshot of a
typical 2-fs FEL pulse at 100 m.
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FIG. 8 (color online). GENESIS simulation at 15 Å for the
average FEL power (solid line) and the rms fluctuation (dashed
lines) along the undulator. The inset plot shows a snapshot of a
typical 2-fs FEL pulse at 25 m (inset).
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Energy chirp+ undulator taper

The SASE spectra generated in the LCLS undulator were
measured by means of a bent crystal spectrometer.14 The
average photon energy was 5.5 keV. Figure 2 shows single-
shot and average spectra for different slot widths, as well as
histograms of the number of shots as a function of the number
of spectral SASE spikes. For the unspoiled electron beam, the
number of spikes peaks around 5. Selectively spoiling the
electron beam results in shorter pulses and lower number of
spikes. For a slot width of 220 lm, roughly 45% or the shots
exhibit single-spike spectra. The number of single-spike shots
is optimized for a slot width of Dx¼ 130 lm, with 65% of the
shots being single spike. The average pulse energy in the
single-spike configuration is Epulse "5 lJ with peaks up to
30 lJ and 30% of the shots being above 10 lJ. The intensity
fluctuation level is rE/Epulse¼ 76%.

Figure 3 shows 10 consecutive spectra in the optimized
single-spike configuration [corresponding to the parameters
in Figs. 2(c) and 2(f)]. The average full-width at half-
maximum (FWHM) bandwidth of the single-shot spectra is
DE¼ 4.5 eV. The pulse duration could not be directly mea-
sured with our experimental setup, but it can be estimated
with a simple argument based on the electron beam chirp.
The short current spike generated by the emittance spoiler

has a small energy-chirp due to the longitudinal space-charge
field (see, e.g., Ref. 15). The energy chirp can be compensated
by tapering the undulator16 and ensuring that the resonant fre-
quency matches the radiation frequency as it propagates
across the beam

dK

K0dz
¼ 2K2

1þ K2

dc
c0df

; (3)

where K0 and c0 are the average undulator parameter and
beam Lorentz factor, respectively, z is the position along the
undulator, and f is the position along the electron bunch.
Under these conditions, the chirp in the radiation pulse
matches the chirp in the electron bunch consistently with the
FEL resonant condition

dx
dfx0

¼ 2
dc

dfc0

: (4)

The performance was optimized for a taper value of
dK=K0dz ¼ 1:75$ 10%5 m%1. The LCLS gain-length for the
beam parameters considered here is roughly 4 m, which
means that the variation of the K parameter over a gain-length
is roughly 10%4, with a corresponding relative variation of the

FIG. 1. Conceptual illustration of the
scheme: the electron beam is acceler-
ated and compressed in the LCLS
linac. In the second chicane, a slotted
metal foil spoils all but a short tempo-
ral spike of the electron beam. The bot-
tom right plot shows the vertical and
horizontal beta function in the second
chicane.

FIG. 2. Top: fraction of shots as a
function of the number of spikes for
the unspoiled beam (a) and for a beam
spoiled by a slotted spoil with a slot
width of 220 lm (b) and 130 lm (c).
The bottom plots show average and
single-shot spectra for the same experi-
mental conditions.
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The SASE spectra generated in the LCLS undulator were
measured by means of a bent crystal spectrometer.14 The
average photon energy was 5.5 keV. Figure 2 shows single-
shot and average spectra for different slot widths, as well as
histograms of the number of shots as a function of the number
of spectral SASE spikes. For the unspoiled electron beam, the
number of spikes peaks around 5. Selectively spoiling the
electron beam results in shorter pulses and lower number of
spikes. For a slot width of 220 lm, roughly 45% or the shots
exhibit single-spike spectra. The number of single-spike shots
is optimized for a slot width of Dx¼ 130 lm, with 65% of the
shots being single spike. The average pulse energy in the
single-spike configuration is Epulse "5 lJ with peaks up to
30 lJ and 30% of the shots being above 10 lJ. The intensity
fluctuation level is rE/Epulse¼ 76%.

Figure 3 shows 10 consecutive spectra in the optimized
single-spike configuration [corresponding to the parameters
in Figs. 2(c) and 2(f)]. The average full-width at half-
maximum (FWHM) bandwidth of the single-shot spectra is
DE¼ 4.5 eV. The pulse duration could not be directly mea-
sured with our experimental setup, but it can be estimated
with a simple argument based on the electron beam chirp.
The short current spike generated by the emittance spoiler

has a small energy-chirp due to the longitudinal space-charge
field (see, e.g., Ref. 15). The energy chirp can be compensated
by tapering the undulator16 and ensuring that the resonant fre-
quency matches the radiation frequency as it propagates
across the beam

dK
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¼ 2K2

1þ K2

dc
c0df

; (3)

where K0 and c0 are the average undulator parameter and
beam Lorentz factor, respectively, z is the position along the
undulator, and f is the position along the electron bunch.
Under these conditions, the chirp in the radiation pulse
matches the chirp in the electron bunch consistently with the
FEL resonant condition

dx
dfx0

¼ 2
dc

dfc0

: (4)

The performance was optimized for a taper value of
dK=K0dz ¼ 1:75$ 10%5 m%1. The LCLS gain-length for the
beam parameters considered here is roughly 4 m, which
means that the variation of the K parameter over a gain-length
is roughly 10%4, with a corresponding relative variation of the

FIG. 1. Conceptual illustration of the
scheme: the electron beam is acceler-
ated and compressed in the LCLS
linac. In the second chicane, a slotted
metal foil spoils all but a short tempo-
ral spike of the electron beam. The bot-
tom right plot shows the vertical and
horizontal beta function in the second
chicane.

FIG. 2. Top: fraction of shots as a
function of the number of spikes for
the unspoiled beam (a) and for a beam
spoiled by a slotted spoil with a slot
width of 220 lm (b) and 130 lm (c).
The bottom plots show average and
single-shot spectra for the same experi-
mental conditions.
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Angular streaking

Single Spike Operation at 6keV

electron bunch has a time-energy chirp. During the passage
through the chicane, the high-energy tail travels a shorter
path to catch up with the low-energy head so that the bunch
is compressed in time. In regular FEL operation, the time-
energy chirp before the compressor is expected to be
linear in order to generate a uniform final current profile.
This is realized by the fourth-harmonic rf structure L1X
through decelerating the electron beam, which cancels the
S-band rf-curvature induced nonlinear correlation [40].
Accordingly, we call the harmonic structure a phase space
“linearizer” in regular FEL operation.
In the nonlinear compression scheme, as studied here, we

intentionally reduce the amplitude of the fourth-harmonic rf
structureL1Xso that the electronbunch has a nonlinear time-
energy chirp. During BC2 compression, we set the middle
part of the bunch to get fully compressed while the head and
tail are compressed differently. As a result, a “banana”-
shaped electron distribution in the longitudinal phase space
is formed after BC2, and the resultant current profile has a
high-current leading peak together with a low-current tail
[see Fig. 1(a)]. This distribution is similar to that achieved in
the early operation stage of FLASH before adding a
linearizer [41], but here we can control the curvature of
the nonlinear longitudinal phase space to get a stable, high-
current spike by optimizing the L1X parameters.
The longitudinal space charge (LSC) force downstream

BC2 becomes an important factor in the system, which
pushes the electrons near the horn head (tail) to higher
(lower) energy. The strength of the LSC fields depends on
the derivative of the electron beam current. As a result, the
strong LSC force in the horn region forms a time-energy
chirp with higher energy on the front, as seen in Figs. 1(b)
and 1(c). Fortunately, this time-energy chirp can be
leveraged by reversely tapering the undulator field strength,
i.e., increasing the field strength along the undulator
[19,42]. As the radiation slips forward with respect to

the bunch, it interacts with higher-energy electrons at
stronger undulator fields, and the FEL resonance condition
is preserved. Since the chirp in the core is distinguished
from other parts, the taper we choose according to the core
part not only maintains lasing on the current horn, but also
suppresses lasing elsewhere, which further shortens the
x-ray pulse duration [39]. As shown in Figs. 1(d) and 1(e),
simulations predict the production of single-spike x-ray
pulses with a full width at half maximum (FWHM)
duration around 200 as and a 10 eV FWHM bandwidth.
In the nonlinear compression experiment at the LCLS,

we chose the bunch charge to be 20 pC, which is the lowest
charge established for short pulse (< 10 fs) operation [43]
at the LCLS determined by the diagnostics sensitivity.
Starting from a regular operating mode with linear com-
pression (L1X voltage set at 19–20 MV, phase at −160°),
we only need some minor adjustments of the linac rf
parameters to realize nonlinear compression. The rf ampli-
tude of L1X was reduced first, together with L1S adjust-
ment for maintaining the energy and current after BC1 at
the same values as in the linear compression setup. Then we
scanned the L2 phase (the L2 amplitude is adjusted
accordingly to keep a constant energy gain in L2) to find
the minimum bunch length using the BC2 bunch length
monitor (BLM) [44]. According to the measured electron
profile and FEL spectra, the L1X amplitude and phase are
further optimized. A list of the main LCLS parameters for
nonlinear compression configuration is shown in Table I.
Longitudinal diagnosis of the electron beam is a critical

part for carrying out this experiment. We have three
longitudinal diagnostic systems available at the LCLS: a
relative BLM after BC2 [45], an X-band rf transverse
deflector (XTCAV) downstream of the undulator [46], and
a middle-infrared (MIR) prism spectrometer before the
undulator [47]. The BLM is based on coherent edge
radiation from the last bend magnet of the compressor
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FIG. 1. A sketch of nonlinear bunch compression at the LCLS. At the top is a layout of the LCLS, with main linac S-band sections
(L1S, L2, L3), one X-band linac section (L1X), two bunch compressor chicanes (BC1 and BC2), a dog-leg beam line (DL2), and an
undulator. The bottom plots show simulated longitudinal phase space and current profile after BC2 (a), L3 exit (b), and undulator
entrance (c), and FEL simulation results, including power profile (d), spectrum (e) and Wigner transformation of the FEL field (f). The
FEL photon energy in this simulation is 5.6 keV. Bunch head is to the left.
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Figure 3 shows the FEL spectrum evolution while
switching the LCLS from the regular linear compression
mode to the nonlinear compression mode at the photon
energy of 9 keV. The electron beam energy is 14 GeV. Each
histogram in Fig. 3 (left column) was computed based on
2000 consecutive shots. We see that in the regular linear
compression mode (without reverse tapering), most of the
shots have 5–7 spikes. By reducing the L1X voltage to
15MV (with adding a reverse taper of5.5× 10−5m−1 from
undulator U17 to U32), the number of spikes in each shot is
reduced, with more than half of the shots presenting 2–3
spikes. Lowering L1X to 12 MV, we achieved most of the
shots with single or double spikes as shown in the figure.
The average pulse energy of the single-spike shots is about
7!4μJ. If we further reduce L1X to 10MV, the histogram
of the spike number is similar to the case at 12 MV, but the
average pulse energy is reduced to 4!3μJ. This means
that further reducing the L1X amplitude would preserve a
current spike but with lower current value, which degrades
the FEL performance. For this 9-keV photon beam, we
concluded that L1X at 12 MV is an optimal condition. We
kept a constant reverse tapering for all the reduced L1X
amplitudes of 10–15 MV. The FEL performance was not
sensitive to the tapering variation within a range of !10%,
probably because a rather long undulator was used in the

experiments. The right column of Fig. 3 shows one typical
spectrum recorded at each setting. As we can see, the
number of spikes is reduced and the spike width is
increased while lowering the L1X voltage. Based on the
statistical theory, the pulses should have a similar number
of spikes in time domain.
More measurements were performed at the x-ray photon

energy of 5.6 keV, with electron beam energy at 11.5 GeV.
After optimization, we chose the L1X at 13 MV which
produces the highest ratio of single-spike pulses. A reverse
tapering of5.0 × 10−5m−1 was applied from undulator U7
to U32. In Fig. 4, we plot the histogram of the number of
spikes calculated on a data set with 8400 consecutively
recorded spectra. About 50% of the shots have a single
spike. After sorting the shots according to the number of
spikes, the average energy for the single-spike shots was
about 10 μJ with 70% fluctuation. We also show ten
continuous single-spike spectral examples choosing from
the sorted single-spike group. The FWHM bandwidth of
these measured single-spike spectra, obtained through
Gaussian fitting, was 11.3!4.2eV. Such a bandwidth
yields a duration of 162! 60 as FWHM assuming that the
pulses have Fourier-transform-limited Gaussian distribu-
tion. However, as the FEL was generated by time-energy
chirped electrons herein, the radiation presents a frequency
chirp leading to an underestimate of the pulse length.
To estimate the FEL pulse duration, we used a simple

model assuming a linearly chirped Gaussian pulse [54].
With this model, the FWHM pulse duration, τp, can be
calculated using

τp ¼ 2
ffiffiffi
2

p
ln2=πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δf2p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δf4p − ð4ln2αf0=πÞ2

qr ; ð1Þ

where Δfp is the spectral FWHM in Hz, f0 is the central
frequency in Hz, α is the frequency chirp parameter defined
as the relative change of instantaneous frequency over time
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FIG. 4. (left) Histogram of the number of spectral spikes based
on 8400 shots. (right) Ten recorded shots of the sorted single-
spike x-ray spectra (at 5.6 keV). Electron beam energy was
11.5 GeV, bunch charge was 20 pC. L1X amplitude was 13 MV.
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FIG. 3. Histogram of the number of spikes (left) and mea-
sured spectral example (right) at 9 keV versus the L1X voltage:
(top) 19 MV; (middle) 15 MV and (bottom) 12 MV. Each
setting used 2000 shots. Electron beam energy was 14 GeV,
bunch charge was 20 pC.
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7 eV Bandwidth (FWHM) 
DT ~ 250 as (estimated)  
Pulse Energy ~ 10 uJ

S. Huang et al. Phys. Rev. Lett. 119, 154801 (2017)Figure 3 shows the FEL spectrum evolution while
switching the LCLS from the regular linear compression
mode to the nonlinear compression mode at the photon
energy of 9 keV. The electron beam energy is 14 GeV. Each
histogram in Fig. 3 (left column) was computed based on
2000 consecutive shots. We see that in the regular linear
compression mode (without reverse tapering), most of the
shots have 5–7 spikes. By reducing the L1X voltage to
15MV (with adding a reverse taper of5.5× 10−5m−1 from
undulator U17 to U32), the number of spikes in each shot is
reduced, with more than half of the shots presenting 2–3
spikes. Lowering L1X to 12 MV, we achieved most of the
shots with single or double spikes as shown in the figure.
The average pulse energy of the single-spike shots is about
7!4μJ. If we further reduce L1X to 10MV, the histogram
of the spike number is similar to the case at 12 MV, but the
average pulse energy is reduced to 4!3μJ. This means
that further reducing the L1X amplitude would preserve a
current spike but with lower current value, which degrades
the FEL performance. For this 9-keV photon beam, we
concluded that L1X at 12 MV is an optimal condition. We
kept a constant reverse tapering for all the reduced L1X
amplitudes of 10–15 MV. The FEL performance was not
sensitive to the tapering variation within a range of !10%,
probably because a rather long undulator was used in the

experiments. The right column of Fig. 3 shows one typical
spectrum recorded at each setting. As we can see, the
number of spikes is reduced and the spike width is
increased while lowering the L1X voltage. Based on the
statistical theory, the pulses should have a similar number
of spikes in time domain.
More measurements were performed at the x-ray photon

energy of 5.6 keV, with electron beam energy at 11.5 GeV.
After optimization, we chose the L1X at 13 MV which
produces the highest ratio of single-spike pulses. A reverse
tapering of5.0 × 10−5m−1 was applied from undulator U7
to U32. In Fig. 4, we plot the histogram of the number of
spikes calculated on a data set with 8400 consecutively
recorded spectra. About 50% of the shots have a single
spike. After sorting the shots according to the number of
spikes, the average energy for the single-spike shots was
about 10 μJ with 70% fluctuation. We also show ten
continuous single-spike spectral examples choosing from
the sorted single-spike group. The FWHM bandwidth of
these measured single-spike spectra, obtained through
Gaussian fitting, was 11.3!4.2eV. Such a bandwidth
yields a duration of 162! 60 as FWHM assuming that the
pulses have Fourier-transform-limited Gaussian distribu-
tion. However, as the FEL was generated by time-energy
chirped electrons herein, the radiation presents a frequency
chirp leading to an underestimate of the pulse length.
To estimate the FEL pulse duration, we used a simple

model assuming a linearly chirped Gaussian pulse [54].
With this model, the FWHM pulse duration, τp, can be
calculated using

τp ¼ 2
ffiffiffi
2

p
ln2=πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δf2p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δf4p − ð4ln2αf0=πÞ2

qr ; ð1Þ

where Δfp is the spectral FWHM in Hz, f0 is the central
frequency in Hz, α is the frequency chirp parameter defined
as the relative change of instantaneous frequency over time
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FIG. 4. (left) Histogram of the number of spectral spikes based
on 8400 shots. (right) Ten recorded shots of the sorted single-
spike x-ray spectra (at 5.6 keV). Electron beam energy was
11.5 GeV, bunch charge was 20 pC. L1X amplitude was 13 MV.
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FIG. 3. Histogram of the number of spikes (left) and mea-
sured spectral example (right) at 9 keV versus the L1X voltage:
(top) 19 MV; (middle) 15 MV and (bottom) 12 MV. Each
setting used 2000 shots. Electron beam energy was 14 GeV,
bunch charge was 20 pC.
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and is routinely used to measure the temporal profile of isolated 
attosecond pulses from HHG sources50. In contrast to measure-
ments done with HHG sources, in this work we are able to diagnose 
the single-shot pulse profile, rather than an average pulse shape. 
Moreover, the shot-to-shot fluctuations (or jitter) in the relative 
arrival time between the X-ray and optical field present at an XFEL 
facility51 makes single-shot measurements necessary. This measure-
ment scheme was originally demonstrated with X-rays at the LCLS 
by Hartmann et al., who recovered the ‘time–energy structure’ of 
self-amplified spontaneous emission (SASE) pulses produced by the 
LCLS42. We have adapted this technique to measure the sub-femto-
second structure of the X-ray pulses produced by XLEAP.

Results
Figure 2a shows a single-shot measurement of the ‘streaked’ photo-
electron momentum distribution, which we use to reconstruct the 
full temporal profile of the X-ray pulse49. The raw data are filtered 

and downsampled (Fig. 2b) before being fed into the reconstruction 
algorithm, which returns a pulse profile and corresponding photo-
electron distribution (Fig. 2c). The robustness of this algorithm has 
been tested at length in ref. 49, and is detailed in the Supplementary 
Information. Figure 2 also shows representative temporal profiles 
retrieved from the reconstruction at photon energies of 905 eV  
(Fig. 2d) and 570 eV (Fig. 2e). Figures 2f and g show the distri-
bution of pulse widths (full-width at half-maximum (FWHM) of 
the intensity profile) retrieved from two large datasets at these pho-
ton energies. The data show that the XLEAP set-up generates sub-
femtosecond X-ray pulses, and we find a median duration of 280 as 
FWHM (480 as) at 905 eV (570 eV). The pulse duration fluctuates 
on a shot-to-shot basis and half of the single-shot measurements fall 
within a 110 as (170 as) window at 905 eV (570 eV). This amount 
of fluctuation is consistent with numerical simulations of ESASE 
XFEL operation (see for example ref. 52). The estimated uncertainty 
on the single-shot pulse duration is between 10% and 30% of the 

a b c

–1,000 0 1,000

t (as)

220 as

250 as

290 as

340 as

360 as

340 as

390 as

400 as

450 as

520 as

d

e

N
or

m
al

iz
ed

 p
ow

er
N

or
m

al
iz

ed
 p

ow
er

–1.5
–2

0

2

–2

0

2

–2 0
0

500

1,000

0

500

1,000

2 –2 0 2

500

400

300

200

100

0

1.5

3.0
–3.0 –1.5

px  (a.u.) px  (a.u.) px  (a.u.)

p y
 (

a.
u.

)

p y
 (

a.
u.

)

p y
 (

a.
u.

)

0 1.5

P
ul

se
 e

ne
rg

y 
(μ

J)
P

ul
se

 e
ne

rg
y 

(μ
J)

N
um

be
r 

of
 c

ou
nt

s
N

um
be

r 
of

 c
ou

nt
s

f

g

h

i

250 50

25

0

200

150

100

50

0

200

150

100

50

0

10

8

6

4

2

0
200 500

∆τFWHM (as)

∆τr.m.s. × 2√2ln2

1,000400 600

t (as)

800 1,000

∆τFWHM

Fig. 2 | Results of the angular streaking measurement. a–c, Measured and reconstructed streaked photoelectron distribution from a single X-ray pulse. 
Our reconstruction algorithm reads the photoelectron momentum distribution (a), downsamples the data (b) and fits them to simulated streaked spectra 
calculated from a complete basis set (c). In this single-shot example the infrared laser vector potential was directed roughly in the negative py direction at 
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the solutions found from running the reconstruction algorithm initiated by different random seeds, and the red lines are the most probable solution (see 
Supplementary Information for details). The labelled number is the averaged ΔτFWHM over the different solutions. f,g, Distribution of retrieved X-ray pulse 
durations for 905 eV (f) and 570 eV (g). The red and blue vertical lines correspond to the median of ΔτFWHM and Δτr:m:s: ´ 2
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2ln2

p

I
, respectively (r.m.s., root 

mean square). For the 905 eV data, these values are 280 as and 360 as. For the 570 eV data, they are 480 as and 510 as. h,i, Scatter plot of pulse energy 
as a function of pulse duration for the reconstructed shots and a histogram of the pulse energy for the entire dataset for 905 eV (h) and 570 eV (i). Note 
that for the 570 eV data the reconstruction fails to converge under 130 μJ (region below the dashed line) due to a different gas density setting and low 
count rates, but since there is no correlation between pulse duration and pulse energy we believe the data points are representative of the entire dataset.
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APOLLON AMPLIFICATION SECTION 

RESUME 
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design of Apollon amplification section, considering the spectrum.  
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FIG. 2. Experimental laser horizontal (solid curve),
vertical (dashed curve) transverse profiles, and the
calculated (dotted curve) cavity TEMpo profile.

pends on how far the laser is from threshold.
Quasiperiodic peaks have sometimes been seen
near a 40-Hz frequency. And the laser variation
also reproduces the pulsed 27.2-MHz structux e
of the electron beam.
Figure 4 presents two spectra: (a) is recorded

without amplif ication (optical cavity completely
detuned) and (b) is recorded at laser operation
(cavity tuned). For case (b), the laser oscillates
at three wavelengths, with the strongly dominant
one being at A. =6476 A; each wavelength is locat-
ed at a maximum of the gain versus wavelength
curve. ' Smaller gain/loss ratios would restrict
the number of laser wavelengths to two or one.
Typical laser lines are Gaussian if averaged over
a long time scale of ~ 1 sec, with 2 to 4 A full width
at half maximum. Figure 4 also shows an enlarge-
ment of the main laser-line spectrum recorded
by using a one-dimensional charge-coupled-de-
vice (CCD) detector instead of the usual mono-
chromator exit slit. The aperture time is 3 ms.
Each narrow square peak in this curve is record-
ed on only one CCD element and corresponds to
a 0.3 A spectral width which is of the same order
as the monochromator resolution. We conclude
that there is a residual inhomogeneous contribu-
tion to the laser linewidth probably connected
with the long-time-scale laser-pulse structure
(see Fig. 4). The central wavelength of any line
is always equal to the wavelength of maximum
emission of spontaneous emission with the cavity
completely detuned (no amplification) plus 0.15

FIG. 3. Laser time structure over a 200-ms interval.
Curve b is recorded in the same condition as g, but
with a higher detector sensitivity.
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FIG. 4. Spectra of the cavity output radiation under

two conditions: cuive g, cavity detuned (no amp1ifica-
tion) and curve b, cavity tuned (laser on).

of the wavelength interfringe distance (see Fig. 4)
instead of 0.25 as predicted from Madey's theo-
rem. ' This discrepancy is probably due to the
transverse multimode content of the spontaneous
emission stored in the cavity; laser operation is
only achieved on the TEM«mode. Laser tunabil-
ity was obtained between 640 and 655 nm by
changing the magnetic gap [equivalent to a change
of K in Eq. (1)]. The range of tunability is in fact
limited for the moment by the mirror ref lectivity.
A typical 75-&% average output power has been

recorded at 50-mA current of 166-MeV electrons.
This corresponds to a typical 60-mW output peak

1654

ACO (optical 
kystron)

R.Prazeres, et al., Eur. Phys. J. D3, 87 (1998)90 The European Physical Journal D

Fig. 3. Time evolution of the wavelength spectrum, during the
electron beam macropulse duration of 10µs. Measurement of
Dec. 1993, with the ZnSe extraction plate and first undulator.
The electron beam energy is 40 MeV, and the gaps respectively
g1 = 13 mm and g2 = 12 mm.

the gain distribution for one undulator, this particular set
of gaps occurs when �2 = �1+�1/N , corresponding in our
case to a di↵erence �2��1 of 5% for N = 19 periods. The
experimental spectrum in Figure 2 for the gap g2 = 24 mm
shows a separation �2 � �1 = 5.6 � 5.2 = 0.4 µm, corre-
sponding to 7% which is close to the theory.

3.2 Time overlap at macropulse scale

The time overlap, i.e. longitudinal overlap, of both colours
is an important condition to allow pump-probe application
experiments. The Figure 3 displays an example of the time
evolution of the spectrum, during the macropulse duration
of 10µs. This measurement has been carried out with the
original configuration of the FEL: i.e. with the original
undulator of N = 24 periods (per undulator section) of
�u = 4 cm and with the Brewster plate output coupling.
The electron beam energy is 40 MeV. The undulators are
set respectively at the gap g1 = 13 mm and g2 = 12 mm,
corresponding to K1 = 1.81 and K2 = 1.92, giving a step
in the undulator gap of 1 mm and a step inK of�K = 0.1.
The measured wavelength di↵erence, �� = 0.8 µm, is
slightly larger than the value �� = 0.7 µm predicted by
using equation (1). This is due to amplification of �1 in the
first undulator reducing the mean energy of the electrons
entering the second undulator section, therefore increasing
�2 slightly. The exact wavelength di↵erence is di�cult to
predict because both �1 and �2 depend on their respective
powers in the cavity. The wavelength �2 depends on the
mean energy of the electrons entering the second undula-
tor section and therefore on the power developing at �1.
We have indeed observed a shift in �2 when there is laser
action at �1. In Figure 3 the dashed line represents the
centroid of �2 when there is no laser action at �1, a con-
dition obtained by changing the cavity length slightly to
optimize the synchronism for �2. This procedure uses the

dispersive e↵ect of the intracavity Brewster plate, as it is
discussed above in Section 2. The 2% di↵erence between
the centroids with and without laser action occurring at
�1, as indicated in Figure 3, is consistent with a shift in
the resonance wavelength in the downstream undulator
due to a reduction in the mean energy of ��/� ⇠= 1/4N ,
i.e., ��2/�2 = 2��/� = 1/2N where N = 24 is the
number of periods of a single undulator section. We have
also observed similar shifts of the wavelength �2 part way
through the optical macropulse as a result of laser action
building up at �1. The laser action at �1 in first undulator
is also responsible for an increase of the electron energy
spread, which broadens the laser linewidth at �2, as shown
in Figure 3. The energy spread is equal to the height of the
potential well, which itself is proportional to the square
root of the laser electric field strength. This is of the order
of ��/� ⇠= 1/N at the onset of saturation (where N is the
number of periods for each undulator). The small signal
gain for �2 is reduced by a factor 1/

⇥
1 + 4N2(2��/�)2

⇤

leading to a reduction by two in the gain when the opti-
cal field at �1 begins to saturate. The optical field at �2
can be completely quenched when the gain falls below the
losses.

Figures 4a and 4b display two examples of the time
evolution of the spectrum, with the new configuration of
the CLIO FEL. These measurements have been done with
the second undulator of N = 19 periods (per undulator)
of �u = 5.04 cm and with the “Hole Coupling” extraction
system. The electron beam energy is respectively 32 MeV
for Figure 4a and 50 MeV for Figure 4b. The total en-
ergy of the optical macropulse at both colours is about 50
to 100 mW, which is one tenth of the power obtained in
single colour lasing with g1 = g2. As shown in Figures 4a
and 4b, the lower gain obtained for two colour operation
allows laser saturation only during the last 3 or 5µs of
the 10µs long electron macropulse. Let us point out that
the saturation time exhibited in Figure 3, measured with
the Brewster plate output coupling, is about 7 µs, which is
twice the saturation time observed in Figures 4a and 4b,
which were measured more recently, with the hole coupling
extraction. The measurement of Figure 3 has been done
two years prior to the measurements of Figures 4a and
4b. During this period, the undulator has been changed
and the performances of the linear accelerator have cer-
tainly changed. We suppose that the last undulator is not
as well compensated as the original one, and the electron
beam trajectory through the undulator is not as straight
as before. In any case, for Figures 3 and 4, both colours
are simultaneous along the whole saturation time. This
overlap does not occur automatically: we have sometimes
observed a growth of �1 during the first microseconds of
the macropulse, and followed by a growth of �2 with a si-
multaneous decrease of �1. This occurred more frequently
with the original configuration, used for the measurement
of Figure 3. The gain was larger than today, and it was
su�cient to allow the growth of one colour during the first
microseconds of the macropulse. Presently, the lower gain
does not allow the observation of this e↵ect as frequently
as before.

CLIO
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Fig. 1. Layout of the CLIO Free-Electron Laser in two-colour
mode.

no absorption occurs in the cavity. However, the balance
between the two colour intensities can not be achieved as
before by tuning of the cavity with a dispersive e↵ect. Nev-
ertheless, we have shown that the hole coupling still allows
two-colour operation, and the balance between colours is
achieved by modification of the electron beam focusing, in
the first or in the second undulator section. In this case,
the wavelength di↵erence �1��2 is not limited by disper-
sion, and we have measured a wavelength separation up
to �1 � �2 = 5 µm, corresponding to ��/h�i = 50%.
In the idea of extending the spectral range of CLIO

toward longer wavelengths, the initial undulator has been
replaced, in January 1995, by another one with a larger
magnetic period [5]. These characteristics are displayed in
Table 1. The FEL is now operating in a wavelength range
from � = 5 µm to 50 µm. Both the initial and present
undulators have been constructed of two independantly
adjustable sections, in order to allow two colour operation.
In the two-colour mode, the total power of the optical
macropulse at both wavelengths is about 5 MW for 1 ps
laser micropulses, i.e. one tenth of the power obtained in
single colour lasing. This lower e�ciency is partialy due
to the fact that, in order to compensate the lower gain
obtained in two colour mode, the cavity desynchronism
must be set for maximum small signal gain rather than
high power and high e�ciency.

3 Experimental analysis of the two-colour
operation

3.1 Spectral analysis

For the purpose of our discussion, we will define the first
undulator as the upstream one, with the associated gap
g1 and deflection parameter K1 and the centroid of the
laser wavelength �1; and we will define the second undu-
lator as the downstream one, with the associated gap g2
and deflection parameter K2 and the centroid of the laser
wavelength �2. Two colour operation has been observed
at various electron energies, 50, 40 and 32 MeV. To con-
firm that two colour FEL operation is indeed occurring we
have measured the optical spectrum over a spectral range
covering the two resonance wavelengths of the two undu-
lators set at gaps g1 and g2. Suitable long pass optical
filters have been used to eliminate any higher order har-
monic. A large number of di↵erent steps of undulator gaps
�g = g1 � g2 have been tested for two colour operation.
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Fig. 2. Collection of spectra with a 50 MeV electron beam
energy. Each spectrum has been done with a di↵erent gap for
the 2nd undulator. The 1st undulator gap remains at g1 =
25 mm.

Figure 2 shows a collection of spectra, keeping the first
undulator gap at g1 = 25 mm and varying the second gap
g2 between 17 mm and 31 mm. The colour corresponding
to the first undulator remains present at � = 5.2 µm, while
the other one varies between � = 5 and 10 µm according to
the gap g2. This series of spectra have been measured while
only varying the undulator gap g2, and while maintain-
ing the same electron beam parameters and cavity length.
This demonstrates that the tuning of the two colours is
fast and convenient. One particular spectrum, correspond-
ing to the gap g2 = 24 mm, needs to be commented: this
spectrum exhibits only the second colour at �2 = 5.6 µm.
The first colour at �1 = 5.2 µm is not present. This fea-
ture is always present in two-colour operation when the
second undulator gap g2 is slightly smaller than the first
one: for example g1 = 25 mm and g2 = 24 mm as in Fig-
ure 2. The lack of spectral intensity at gaps 20 and 21 is
only due to a transient unstability of the linac during the
measurement, whereas the e↵ect described here always ap-
pears in the same conditions. The lack of the first colour
is due to a destructive interference between the spectral
gain distributions of both colours. Indeed, the typical gain
of an FEL shows an absorption of the radiation at wave-
lengths slightly shorter than resonance �R, and amplifica-
tion of the radiation at wavelengths slightly larger than
resonance. The particular configuration of gaps [25 mm,
24 mm] corresponds to an overlap of gain distributions at
the wavelength �1 = 5.2 µm, which gives amplification in
first undulator followed by absorption in the second one.
As a result, the radiation at first colour, which is produced
in the first undulator, is reabsorbed in the second one.
Taking into account the theoretical width �� = �/N of
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second colour increases. In the TCDP operation, the electron
beam energy spread resulting from the first-colour lasing affects
the gain of the second colour22.

This relation is more clearly shown in Figure 3, in which the
shot-to-shot intensity correlation between the first and second
colour pulses is plotted. K1 and K2 were set at 2.14 (9.75 keV) and
1.95 (11 keV), and the pulse energies were estimated from the
integrated spectral area measured by the in-line spectrometer
using a Gaussian fit (see methods). To vary the electron beam
energy spread generated by the first-colour lasing, the number of
the undulators of the first section was changed between eight
(ID01-08) and four (ID05-08) by opening the undulator gaps.
When all eight undulators were closed (brown diamonds in
Fig. 3), the first-colour lasing was close to saturation. Under this
condition, the pulse energy of the first colour (9.75 keV) was
140mJ with a 23% fluctuation (s.d.), whereas that of the second
colour (11 keV) was a few mJ. The second-colour emission
increases as decreasing the first-colour intensity by reducing the

number of the undulators in the first section. The pulse energies
of two colours can be balanced or relatively adjusted by changing
the number of undulators.

Angular separation of two-colour pulses. Since the amplification
process of the second-colour pulse independently starts up from
noise after the chicane, the electron density modulation at the
first-colour wavelength or its smearing does not affect the lasing
of the second-colour pulse. Thus, the second-colour pulse can be
emitted on a completely different axis without losing the laser
intensity. In Figure 4, K1 and K2 were set at 1.8 (12.2 keV) and
2.15 (9.7 keV), and the electron beam was deflected at the chicane
by 10 mrad horizontally (Fig. 4a) and vertically (Fig. 4b). Two
radiation profiles, each corresponding to the different photon
energy, were observed on a diamond screen located 130m
downstream of the chicane. The pulse energies of 50mJ and 31 mJ
were obtained for 12.2 keV and 9.7 keV, respectively. To maintain
a straight orbit of the electron beam, the undulator heights
and the quadrupole magnet positions were accordingly aligned
with respect to the deflected electron orbit downstream of the
chicane. Note that the increase of the effective emittance due to a
dispersion function23 is negligibly small.

Discussion
The TCDP operation of XFEL realizes a jitter-free stable X-ray
light source equipped with wide wavelength tunability of both
colours and variable delay at attosecond resolution. In SACLA,
the two colours are completely out of the SASE gain bandwidth to
each other and the maximum wavelength separation of more
than 30% has been achieved. The two-colour pulses can be
separated not only spectrally but also spatially. The spatial
separation enables the irradiation of the two-colour pulses from
different angles to a sample. For example, simultaneous two-
colour diffraction imaging from different angles becomes possible
without losing photon intensity caused by a spectrometer.
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Figure 2 | Measured spectra of the two-colour XFEL. (a) Spectrum
measured by scanning a monochromator with K1¼ 1.7 and K2¼ 2.15.
(b) Consecutive single-shot spectra measured by an in-line spectrometer.
The line at 11.4 keV is emitted from the first undulator section and the
number of undulators is reduced from eight to seven at around 13min on
the ordinate. K2 is varied stepwisely from 2.15 to 2.0 in the lower part and
from 2.0 to 2.15 in the upper part of the figure. The accelerator was
operated at 10Hz and the sampling frequency of the in-line spectrometer
was 1Hz.
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LCLS

SACLA

the longitudinal phase-space measurement (see the Methods
section and ref. 13). The two bunches emit two X-ray pulses
with a peak power of 76GW for the head pulse and 62GW for the
tail, and a full-width at half-maximum (FWHM) pulse duration of
approximately 8 and 10 fs, respectively. The two pulses are not
Fourier transform limited as the FEL process is initiated by noise in
the electron distribution, a mode of operation commonly referred
to as self-amplified spontaneous emission or SASE28. The fine
spiky temporal structure of the two SASE pulses is not resolved by
this diagnostic, which at this energy has a time resolution of 4 fs
root mean square (RMS). For this data set, the pulse energy
averaged over 100 shots is 1.207mJ with a shot-to-shot fluctuation
level of 12%. These data illustrate the main advantage of this two-
colour scheme, which is that of generating peak power levels and
pulse energies comparable to the standard SASE operation of
LCLS, improving the performance by over an order of magnitude
compared with other two-colour methods at LCLS and other user
facilities16,20,21 (we note that although the results published on
single-bunch two-colour techniques at LCLS report measurements
performed at soft X-ray energies, unpublished measurements at
hard X-rays yield a pulse energy on the order of 100mJ for double
the pulse duration reported here).

Spectral properties. To illustrate the double-colour structure of
the X-rays, Fig. 3 shows X-ray spectra taken under the same beam
conditions as Fig. 2. Figure 3a shows the spectral intensity as a
function of electron-beam energy and photon energy. The data
are binned in beam energy using a single-shot measurement of
the average electron energy in order to deconvolve the effect of
shot-to-shot energy fluctuations. The peak-to-peak energy
separation of the two colours is 90 eV centred around 8.3 keV.
The photon energy of the two pulses is correlated to the beam
energy and the colour separation is independent of the average
beam energy variations (note that this implies that the fluctua-
tions of the energies of the two bunches are correlated). The
bandwidth of the two pulses differs slightly. This is because of
different features in the longitudinal phase-space of the two
bunches. Although this effect could, in principle, be controlled by
varying the strength of the LCLS linearizing RF cavity, the typical
tuning procedure is focused on balancing the peak power
and time duration of the two X-ray pulses. Figure 3b shows a
single-shot spectrum and an average spectrum for a fixed beam
energy.

The energy separation of the two colours can be tuned
independently of the other main beam parameters (such as peak
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Figure 2 | Time-resolved measurements. (a) Measured longitudinal phase-space of the two unspoiled electron bunches at the end of the beam-line
(the FEL process being suppressed). (b ) Associated current profile of the two bunches. (c) Measured longitudinal phase-space of the two bunches
after lasing. (d) Temporal profile of the two X-ray pulses reconstructed from the two phase-space measurements. The error bars are derived from the
averaging of 100 unspoiled phase-space measurements, as discussed in ref. 13. The horizontal axis represents the arrival time with respect to a fixed
observer (the beam head is on the left).
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Twin bunches

LCLS

The X-ray free-electron laser (XFEL) is the brightest source
of X-rays for scientific applications1–4. The unique
properties of XFELs have attracted the interest of a wide

community of scientists (for example, see refs 5–7). Despite the
enormous success of XFELs, the effort to improve and extend
their capabilities is growing steadily, fueled by user demands for
new modes of operation4,8–12 and more precise photon and
electron diagnostics13–15.

Two-colour pulses are an example of custom-made X-rays
from a free-electron laser (FEL), where two pulses of different
photon energy and with a variable time delay are generated.
Two-colour X-rays have received considerable attention at many
FEL facilities worldwide16–21. This mode of operation allows
users to probe the dynamics of ultra-fast processes triggered by a
high-intensity X-ray pump, with a time resolution on the order of
a few femtoseconds. For example, in the field of time-resolved
resonant X-ray spectroscopy, two colour pulses allow the selective
excitation of molecular and atomic processes, such as chemical
bond breakage and rearrangement. High-intensity two-colour
FELs also allow the study of warm dense matter with time-
resolved X-ray pump/X-ray probe experiments22,23 as well as the
experimental investigation of X-ray-induced Coulomb explosion
in atom clusters and nanocrystals at the femtosecond scale.
Finally, in the field of coherent X-ray imaging, there is a
widespread interest in extending multiple wavelength anomalous
dispersion (MAD) imaging24 to fourth-generation light sources
using serial femtosecond crystallography5.

In an XFEL, an intense electron bunch travels in a magnetic
undulator, generating a high-power X-ray pulse (ranging form a
few GW to several tens of GW) with narrow bandwidth (between
0.005 and 0.1%) and duration between a few femtoseconds and a
few hundred femtoseconds1. The central wavelength lr is given
by the resonance formula25

lr ¼ lw
1þ K2

2

2g2
; ð1Þ

where lw is the undulator period, g is the beam’s Lorentz factor
and K the scaled amplitude of the magnetic field. At X-ray
energies, the methods developed so far rely on generating two
X-ray colours by using two distinct values of K with a quasi
mono-energetic electron beam16,20,21. Although this approach
can achieve full control of the time and energy separation, the
intensity of both pulses is lower than the saturation level because
the same electron bunch is used for lasing twice, yielding a total
power typically between 5 and 15% of the full saturation power.

Here we show how two independent electron bunches of
different energies can be used to generate two X-ray pulses in one
undulator (we will refer to this technique as the twin-bunch
method). Our method builds on the recent application of pulse-
stacking techniques to high-brightness electron injectors19,26,27.
In this case, each X-ray pulse is generated by one electron bunch
and can reach the full saturation power, improving the two-
colour intensity by one order of magnitude at hard X-ray
energies. In addition to improving the peak power of two-colour
FELs, twin-bunches allow the use of MAD imaging techniques at
XFEL facilities by combining two-colour FELs with the existing
hard X-ray self-seeding capability8. This new capability has been
successfully tested in user experiments at Linac Coherent Light
Source (LCLS) in a wide variety of fields.

Results
Twin-bunch experiment at hard X-rays. The twin-bunch
method is schematically illustrated in Fig. 1. The electrons are
generated by a photocathode illuminated by a train of two laser
pulses (generated with a pulse stacker, see the Methods section)
with a variable delay on the order of a few picoseconds,
generating two separate electron bunches. The two bunches are
accelerated up to 15GeV in the LCLS linear accelerator and
compressed from a peak current of 20A to roughly 4 kA by
means of two magnetic chicanes. As a result of the bunch com-
pression, the final arrival time difference of the electron bunches
is on the order of a few tens of femtoseconds. As the acceleration/
compression system generates a time–energy correlation in the
electron beam, the two bunches also have different energies at the
end of the accelerator. Finally, the two compressed bunches are
sent into the undulator where they emit two X-ray pulses of
different energies. Although we will present experimental data at
a photon energy of 8.3 keV, the scheme described can work at any
photon energy in the available LCLS range (nominally from 300
to 10 keV).

The recently developed X-band transverse deflector13 provides
an effective diagnostic tool for this two-bunch technique.
Figures 2a and 2c show the measured longitudinal phase-space
of the two bunches at the end of the undulator beamline for the
unspoiled beam (that is, suppressing the lasing process with a large
transverse perturbation in the electron orbit) and for the beam
after the lasing process. The peak current is roughly 5 kA for a total
charge of 150 pC, with an energy separation of 70MeV. Figure 2d
shows the temporal profile of the X-ray pulses reconstructed from
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Figure 1 | Schematic representation of the experiment. Illustration not to scale. From right to left: a laser pulse train generates two electron bunches at a
photocathode (the right inset shows the measured longitudinal phase-space at the photo-injector exit). The two bunches are accelerated in the LCLS
linac and compressed by means of two magnetic chicanes (the left inset shows the measured phase-space at the end of the beam line). Finally,
the two bunches are sent to an undulator for the emission of two X-ray FEL pulses. The two X-ray pulses have a tunable energy difference in the range
of a few percent and a variable time delay of tens of fs.
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!instðtÞ # !0 ¼
d!ðtÞ
d t

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

4 þ 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]:

b¼ 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 d¼
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 ðIpeak Þ ¼ 200 A, bunch duration ¼ 1 ps (rms); modula-

tor period ¼ 0:1 m, modulator length ðLu Þ ¼ 3 m, modulator
parameter ðKÞ ¼ 5:7144, radiator period ð&wÞ ¼ 55 & 10# 3 m,
number of radiator periods ðNu Þ ¼ 264, central modulator wave-
length ð’ 2%c=!0Þ ¼ 261 nm, central radiator wavelength
ð&rad Þ 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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modulation. Figure 1b shows a typical spectrometer image of
the twin FEL pulses generated with a time delay of 500 fs. As can
be seen from the figure (and from the Supplementary Movie 1),
the spectrum in this twin-pulse seeded regime is extremely clean
and stable.

The performance of the twin-pulse-seeding scheme in terms of
spectral purity and intensity stability compared with single-seed
FEL emission is displayed in Fig. 2. The results are obtained
recording 1,150 consecutive spectra on both the ‘online’ spectro-
meter (Fig. 2a) and the total FEL intensity on the I0 gas monitor
detector26 (Fig. 2b). The switching between the single and double
FEL emissions is obtained by blocking one of the seed laser arms,
without changing the electron-beam characteristics nor the
undulator strength parameter K. Fitting the two-colour FEL
spectra as a sum of two independent Gaussians, we estimate a
negligible difference between the single and double FEL
emissions, confirming the robustness of the pulse generation
scheme. Statistical analysis of the spectra in Fig. 2a shows that the
root mean square bandwidth is about 25! 10" 3 nm, that is,
B0.05% of the central wavelength, together with a shot-to-shot
peak position root mean square jitter of about 3! 10" 3 nm
(about 0.005% of the central wavelength, Fig. 2c). Figure 2b shows

that the absolute single-wavelength intensities of double FEL
emission, obtained from the corresponding peak area of the
spectrum (see Supplementary Fig. S3 and Supplementary Note 3),
is comparable to those of single FEL emission, with a root mean
square shot-to-shot stability of about 15% (Fig. 2d). In the
adopted scheme, the intensity ratio between the pump and probe
pulses can be tuned easily by changing the relative intensity of
either seed laser pulse. This can also be accomplished by changing
the normalized strength K of the FEL undulators to favour the
growth of one of the pulses over the other.

Proof-of-principle pump and probe experiment. As the wave-
lengths of the twin pulses are rather close, we used a Ti grating
(Fig. 1d) that acts as a spectral analyser, separating angularly the
diffraction peaks of the pump and probe pulses. The wavelength
and intensity of each pulse were measured by the I0 gas monitor
and the ‘online’ spectrometer (Fig. 1a). The maximum pulse
intensity for the pump pulse was 30 mJ, corresponding to a fluence
(F) of about 18.5 J cm" 2 on the sample, and was attenuated using
a gas cell and/or Al solid-state filters. The diffraction measure-
ments were carried out at the DiProI end station27, where the FEL
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Figure 1 | Generation and characterization of the twin-seeded FEL pulses and experimental set-up. (a) Energetically distinct two ultraviolet laser
pulses with an adjustable delay interact with a single electron bunch. Inside the FEL amplifier, the two seeded regions emit XUV radiation. The wavelength
and temporal separation of generated twin FEL pulses are determined by the parameters of the seed laser pulses and the spectral purity, pulse intensities
and widths of the pulses is monitored by an ‘online’ spectrometer. (b ) Typical spectrum of the twin-FEL pulses. (c) Sequence of FEL spectra obtained
during a temporal scan of the seed laser pulse pair with respect to the electron bunch. The zero time is defined as the instant when the first laser pulse
interacts with the electron bunch. Increasing the arrival time delay of the laser pulses with respect to the electron bunch, the emission of the second
FEL pulse is evident after B500 fs. The relative time separation, marked by the dashed red line, between the two FEL spectral lines ensures that the
temporal structure of the twin FEL emission is determined by the delay between the seed laser pair. (d) Experimental layout: the twin FEL pulses with
different wavelength, focused by K–B optics (shown in (a)), impinge on the Ti grating (80-nm thick and 165-nm wide Ti strips with 400-nm pitch fabricated
on a 20-nm thick Si3N4 window) and are diffracted along the horizontal plane. The seventh order diffraction pattern is detected
by a CCD camera placed off-axis with respect to the direct beam.
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and single shot detection conditions for the pump and the probe
pulses, respectively.

Resonant-pump/resonant-probe magnetic scattering experiment.
We tested the two-colour twin-seeded FEL source by studying
the resonant-pump/resonant-probe magnetization dynamics in
Fe–Ni samples, using the IRMA reflectometer44 installed
at the DiProI beamline45,46. The samples were a 20-nm-thick
permalloy (Ni0.81Fe0.19 alloy) film deposited on a Si grating and a
12.5-nm-thick NiFe2O4 layer epitaxially grown on MgAl2O4(001).
Both samples were structured as line gratings with a period of
B600 nm (see Methods). They worked as dispersive elements,
separating different wavelengths at the level of the
two-dimensional in-vacuum charge-coupled device (CCD)
detector23,24. All Bragg peaks generated by the grating samples
at different wavelengths fell within the angular acceptance of the
detector and could be collected simultaneously (see Fig. 3).

The FEL polarization was set to linear vertical to optimize the
sensitivity to the sample magnetization in transverse
geometry23,24,47–49, that is, with the external magnetic field
applied normal to the scattering plane and parallel to the lines of
the grating sample (see Fig. 1b). After an initial 80 mT
magnetic pulse, the scattered intensity was collected in an
applied field of 20 mT, guaranteeing the sample magnetic

saturation (see Methods). In the following, the magnetic signal
is defined as an asymmetry ratio, that is, as the difference between
scattered intensities measured for opposite signs of the applied
field divided by their sum, as shown in Fig. 4. At each given delay
Dt, the Ni magnetic signal was measured as a function of the
pump fluence F (see Methods for the relationship between
FEL pulse energy and fluence at the sample). The pump
wavelength was tuned either to the Fe-3p resonance
(lFEL_2¼ 23.2 nm) or off-resonance (lFEL_2¼ 25.5 nm), the
latter being obtained simply by tuning the radiator subsection
Rad_2 to the 10th harmonic of the lseed_2 seed laser wavelength,
instead of the 11th. It is worth underlining that, according to
calculations based on tabulated optical constants50 (see also
http://henke.lbl.gov/optical_constants/), the fraction of pump
energy absorbed by the sample at 23.2 nm and at 25.5 nm
differs by less than 2% for both permalloy and ferrite films.

First, we explored the ultrafast Ni demagnetization while
varying the delay Dt between the FEL probe and pump by
adjusting the delay between the corresponding seed laser pulses.
An example of delay dependence spanning the 300–800 fs range
is shown in Fig. 5 where the Ni magnetic signal is reported after a
Fe-3p resonant pump pulse with fluence F¼ 10 mJ cm" 2

(dots and squares refer to Ni-ferrite and permalloy samples,
respectively). The asymmetry ratio in the Bragg peak intensity is
calculated over a limited detector area of B100# 100 mm2 to
ensure homogeneous pump fluence and the Ni magnetic signal is
normalized to its static value measured with no pump.

The main advantage of this novel two-colour scheme over
those developed previously at the FERMI seeded source2 is its
ability to tune both lFEL_1 and lFEL_2 to selected values over a
broad range. It is also important to stress that this scheme makes
the switching between on- and off-resonance pumping fast and
easy. As mentioned before, this can be achieved simply by
changing the gap of the Rad_2 radiator subsection for selecting a
different harmonic of the lseed_2 wavelength. An example of
on/off-resonance pumping is given in Fig. 6. It shows the Ni
magnetic signal (normalized to its static value) measured at a
fixed time delay of B400 fs for a FEL pump wavelength tuned
to the Fe-3p resonance (lFEL_2¼ 23.2 nm, red circles) or
off-resonance (lFEL_2¼ 25.5 nm, blue squares) as a function of
the pump fluence F. The permalloy results (Fig. 6a) do not reveal
a measurable effect of the pump wavelength: both curves show
the same F-dependence of the Ni magnetic signal, which attains a
B50% reduction at FB10 mJ cm" 2. On the contrary, pumping
at the two on/off-resonance wavelengths results in an apparent
difference in Ni demagnetization behaviour when F exceeds
B5 mJ cm" 2 in the case of Ni-ferrite (Fig. 6b).

Although a detailed discussion of the results reported in Figs 5
and 6 is not within the scope of this communication, the observed
differences between ferrite and permalloy behaviour can be
ascribed to the direct hybridization of delocalized Fe and Ni 3d
orbitals in ferromagnetic permalloy versus indirect exchange (via
oxygen) of more localized 3d orbitals in ferrimagnetic NiFe2O4.
These early results are intriguing and more studies are under
consideration to shed light on the observed pump wavelength
dependence.

Discussion
We have developed and tested a new FEL setup capable of
delivering two-colour time-delayed pulses with independent
wavelength tunability over a wide spectral range
(18.7–25.5 nm). Combined with the seeded nature of the FERMI
source39, this provides improved conditions for two-colour FEL
experiments that require tuning both the pump and the probe to
selected atomic resonances. The potential of this two-colour
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Figure 2 | Seed pulses and modulator setting. (a) Spectral properties of
the ultraviolet (UV) laser twin-seed source. Lines are Gaussian fits to the
lseed_1¼ 261.5 nm (red line) and lseed_2¼ 255 nm (blue line) probe and
pump contributions, respectively. (b ) Modulator gap dependence of the
FEL output for the two seed wavelengths. Circles and squares refer to
seeding at 261.5 and 255 nm, respectively. Each point is the average of 100
consecutive FEL shots. Lines represent Gaussian fits to the intensity
distributions. The curves are normalized to the same average maximum,
showing that tuning the modulator gap to 19.75 mm (vertical green bar)
makes it possible to seed with two colours simultaneously, preserving a
fraction of the maximum pulse energy.
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LCLS

SACLA, 8 GeV, 
0.08 nm SCSS

Pohang FEL, 3-15 
GeV, 0.06-4.5 nm

FERMI, seeded, 1.2 GeV, 
60-4 nm

FLASH

Swiss FEL, 5.8 GeV, 
0.1-7 nm (now 4.1 nm)VUV- soft X ray

European FEL, 17.5 GeV, 0.05-0.2 nm,

SPARC

2009

hard X ray

Dalian FEL, seeded, 0.3 GeV, 
50-180 nm, 50 Hz, 2017

SDUV FEL

FLASH-II

2017

2016-7 2016

6

European project. The FEL on TESTA-TTF [465, 466] was seen as a test-bench for the technology
and physics of the future European XFEL project. In 2004-2007 was set a "Science and Technology
Issues" group chaired by F. Sette. In 2007, the European XFEL project was officially launched. The
European XFEL GmbH company, has been founded in 2009 for building and operating the facility has
been founded in 2009. It gathers a consortium of different countries : Denmark, France, Germany,
Greece, Hungary, Italy, Poland, Russia, Slovakia, Spain, Sweden, Switzerland, these partners realize a
joint effort. The 3.4 km long X-ray free-electron laser facility extends from Hamburg to the neighboring
town of Schenefeld in the German federal state of Schleswig-Holstein. Technically, European XFEL
[512] uses a superconducting linac of extremely good electron beam parameters, enabling operation at
high repetition rate. The electrons will be accelerated up to 17.5 GeV over 2.1 km. There are 101
accelerator modules. EFEL will provide three different SASE sources for six experimental stations, as
shown in Fig. 75.

Fig. 75: Sketch of the Euroepan X FEL facility, from [513]

SASE1 and SASE2 covers 0.4 0.05 nm spectral range, with 175 m undulator length, whereas
SASE3 covers 4.7 0.4 nm spectral range, with 105 m undulator length. Pulse duration will be shorter
than 100 fs. The flux reaches 1012 ph/. The specificity of the EXFEL is its repetition rate of 27 000
pulses per second, leading to a peak brilliance a billion times higher than that of the best synchrotron
X-ray radiation sources (5 1033ph/s/mm2/mrad2/0.1% BW ).

Civil construction of the facility, started in 2009, continued with the completion of the 3.4 km
tunnel in 2012, and underground in 2013. The overall cost for the construction and commissioning of
the facility is as of 2015 estimated at 1.22 Beuros. First electrons have guided for the injector into the
first four 2 K superconducting accelerator modules and compression chicane in January 2017 [513]. in
the -271ąC cooled main accelerator, as presented in Fig. 76.

Fig. 76: View into the accelerator tunnel: electrons guided into the first four superconducting accelerator modules
(yellow) and in a chicane (in front, blue and red), from [513]

EXFEL will be the world’s brightest source of ultrashort X-ray pulses: the European XFEL, it

83

32

Beamlines of the European XFEL

The European XFEL will provide beamlines for X-ray flashes with different properties. 

Data collection at very fast timescales (figures on the right side):
Single pulse coherent diffraction imaging by Chapman

et al. with the free-electron laser FLASH at DESY.
Image of the first (a) and second pulse (b) at 32 nm.

The second pulse shows that the structure
has been destroyed by the first pulse.

The original microstructure (c) was recovered (d)
from the diffraction pattern of the first pulse.
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6. Future F E Ls at SIN AP 

Fig. 79: Dalian FEL sketch, from [553]

structure in phase space. As a result, higher order harmonics can be obtained in an extraordinary efficient
way.
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Fig. 80: FEL Echo Enable Harmonic Generation (EEHG) : a coherent source tuned on the resonant wavelength
of the undulator applies a first energy modulation, electron move according to their energy in the chicane where a
second energy modulation is applied, imprinting a fine structure in phase space

see Fig. 81

Fig. 81: Evolution of the particle phase space along the EEHG stages. Phase space of the beam after the first
modulator (top left), the first chicane (top right), the second modulator (bottom left), and the second chicane
(bottom right). Horizontal axis: phase, vertical axis: relative energy, from [561].

Experimentally demonstrated so far in the UV experiment on the Next Linear Collider Test Accel-
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LEUTL

1012 ph/s, peak 
brillance  : 5 1033 ph/s/
mrad2/mm2/0.1%
Up to 27 000 pulses/s

SX F E L Performance 

Parameters HGHG Upgrade Unit 

Output Wavelength 9 1.5-4 nm 
Bunch charge 0.5~1 0.5~1 nC 
Energy 0.84 1.3~2 GeV 
Energy spread 0.1~0.15% 0.15% 
Energy spread (sliced) 0.02% 0.03% 
Normalized emittance 2.0~2.5 2.0~2.5 mm.mrad 
Pulse length (FWHM) 1. 0.03 -1 ps 
Peak current ~0.5 0.5 kA 
Rep. rate 1~10 50 Hz 
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Vers l’imagerie des cellules vivantes

photon energy of the X-ray pulses was 1.8 keV (6.9-Åwavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). AnX-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016Wcm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.
The front detector module, located close to the interaction region,

recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, withN2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.
Figure 3a shows strong single-crystal diffraction to the highest

angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities
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Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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photon energy of the X-ray pulses was 1.8 keV (6.9-Åwavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). AnX-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016Wcm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.
The front detector module, located close to the interaction region,

recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, withN2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.
Figure 3a shows strong single-crystal diffraction to the highest

angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities

715 nm 620 nm

290 nm 160 nm
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b*

a* b*

a b

c d

0 1 1¯

1 1 0

0 0 2

0 1 0

0 1 0

1 0 0

0 2 0

¯

Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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oversample the molecular transform, providing a potential route to
phasing of the pattern17,18.
In conventional crystallography, the ‘full’ Bragg reflection is deter-

mined to high precision, for example by integrating counts as the
crystal is rotated such that these reflections pass through the diffrac-
tion condition. By indexing individual patterns and then summing
counts in all partial reflections for each index, we performed a
Monte Carlo integration over the reciprocal-space volume of the
Bragg reflection and the distribution of crystal shapes and orientations
and variations in the X-ray pulse fluence. The result of this procedure
converges to the square of the structure factormoduli18.We found that
over 13% of diffraction patterns with ten or more spots could be
consistently indexed using the programs MOSFLM19 and DirAx20

(Methods). Merged intensities at 70-fs pulse duration are presented
as a precession-style image of the [001]-zone axis in Fig. 3b (see also
Supplementary Figs 3 and 4).We tested the reliability of this approach
by comparing the LCLS merged data with data collected at 100K with
12.4-keV synchrotron radiation from a single crystal of photosystem I
cryopreserved in 2M sucrose. These data sets show good agreement,
with a difference metric, Riso, of 22.1% computed over the entire reso-
lution range and of less than 13% in the middle resolution shells; see
Supplementary Table 1 for detailed statistics.
To complete our proof of principle, we conducted a rigid-body

refinement of the published photosystem I structure (Protein Data
Bank ID, 1JB0) against the nanocrystal structure factors, yielding
R/Rfree5 0.25/0.23. A representative region of the 2mFo2DFc elec-
tron density map at 8.5 Å (Methods) from the LCLS data set is shown
in Fig. 3c. This map shows the details expected at this resolution,
including transmembrane helices, membrane extrinsic features and
some loop structures. For comparison, the electron density refined
from the 12.4-keV, single-crystal data set truncated to a resolution of
8.5 Å is given in Fig. 3d.
The dose of 700MGy corresponds to a K-shell photoabsorption of

3% of all carbon atoms in the protein. This energy is subsequently

released by photoionization and Auger decay, followed by a cascade
of lower-energy electrons caused by secondary ionizations, taking
place on the 10–100-fs timescale21. Using a model of the plasma
dynamics22,23, we calculated that by the end of a 100-fs pulse each atom
of the crystal was ionized once, on average, and that motion of nuclei
had begun. This is expected to give rise to a decrease in Bragg ampli-
tudes, similar to an increase in a Debye–Waller temperature factor24.
We studied the effects of the initial ionization damage on the diffrac-
tion of photosystem I nanocrystals by collecting a series of data sets at
pulse durations of 10, 70 and 200 fs. The 10-fs pulses were produced
with lower pulse energy:,10% of the total number of photons of the
longer pulses13, or a 70-MGy dose. Plots of the scattering strength of
the crystals versus resolution, generated by selecting and summing
Bragg spots frommore than 66,000 patterns for each of the three pulse
durations measured, are shown in Fig. 4. The 10- and 70-fs traces are
very similar, indicating that these pulses are short enough to overcome
radiation damage at the observed resolution, 8.5 Å. For 200-fs pulses,
there is a decrease in scattering strength at resolutions beyond 25 Å,
indicating disordering on this longer timescale. The highest-resolution
Bragg peaks for the 200-fs pulseswere not broadened or shifted relative
to the short-duration data sets, which indicates there was no strain or
expansion of the lattice, respectively.
Our next step is to improve resolution by using shorter-wavelength

X-rays. Resolution may ultimately be limited by X-ray pulse fluence,
the ultrafast radiation damage and the intrinsic disorder within the
nanocrystals themselves. Recent experiments21 at LCLS indicate a brief
saturation of the X-ray photoabsorption of atoms in a tightly focused
pulse, resulting in a decrease in photoionization damage on a 20-fs
timescale without a reduction in the scattering cross-sections that give
rise to the diffraction pattern22. Planned beamlines at LCLS aim to
achieve up to a 105-fold increase in pulse irradiance by tighter focusing,
allowing data collectionwith low-fluence, 10-fs pulses or pulses of even
shorter duration25. This provides a route to further reducing radiation
damage and may allow measurements on even smaller nanocrystals,
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Figure 3 | Diffraction intensities and electron density of photosystem I.
a, Diffraction pattern recorded on the front pnCCDs with a single 70-fs pulse
after background subtraction and correction of saturated pixels. Some peaks are
labelled with their Miller indices. The resolution in the lower detector corner is
8.5 Å. b, Precession-style pattern of the [001] zone for photosystem I, obtained
from merging femtosecond nanocrystal data from over 15,000 nanocrystal

patterns, displayed on the linear colour scale shown on the right. c, d, Region of
the 2mFo2DFc electron density map at 1.0s (purple mesh), calculated from
the 70-fs data (c) and from conventional synchrotron data truncated at a
resolution of 8.5 Å and collected at a temperature of 100K (d) (Methods). The
refined model is depicted in yellow.
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H. Chapman et al., Femtosecond X-ray protein nanocrystallography, Nature, 470, 2011, 73

Membran protein photosystem 1

Mimivirus (Acanthamoeba polyphaga)  :  (diameter of 
0.75 µm)

necessary improvement is to increase the dynamic range of the detec-
tors. In our experiments, there were shots extending to significantly
higher resolutions than those reported here but they contained too
many saturated pixels at low angles (more missing modes), prevent-
ing image reconstruction.With reproducible samples, where the experi-
ment can be repeated on a new object, a three-dimensional data set can
be collected, and the resolution extended (even from weak individual

exposures) by merging redundant data25–29. Studies of virus particles
with higher-intensity photon pulses and improved detectors could
answer the question of whether the core is reproducible to subnano-
metre resolution or whether the viral genome has the ‘molecular indi-
vidualism’ that genomic DNA structures explore in vitro30.
Note added in proof: In a previous study31, synchrotron radiation was
used to obtain X-ray diffraction data on a herpes virus.

1

1

0

0

a b

f g

1

0

ed

200 nm

PRTF = 0.5

32 nm

PRTF = 0. 1

P
R

TF

PRTF = 0.5

32 nm

PRTF = 0.1

Resolution shell (nm–1) Resolution shell (nm–1)

0.0
0.010.00 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.010.00 0.02 0.03 0.04 0.05 0.06 0.07 0.08

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

P
R

TF

h i

1,000 nm

c

200 nm

Icosahedron IcosahedronSphere SphereUnconstrained Unconstrained

32 nm

PRTF = 0.5 PRTF = 0.1

Figure 2 | Single-shot diffraction patterns on single virus particles give
interpretable results. a, b, Experimentally recorded far-field diffraction
patterns (in false-colour representation) from individual virus particles
captured in two different orientations. c, Transmission electron micrograph of
an unstained Mimivirus particle, showing pseudo-icosahedral appearance7.
d, e, Autocorrelation functions for a (d) and b (e). The shape and size of each
autocorrelation correspond to those of a single virus particle after high-pass
filtering due to missing low-resolution data. f, g, Reconstructed images after
iterative phase retrieval with the Hawk software package16. The size of a pixel
corresponds to 9 nm in the images. Three different reconstructions are shown
for each virus particle: an averaged reconstruction with unconstrained Fourier

modes19 and two averaged images after fitting unconstrained low-resolution
modes to a spherical or an icosahedral profile, respectively. The orientation of
the icosahedron was determined from the diffraction data. The results show
small differences between the spherical and icosahedral fits. h, i, The PRTF for
reconstructions where the unconstrained low-resolution modes were fitted to
an icosahedron. All reconstructions gave similar resolutions. We characterize
resolution by the point where the PRTF drops to 1/e (ref. 20). This corresponds
to 32-nm full-period resolution in both exposures. Arrowsmark the resolution
range with other cut-off criteria found in the literature (Methods). Resolution
can be substantially extended for samples available in multiple identical
copies1,25–28.
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M. M. Seibert et al., Single mimivirus particles intercepted and 
imaged with an X-ray laser, Nature, 470, 2011, 78

Exemple d’application
III- LEL en régime de fort gain
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Fabrication and Testing

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

Dielectric Accelerator

Accelerator eigenmode1

Resonant spatial harmonic provides acceleration.
Nonresonant spatial harmonics provide focusing.
Hole diameters approximately 800 nm.

1B. 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)
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High power laser

Acceleration Laser Plasma Acceleration diélectrique Inverse Free Electron 
Laser

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

- few pC
- Strongly diverging (1 mrad)
- small size
- larger energy spread ( 1 %)
- low repetition rate

Concepts alternatifs d’accélération

G. Mourou T. Tajima
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supermatchingstrong focusing
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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
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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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Laboratoire d’Optique Appliquée (LOA). The divergence is
rapidly mitigated (5 cm away from the source) via strong fo-
cusing with a triplet of QUAPEVA permanent magnet based
quadrupoles of variable strength (with rotating cylindrical
magnet surrounding a central Halbach ring quadrupole [34])
and adjustable magnetic center position (with translation ta-
bles) [5,6]. A magnetic chicane then longitudinally stretches
the beam, sorts electrons in energy and selects the energy
range of interest via a removable and adjustable slit mounted
in the middle of the chicane. A second set of quadrupoles
matches the beam inside an in-vacuum undulator. Electron
diagnostics include current transformers, cavity beam posi-
tion monitors and removable scintillator screens for electron
profile imaging [35]. The "200 MeV" corresponds to radia-
tion in the UV with a 2 m long cryo-ready undulator U18
(period 18 mm) [36], while the 400 MeV case associated
to the U15 cryogenic undulator enables to reach the VUV
spectral range. The line equipments have been character-
ized [32, 33].

The electron transport [37] images the electron source
in the undulator. The total emittance growth is frozen at
the QUAPEVA triplet exit. The "supermatching optics" fo-
cuses each electron beam slice in synchronisation with the
progression of the amplified synchrotron radiation along
the undulator, taking advantage of the energy - position cor-
relation introduced in the chicane, and enables to achieve
FEL amplification with the baseline reference parameters [2].
The sensitivity study of the FEL versus di�erent parame-
ters has been carried out [38]. Other optics (focusing on
the screens for transport tuning, focusing vertically in the
chicane equipped to select the energy of interest with a slit)
are also available.

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 (µm) 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 ✏N 1 1.7
(mm.mrad)

COXINEL MEASUREMENTS
LPA is operated in ionisation injection [39] for robustness

with the LOA 1.5 J, 30 FWHM fs pulse laser is focused into
a supersonic jet of He � N2 gas mixture. Electron energy
distribution (see Fig. 2 (left)) is broad and ranges up to 250

Figure 2: COXINEL electron and photon beam measure-
ments compared to simulations using measured electron
beam distribution as an input. Left : electron beam spec-
trometer measurements and transverse distributions along
the line. Right : undulator radiation transverse pattern.

MeV, with a much lower charge density at the energy of
interest and larger divergences than expected (see Table 1).

Besides prior alignment of the line components within
± 100 µm on the same axis with a laser tracker, and optics
daily alignment with a green reference laser, the LPA elec-
tron beam pointing (of the order of 1.5 mrad RMS) makes
critical the electron beam transport along the line. Thus,
a matrix response beam pointing alignment compensation
method taking advantage of the "QUAPEVA" adjustable
magnetic center and gradient is applied : the electron posi-
tion and dispersion are independently adjusted [7] step by
step along the screens enabling a proper transport along the
line. The QUAPEVA strength is slightly adjusted to optimize
the focusing thanks to the rotation of the QUAPEVA cylindri-
cal magnets. The matched transported beam measurements
are well reproduced with simulations for measured beam
characteristics (see Fig. 2), with cross-like shaped focused
beam due to chromatic e�ects and measured tilted beams
due to skew quadrupolar terms, that have been further cor-
rected [40].

Figure 3: Undulator spectral flux measured with the Horiba
iHR 320 spectrometer at 5 mm gap ( 3 mm electron slit).

The radiation from the 2 m long 107 x 18.16 mm periods
U18 is then characterized while applying an optics enabling
to select a small energy range centered onto the energy of
interest with the slit inserted in the magnetic chicane. A
typical spectrum is presented Fig. 3, and 2D measured and
simulated transverse patterns are displayed in Fig. 2. The
undulator radiation (resonant wavelength, intensity) has been
tuned by changing the gap. The radiation linewidth can be

IV- Perspectives avec les nouveaux concepts d’accélération

Collaboration SOLEIL / LOA/ PhLAM
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COXINEL : transport d’électrons maîtrisé 

Laboratoire d’Optique Appliquée (LOA). The divergence is
rapidly mitigated (5 cm away from the source) via strong fo-
cusing with a triplet of QUAPEVA permanent magnet based
quadrupoles of variable strength (with rotating cylindrical
magnet surrounding a central Halbach ring quadrupole [34])
and adjustable magnetic center position (with translation ta-
bles) [5,6]. A magnetic chicane then longitudinally stretches
the beam, sorts electrons in energy and selects the energy
range of interest via a removable and adjustable slit mounted
in the middle of the chicane. A second set of quadrupoles
matches the beam inside an in-vacuum undulator. Electron
diagnostics include current transformers, cavity beam posi-
tion monitors and removable scintillator screens for electron
profile imaging [35]. The "200 MeV" corresponds to radia-
tion in the UV with a 2 m long cryo-ready undulator U18
(period 18 mm) [36], while the 400 MeV case associated
to the U15 cryogenic undulator enables to reach the VUV
spectral range. The line equipments have been character-
ized [32, 33].

The electron transport [37] images the electron source
in the undulator. The total emittance growth is frozen at
the QUAPEVA triplet exit. The "supermatching optics" fo-
cuses each electron beam slice in synchronisation with the
progression of the amplified synchrotron radiation along
the undulator, taking advantage of the energy - position cor-
relation introduced in the chicane, and enables to achieve
FEL amplification with the baseline reference parameters [2].
The sensitivity study of the FEL versus di�erent parame-
ters has been carried out [38]. Other optics (focusing on
the screens for transport tuning, focusing vertically in the
chicane equipped to select the energy of interest with a slit)
are also available.

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 (µm) 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 ✏N 1 1.7
(mm.mrad)

COXINEL MEASUREMENTS
LPA is operated in ionisation injection [39] for robustness

with the LOA 1.5 J, 30 FWHM fs pulse laser is focused into
a supersonic jet of He � N2 gas mixture. Electron energy
distribution (see Fig. 2 (left)) is broad and ranges up to 250

Figure 2: COXINEL electron and photon beam measure-
ments compared to simulations using measured electron
beam distribution as an input. Left : electron beam spec-
trometer measurements and transverse distributions along
the line. Right : undulator radiation transverse pattern.

MeV, with a much lower charge density at the energy of
interest and larger divergences than expected (see Table 1).

Besides prior alignment of the line components within
± 100 µm on the same axis with a laser tracker, and optics
daily alignment with a green reference laser, the LPA elec-
tron beam pointing (of the order of 1.5 mrad RMS) makes
critical the electron beam transport along the line. Thus,
a matrix response beam pointing alignment compensation
method taking advantage of the "QUAPEVA" adjustable
magnetic center and gradient is applied : the electron posi-
tion and dispersion are independently adjusted [7] step by
step along the screens enabling a proper transport along the
line. The QUAPEVA strength is slightly adjusted to optimize
the focusing thanks to the rotation of the QUAPEVA cylindri-
cal magnets. The matched transported beam measurements
are well reproduced with simulations for measured beam
characteristics (see Fig. 2), with cross-like shaped focused
beam due to chromatic e�ects and measured tilted beams
due to skew quadrupolar terms, that have been further cor-
rected [40].

Figure 3: Undulator spectral flux measured with the Horiba
iHR 320 spectrometer at 5 mm gap ( 3 mm electron slit).

The radiation from the 2 m long 107 x 18.16 mm periods
U18 is then characterized while applying an optics enabling
to select a small energy range centered onto the energy of
interest with the slit inserted in the magnetic chicane. A
typical spectrum is presented Fig. 3, and 2D measured and
simulated transverse patterns are displayed in Fig. 2. The
undulator radiation (resonant wavelength, intensity) has been
tuned by changing the gap. The radiation linewidth can be

T. André et al., Control of laser 
plasma accelerated electrons for 
light sources, Nature 
Communications (2018) 9:1334
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COXINEL : rayonnement spontané de l’onduleur

Mesures Simulations
4 mm (3 %)

3 mm (2.5 %)

2 mm (2 %)

1 mm (1.3 %)

Stabilité en longueur d’onde

Accordabilité en 
longueur d’onde 
par le champ de 
l’onduleur

Contrôle de la largeur de raie

A. Ghaith et al., Scientific Reports 9: 19020 (2019)

3SCIENTIFIC REPORTS |         (2019) 9:19020  | https://doi.org/10.1038/s41598-019-55209-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

emitted at a resonant wavelength λ = λu(1 + Ku
2/2 + γ2θ2)/2nγ2, where λu is the undulator period, Ku the deflec-

tion parameter (Ku = 93.4 Bu[T] λu[m]), γ the Lorentz factor, θ the observation angle and n the harmonic num-
ber. The image exhibits a typical undulator “moon-shape” pattern resulting from the off-axis emission12–14. The 
off-axis radiation at vertical position (|z| > 0) is red-shifted due to the γ2θz

2 term in the resonance wavelength 
relationship (for example 232 nm for |z| = 0.6 mm compared to 210 nm on-axis) and has lower intensity. The effect 
is more pronounced for larger angles of observation. The measurement is compared to simulation (see Fig. 2(d)) 
performed with the SRW code6. The beam parameters at undulator entrance are computed using the measured 
initial electron beam parameters transported along the beamline (see Methods). The far-field undulator radiation 
is computed separately for each energy slice and the resulting intensities are summed. The lens imaging ratio is 
applied including its chromatic corrections. The simulation and measurement show similar “moon-shape” pat-
terns. The triangular shape, slightly deviating from the usual parabolic behaviour due to the γ2θz

2, results from the 
chromatic effects of the lens (see Methods).

Figure 2(b,e) show the vertical angular dependance of the spectra with the image cuts at various z. The on-axis 
(z = 0) spectrum is peaked at the resonance wavelength of 208 nm with a 13.1% relative FWHM bandwidth, larger 
than the natural homogeneous linewidth ((∆λ/λ)hom = 1/nN with N the number of undulator periods (0.84% for 
N = 107)) by one order of magnitude. This so-called inhomogeneous broadening results from the multi-electron 
contribution, and thus from the electron beam parameters. The relative energy spread σγ symmetrically widens 

E Slit σγ σx σ′x σz σ′z σl Q
MeV mm % µm µrad µm µrad µm pC
176 3 3.0 800 650 240 1100 140 2.5
161 4 3.1 860 580 120 1450 135 5.6
161 3 2.6 800 570 115 1390 115 4.8
161 2 2.0 740 560 120 1290 90 3.7
161 1 1.4 680 550 130 1060 60 2.1

Table 1. Electron beam parameters at the undulator center. Electron energy spread σγ, transverse sizes (in 
horizontal σx, in vertical σz), divergences (σ′x, σ′z), bunch length σl and charge Q computed from the transport 
considering an initial total charge of 100 pC for two different operating electron beam energies (see Methods).

Figure 2. Measured and simulated undulator spatio-spectral distribution. (a) Single shot measurement for an 
electron beam energy of 176 MeV, a 5 mm undulator gap, 3 mm electron slit, 2.2 mm spectrometer slit width, 
and an applied calibration of the grating and CCD camera (See Methods). (d) Simulation using SRW with 
parameters of Table 1. (b) and (e) Undulator spectra for different vertical positions at z = 0 (blue), 0.2 mm 
(green), 0.4 mm (yellow), 0.6 mm (orange), 0.8 mm (red). (c) and (f) Vertical radiation profiles with cuts at 
different wavelengths λ = 208 nm (blue), 228 nm (green), 248 nm (yellow), 268 nm (orange), 288 nm (red). Black 
curve: fit of the undulator resonance wavelength taking into account the chromatic aberrations of the lens (See 
Methods).

Measured

Simulated

IV- Perspectives avec les nouveaux concepts d’accélération



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

collaboration 
        

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    

 Panorama d’expériences LEL test sur 
accélération laser plasma
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SUPA, 
Strathclyde

are the electron charge and mass, respectively. The normalized
laser vector potential, initially, a0¼ eA/mec

2" 1, where A is
the vector potential, grows to a0> 3 due to non-linear self-
focusing and photon acceleration,16 which results in a trailing
evacuated plasma bubble into which electrons are injected
from the background plasma.

Electron beams exiting the accelerator are initially colli-
mated using a triplet of miniature permanent magnet quadru-
poles (PMQs).17,18 The field gradient of each quadrupole is
#500T/m, and the triplet entrance is 30mm from the accel-
erator exit. A triplet of electromagnetic quadrupoles (EMQs)
then focuses the beam through the undulator. The respective
EMQ field gradients are 2.47 T/m, 2.20 T/m, and 2.47 T/m.
The quadrupoles are set for optimal transport of 130MeV
energy electrons (Fig. 2), and, within 610MeV of this
design energy, the simulated electron bunch duration at the
undulator entrance is predicted to be #3 fs (Fig. 1).
Experimental measurements of the duration that detect tran-
sition radiation generated by the beam passing through a
metal foil perturb the beam too strongly for simultaneous use
with the undulator, however, other studies on ALPHA-X19

and elsewhere20 show that the duration of the electron beam
within 1m of the accelerator is #1–2 fs, and this is the basis
for the beam transport simulations. Beam profile monitors at
positions L1, L2, L3, and L4 comprise phosphor Lanex
screens and 12-bit charge-coupled device (CCD) cameras.

An imaging dipole magnetic electron spectrometer
(ES1) provides strong focusing in the horizontal and vertical
planes thus enabling excellent energy resolution
(#0.5%–1.0%), which can be maintained over a wide energy
range (83–196MeV at the field strength of 0.52 T). Ce:YAG
crystals positioned in the focal plane image electrons dis-
persed by the spectrometer magnetic field with the image
captured on a 14-bit CCD camera. The electron beam dump
after the undulator is a simple permanent dipole bending
magnet that acts as a rudimentary compact electron spec-
trometer (ES2). This allows UV radiation and electron spec-
tra to be captured simultaneously. The on-axis magnetic field
strength of ES2 is 0.75 T suitable for electrons in the range
of 20–250MeV to be imaged on a Lanex screen by a 12-bit

CCD camera. All Lanex and Ce:YAG screens (except L1)
have been cross-calibrated against imaging plate measure-
ments to determine the absolute electron beam charge.21

The undulator (length 1.5m, Nu¼ 100 periods, and
ku¼ 15mm) has a slotted pole planar design and the adjusta-
ble pole gap is set at 8.0mm for these experiments (vacuum
tube inner diameter is 6mm). This gives a peak on-axis mag-
netic field strength Bu¼ 0.27 T and undulator deflection pa-
rameter K¼ 0.38. The slotted pole design of the undulator
features a 5mm by 1mm slot cut out of the central section of
the magnets. This provides a radial focusing force for elec-
trons of energy up to #100MeV. Full details are given else-
where.22 The distance from accelerator exit to undulator
entrance is 3.52m.

Undulator output radiation is detected using a vacuum
scanning monochromator (with platinum-coated toroidal
mirror and 300 lines/mm grating) and 16-bit CCD camera.
The grating is positioned for a 344 nm detection bandwidth
centred on 220 nm with a resolution of about 5 nm. Three
elements attenuate the radiation signal: the toroidal mirror
(peak reflectivity of 65%), the grating (peak efficiency of
25% at 150 nm), and finally the quantum efficiency of the
camera (25% across the relevant spectral range). Laser light
and plasma emission has been blocked by an aluminium foil
(thickness 800 nm) positioned before the undulator at Lanex
screen L3.

Removal of the PMQs enables the intrinsic divergence
and profile of the electron beam to be observed on Lanex
screen L1. The mean r.m.s. divergence is 3.5 mrad
(Fig. 2(b)), which is reduced to 1 mrad (Fig. 2(c)) upon
insertion of the PMQs, i.e., near collimation of the central
part of the beam. The PMQs act as an energy bandpass filter,
imparting large angle trajectories on electrons outside of
their acceptance range. Hence, outlying swirls that are evi-
dent in the Lanex image are related to the low energy “tail”
or pedestal of the electron beam. The main central part of the
beam, comprising the higher energy quasi-monoenergetic
“main peak” electron bunch, is the sole part of the beam that
is preferentially transported through the undulator. Electron
energy spectra obtained with ES1 (Fig. 2(d)) illustrate the

FIG. 2. (a) Plan view of the ALPHA-X LWFA beam line, false color images of the electron beam profile at (b) L1 without PMQs, (c) L1 with PMQs in-line,
(e) L3 and (f) L4 and (d) three examples of ES1 spectra with main peak central energy and charge of 115, 109, 95MeV and 0.4, 0.8, 1.3 pC, respectively.

264102-2 Anania et al. Appl. Phys. Lett. 104, 264102 (2014)
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Maier, A. R.1,2 Laser-Plasma Acceleration in Hamburg
N. Delbos 1, S. Jolly 1,2, V. Hanus 1,2, P. Messner 1, M. Kirchen 1, V. Leroux 1,2, M. Schnepp 1, D.
Trosien 1, M. Trunk 1, P. A. Walker 1, C. Werle 1, P. Winkler 1

1 Center for Free-Electron Laser Science and Department of Physics, Hamburg University, Hamburg, Germany
2 ELI Beamlines, Praha, Czech Republic

Plasma-based accelerators promise ultra-compact sources of highly relativistic electron beams, espe-
cially suited for driving novel x-ray light sources. The stability and reproducability of laser-plasma
generated beams is, however, still not comparable to conventional machines. Within the LAOLA Col-
laboration, the University of Hamburg and DESY work closely together to combine university research
with the expertise of a large and well-established accelerator facility. We will discuss the experimental
programm and plasma-related activities in Hamburg, with a special focus on the recently commis-
sioned 200 TW laser ANGUS. It drives two beamlines, REGAE and LUX, to study external injection
of electrons from a conventional gun into a plasma stage, as well as plasma-driven undulator radiation.
We present our progress in integrating the laser into the accelerator infrastructure at DESY, progress
towards stable laser operation, as well as the commissioning of the LUX and REAGE beamlines. As
an outlook, we will discuss the experimental strategies in Hamburg towards a first proof-of- principle
FEL experiment using plasma-driven electron beams available today.

Margarone, D.1 ELIMAIA: ELI Multidisciplinary Applications of
laser-Ion Acceleration
P. Cirrone2, G. Cuttone2, G. Korn1

1 IoP-ASCR, ELI-Beamlines, Prague, Czech Republic
2 LNS-INFN, Catania, Italy

The main direction proposed by the community of experts in the field of laser driven ion acceleration
is to improve the particle beam features (maximum energy, charge, emittance, divergence, monochro-
maticity, shot-to-shot stability) in order to demonstrate reliable and compact approaches to be used
for multidisciplinary applications, thus, in principle, reducing the overall cost of a laser-based facil-
ity compared to a conventional accelerator one. The mission of the laser driven ion target area at
ELI-Beamlines, called ELIMAIA (ELI Multidisciplinary Applications of laser-Ion Acceleration), is to
provide stable, fully characterized and tuneable beams of particles accelerated by PW-class lasers,
and to o�er them to the user community for multidisciplinary applications. The ELIMAIA beamline
is currently being designed and developed at the Institute of Physics of the Academy of Science of
the Czech Republic (IoP-ASCR) in Prague and at the National Laboratories of Southern Italy of the
National Institute for Nuclear Physics (LNS-INFN) in Catania. An international scientific network
particularly interested in future applications of laser driven ions for hadrontherapy, ELIMED (ELI
MEDical applications), has been established around the implementation of the ELIMAIA experimen-
tal system. Nevertheless, this is only one of the potential applications of the ELIMAIA beamline
which will be open to several proposals from a multidisciplinary user community such as radiobiology,
time resolved radiography of di�erent materials, beam-target nuclear reactions generating isotopes for
positron emission tomography or producing high brilliance secondary radiation sources (e.g. neutrons
and alpha-particles), etc. The two research groups currently working on the implementation of the
ELIMAIA beamline have been performing numerical simulations and experimental tests at interna-
tional high power laser facilities aimed at the optimization of the laser driven ion source on target
as well as the ion beam transport and dosimetric systems. Preliminary results will be presented and
discussed. [1] 2nd ELIMED Workshop And Panel, Catania, Italy,18-19 October 2012, AIP Conf.
Proc.1546 (2013)
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dedicated beamline for undulator radiation 
re-built 4-nm experiment, but with accelerator equipment
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lab conditions 

‣better 0.1°C rms temperature stability 

‣stable by few % relative humidity 

‣consequently remove all heat sources 

‣get everything in water-cooled racks 

‣challenge is to keep the standards up high in 
day-to-day operation

ANGUS Laser Lab

20.0 °C

20.1 °C

19.9 °C

3 days

end 2012 2015
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ANGUS - 200 TW Laser System

In focus!

Out of focus!

spectrum w/ 
reference

near- and farfield 
at the output

get centroids of NF/FF and 
display trend chart on laser 
position and direction

online energy / power 
w/ trend chart

built with TINE/DOOCS/jddd
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Dominik C. Trosien, Matthias Schnepp, Vincent A. G. Leroux, Spencer W. Jolly, Byunghoon Kim, 
Andreas R. Maier
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Monitoring Tools

LAOLA.

TINE Control System

Quality and stability monitoring 
software for a 200TW laser 

! Power/energy measurement:
• After every amplification stage
• Photodiodes for MHz and kHz range (power)
• Thermoelectric sensors for 5Hz Pulses (energy)

! Temperature measurement: 
• Temperature measurement of the different laser crystals
• Measurement of air/table temperature of each laser box

! Spectrometers
• to get the laser spectrum to the corresponding energy/ power values

! Camera server:
• to monitor the beam-pointing in crucial parts of the laser chain

! Future plan: humidity sensors
" Big number of monitored important laser parameters

! Integration into the DESY Tine Control System
" to be able to access it from any DESY pc and to store the data permanently

! TINE: Three-fold Integrated Networking Environment
• Multi-Platform (Win, UNIX, MACOS,…)
• Multi-Protocol (UDP, TCP, IPX, and PIPEs) 
• Multi-ArchitectureClient-serverPublisher-SubscriberProducer-Consumer
" Plug and Play

! Local Storage (for 90 days)
• Short-term: 10min with 1/s, long-term (>10min) with 1/15min when

changes<10%

! Central Archive (for years)
• Adjustable for all kinds of needs

" Professional and approved solution for data archiving

Long-term Analysis / Benefits  

! We are now able to see how the system reacts on: 
• Perturbations like vibration (people working in the lab)
• Temperature changes
• Influence/quality of the cooling circuit
• Degradation over time 
• Warm up time to get stable
• Energy correlations between the amplification stages
• Correlations between energy, temperature, beam pointing and spectrum

! Therefore we can locate and solve problems faster
" Important for a reliable and stable laser

Power/Energy stability measurements of the oscillator
and the whole laser chain:

A. Measurement of the ML power loss of the oscillator
during normal working conditions

B. Full chain stability measurement, right after starting
the laser

C. Observation of the oscillator behavior while
keeping it in ML

B

Control Panels and Analysis Software

! Control panels showing all important laser parameters for all 
amplification stages 

! Data access for analysis:
• MatLab
• Different in-house java applications 

! Monitored values : 
• Picture of the beam spot,
• beam centroid, 
• energy trend and latest value, 
• temperature, 
• current spectrum and reference 

spectrum 

Angus Laser in Concept
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CFEL, Hamburg

ImPACT, 
MIRAI
Osaka Univ / 
Riken Harima

SIOM, Shanghai, China

1
Concept of ultra-compact XFELXFEL (SACLA) at RIKEN Harima

Confirm capability 
of Miniaturization

Electron accel. for 
imaging

Integrated platform will be completed in JFY2017

Ultra-compact power laser LWFA of electrons

Handheld laser
20mJ (final goal: 100mJ), 

100Hz, � 1ns, � 1kg Stabilizing magnet

Laser LWF

Accelerated
ElectronsElectrons

LWF Electrons
Electron 

beam

Laser

Micro-undulator

Accelerating gradient: 100GV/m

Table-top laser
1J/pulse (ready to 3J), 

Nd:YAG, 300Hz

R&D Structure of ImPACT - UPL

Sub-PW Laser

Modules for LWFA

Electron beam 
(>1GeV)

Undulator

X-ray beam
(1keV)

IntegrationLWF & beam diagnoses XFEL characterization
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For ⁄u ≥ 20mm this K-gradient takes values of a few
10 m≠1 to 100 m≠1. The intriguing simplicity of this
approach comes at the cost of a highly non-linear depen-
dence of the field amplitude on the transverse coordinate
which limits the usable y-range and thereby the energy
acceptance of this type of TGU.

Common to all TGU designs is that the transverse field
gradient a�ects the beam dynamics inside the undulator
in a potentially undesirable way, if no corrective measures
are taken. In designs where the directions of spectral dis-
persion and oscillatory motion of the particles are parallel
to each other, as it is the case for tapered or convex poles,
a ponderomotive particle drift in the direction of the field
amplitude gradient occurs. As shown in [300], this e�ect
can be suppressed by superimposing a weak correction
field constant in z. The required horizontal profile of the
correction field depends on the horizontal profile of the
TGU’s main field. For the cylindrical TGU an approxi-
mately parabolic correction field shape is required, which
can be generated by long racetrack correction coils placed
inside the undulator coil formers [301].

In case of the approach utilizing the natural field am-
plitude gradient in the y direction the spectral dispersion
and the oscillatory motion of the particles are perpendic-
ular to each other and the ponderomotive e�ect is ab-
sent. Instead of that, the particle trajectories are bent
towards the undulator’s symmetry plane due to the nat-
ural focusing present in planar insertion devices [304].
The compensation of this e�ect is achieved by additional
focussing.

2. TGU realizations

Although the concept of transverse gradient undula-
tors has been considered for nearly forty years, no such
device has so far been experimentally tested. Two pro-
totypes or prototype series, respectively, have been built
and are currently awaiting a detailed magnetic charac-
terization and experimental application.

At the Shanghai Institutes of Optics and Fine Mechan-
ics (SIOM) and of Applied Physics (SINAP), Shanghai,
China, four fixed-gap TGU modules with ⁄u = 20 mm
and 75 periods each have been constructed [305]. These
TGUs are hybrid permanent magnet devices of the lin-
ear transverse taper type with a canting angle of 7.5 ¶,
yielding a transverse gradient of –K = 50 m≠1 at a K-
value of 1.15. These undulators are intended to be used
in a TGU-FEL demonstration experiment at the LWFA
setup at the SIOM 200 TW laser facility [306, 307].

The second device, shown in Fig. 17 is a superconduct-
ing cylindrical TGU manufactured at KIT, Karlsruhe,
Germany [299, 308] and foreseen for a TGU demonstra-
tion experiment at the JETI laser facility located at the
Friedrich-Schiller-University Jena, Germany. This TGU
is a 40-period prototype with ⁄u = 0.5 mm and a trans-
verse gradient of –K = 149.5m≠1 at a K-value of 1.07.

A quench test as well as a Hall-probe measurement of

FIG. 17. Photograph of the superconducting 40-period TGU
manufactured at KIT, Karlsruhe, Germany

the magnetic field at one longitudinal and seven trans-
verse position as a function of operation current have
been performed on this superconducting TGU, showing
an excellent agreement with the theoretical expectation
[309]. The undulator has recently been installed in its
own cryostat, a detailed magnetic characterization is un-
der preparation.

F. Exotic Undulators

(plasma undulator, bi-harmonic undulator, RF mi-
crowave, optical ) Igor / Federico/ Jim Igor / Federico/
Jim, ME, Olivier, still to add about the other types of
exotic undulators.....

a. Plasma undulators Plasmas can generate and
sustain very high static fields, and give rise to the strong
collective phenomena such as plasma waves. The idea
of plasma applications for manipulation and, in particu-
larly, undulation of the relativistic electrons dates back
to 1980-90s. At that time, a few concepts were proposed
involving the oscillations of electrons guided in the ion
channels [310], or imposing the wiggling motion by cou-
pling electron beams to the plasma waves [311]. In these
schemes, the laser plasmas produced in gas targets with
the densities 1015 – 1017 cm≠3 were considered, which
defines the undulator periods of ⁄u ≥ 102 ≠ 103 µm, and
for the to-date laser intensities (IL ≥ 1014 W/cm2), the
undulator strength could reach aw ≥ 0.1 ≠ 1. Poten-
tially, with such parameters the X-rays can be produced
even using relatively low energy electron beams with the
limited collimation quality. On the other hand, a low
number of oscillations, which could be produced in the
accessible experimental conditions, and requirement of
high laser energy and stability had hindered these devel-
opments for a long time.

In the recent years the concepts of underdense plasma
undulators have been revised for the stat-of-the-art ex-
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Five, France
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A qualitative estimation of FEL operation can be obtained from the 
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, where I0 is the beam current, IA = 17 

kA is the non-relativistic Alfvén current, γ0 is the relativistic factor, σ! 
is the r.m.s. transverse size of the beam, ku = 2π/λu (where λu is the undu-
lator period), K0 is the undulator parameter (for which [JJ] = [J0(ξ) – J1(ξ)] 
for a planar undulator), and J0 and J1 are Bessel functions of the first 
kind25. The condition σ ρδ ≪ , where σδ is the relative energy spread of 
the electron beam, is typically required for a high-gain FEL. In 
state-of-the-art LWFAs, the energy spread of the electron beam is 
typically of the order of 1% whereas the associated FEL parameter is 
estimated to be of the order of 0.1%, presenting a substantial obstacle 
to the realization of a high-gain FEL. Considerable effort has been made 
to accommodate the requirements of FEL—in particular to handle the 
initial divergence with permanent magnetic quadrupoles and 
plasma-based devices26–28—and to mitigate the energy spread by using 
a longitudinal dispersive chicane for beam decompression or a trans-
verse gradient undulator29,30.

Several projects that have been proposed for the development of an 
LWFA-based FEL rely on the beam-decompression strategy to mitigate 
the slice energy spread. The COXINEL collaboration at SOLEIL/Labo-
ratoire d’Optique Appliquée utilizes a chromatic transport scheme to 
improve the FEL gain and couple the electron beam into a 5-m undulator 
without strong focusing, in which electrons with various energies are 
focused at various positions within the undulator31,32. The LAOLA col-
laboration, which involves the University of Hamburg and DESY, devel-
oped the concept of the beam-decompression scheme29,33 and proposed 
future FEL efforts based on high-gradient quadrupoles and a compact 
cryo-cooled undulator without strong focusing. The BELLA centre at 
Lawrence Berkeley National Laboratory used an ultra-high-gradient 
active plasma lens for beamline shortening and a 4-m-long VISA undu-
lator with strong focusing28. Experiments have so far demonstrated 
the generation of LWFA-based synchrotron undulator radiation in the 
visible-to-near-infrared regime (500–900 nm) by injecting the elec-
tron beam directly into an undulator34, in the extreme ultraviolet and 
soft-X-ray region (7–35 nm) by collimating the electron beam with a 
pair of quadrupoles before it enters an undulator35, and in the ultravio-
let regime (200–300 nm) by decompressing and selecting electrons 

within a desirable energy range before injection into an undulator36. 
However, these experiments operate in the spontaneous-emission 
regime without a nonlinear amplification in the undulators.

In this work, we report the generation of undulator radiation with an 
exponential amplification using an electron beam accelerated by an 
LWFA. The generated radiation is typically centred at a wavelength of 27 nm  
and contains a maximum photon number of around 1010 per shot, cor-
responding to a maximum radiation energy of approximately 150 nJ. 
The extreme-ultraviolet emission intensity as a function of undulator 
length was measured by disrupting the FEL process with an orbit kick37, 
so as to directly verify the exponential amplification. High-brightness 
electron beams and the fine guiding and transport in the dedicated 
undulator beamline constitute an unambiguous proof-of-principle 
demonstration of an FEL using an LWFA.

A schematic of the LWFA-based FEL is shown in Fig. 1a. Experiments 
were conducted with a 200-TW laser system38 with a repetition rate of 
1–5 Hz. The laser pulses were focused by an off-axis parabolic mirror 
of f-number 32 onto the gas target with a vacuum spot size of 35 µm 
(full width at half maximum, FWHM) and an energy concentration of 
around 65% at 1/e2. The peak intensity was estimated to be 3.8 × 1018 
W cm−2, corresponding to a normalized amplitude of a0 = 1.3. The gas 
target was manipulated by a perforated baffle inserted upstream of a 
pure helium supersonic nozzle with diameter of 6 mm. A structured gas 
flow with a shock front was formed, and contributed to the injection 
process and to the controllable evolution of the laser pulses. Under the 
optimized conditions, we obtained high-quality electron beams with a 
peak energy centred around 490 MeV, an energy spread of around 0.5%, 
an average integrated charge of around 30 pC and r.m.s. divergence of 
approximately 0.2 mrad17 (Fig. 1b). Electron beams were consecutively 
generated, and the corresponding fluctuations of the electron-beam 
energy were measured to be less than 3%.

After leaving the plasma, the accelerated electron beam was focused 
by a group of three quadrupoles—the quadrupole triplet—consisting 
of a pair of permanent quadrupoles and an electromagnetic quadru-
pole (Fig. 1a). The permanent magnetic quadrupoles, located 8 cm 
downstream from the gas target, ensured an effective focusing for 
handling the initial divergence and reduced the shot-to-shot angular 
fluctuations of the electron beams. Before entering the undulator, the 
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undulators had a maximum magnetic field of 90 Gs. Thus, the maximum 
deflection angle that could be set for the 500-MeV electron beams is 
0.6 mrad. The measured and simulated radiation energy along the 
undulator and the corresponding measured transverse-beam patterns 
are presented in Fig. 3a–c. Distorting the trajectory at the beginning 
of the third undulator could enable the FEL process to restart, leading 
to secondary spots that are orders of magnitude weaker than those 
without the orbit kick (Fig. 3b). With the dipole correctors installed, 
the average measured radiation energy was estimated to be 0.81 nJ 
with a standard deviation of 0.54 nJ. The radiation energy was measured 
behind the entire undulator section, which is equivalent to direct meas-
urement at the entrance of the third undulator37. The average energy 
of the radiation without the orbit kick was measured to be 68 nJ, and 
the maximum obtained gain is approximately 100-fold in the third 
undulator. These results confirmed successful FEL operation in the 
exponential-gain regime. In Fig. 3a, only measured radiation energy 
exceeding 30 nJ (over 20 shots) at the exit of the undulator was included 
for the evaluation of the average and standard deviation values, which 
corresponds to the maximum obtained gain and is consistent with the 
GENESIS simulation39. The observed r.m.s. of the fluctuations in relative 
energy was 54.2%, (Fig. 3a), and the fluctuations show qualitative agree-
ment with those induced by the initial shot noise in the electron 
beams40.

As a proof-of-principle demonstration, we have shown the feasibility 
of LWFA-based FEL at around 27 nm. The high beam quality from the 
LWFA and the effective guiding of electron beams in the undulator 
beamline are of crucial importance for the realization of FELs. Our 
experiments clearly demonstrate exponential amplification of the 
undulator radiation.

The miniaturization of devices, such as computers and light sources, 
is highly desirable and has a marked effect on the progress of society. 
As one of the most advanced light sources, FELs offer the possibility to 

explore the structures and dynamical processes of atomic and molecu-
lar systems at spatial and time resolutions of the order of ångströms 
and femtoseconds, respectively. As such, they not only bring new inno-
vations to spectroscopy, condensed-matter physics, chemistry, soft 
matter and structural biology, but also open up new areas of research6,41. 
Compact and low-cost FELs will be essential for expanding their applica-
tions and for the further development of transformative technologies. 
A laboratory-scale, ultra-brilliant FEL (around 10 m in size), with the 
advantages of low cost (aproximately US$5 million), high temporal 
resolution (femtosecond-level), high resolution (nanometre-level), 
and ultra-high precision timing control (less than 1 fs), could gain 
popularity. However, a lack of reliability and reproducibility of the 
electron beams is still the main issues that hinders further application 
of LWFAs. By improving the stability of the driving laser and gas flow, 
matching the appropriate experimental parameters and developing 
new injection schemes, it should be possible to repeatedly generate 
high-quality electron beams and enable further development42. In 
addition, it is necessary to further develop technology with which to 
analyse femtosecond-duration electron beams from LWFAs, including 
for detection of the wakefield and for the spatio-temporal structural 
diagnostics of the electron beam, among other examples. The realiza-
tion of closed-loop feedback and an automatic optimization system, 
which are required for further development of LWFAs42, will enable a 
table-top FEL to be realized and to gain widespread use.
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S
ur la plateforme Slic, 
Olivier Tcherbakoff, physi-
cien lasériste, s’apprête à 
mettre en chauffe le laser 

dont il s’occupe : le laser UHI (Ultra 
haute intensité). « Chaque matin, 
nous nous occupons du démarrage 
et du maintien en fonctionnement 
du laser pour fournir aux utilisa-
teurs un faisceau de qualité. » C’est 
donc équipé de ses lunettes sécu-
risées qu’Olivier Tcherbakoff 
pénètre dans la salle laser, au rez-
de-chaussée du bâtiment, pour 
aligner la chaîne laser et régler ses 
différents paramètres comme son 
énergie ou sa durée d’impulsion… 
Le faisceau laser est ensuite  
conduit via un chemi ne ment  

d’optiques jusqu’à la salle d’expé-
rience, au sous-sol, pour finir sa 
course dans une chambre sous 
vide, au sein de laquelle les utilisa-
teurs effectuent leur expérience. 
Fabien Quéré, physicien, est l’un de 
ces utilisateurs : « Olivier me passe 
progressivement le relais du fais-
ceau et vient parfois vérifier si tout 
fonctionne normalement, par 
exemple si le faisceau ne s’est pas 
dégradé… Avec ce laser, j’ai la pos-
sibilité de réaliser des expériences 
sur l’interaction laser-matière à 
très haute intensité. Ces équipe-
ments sont un peu comparables à 
des accélérateurs de particules, 
tels que le LHC du Cern à Genève, mais fortement miniaturisés ! Il est 

déjà possible d’utiliser ces lasers 
pour produire des faisceaux d’élec-
trons similaires à ceux fournis par 
les accélérateurs conventionnels, 
mais avec une distance d’accélé-
ration 100 fois plus courte, de 
quelques mètres seulement… » 
Les physiciens étudient également 
l’accélération de protons avec des 
lasers. Leur objectif ? Obtenir des 
sources de protons énergétiques 
compactes qui pourraient peut-
être remplacer les sources utili-
sées aujourd’hui dans les hôpitaux 
pour la protonthérapie des 

tumeurs cancéreuses. « Les 
lasers sont des équipements qui 
évoluent et s’améliorent tout le 
temps, reprend Olivier Tcherbakoff. 
Lors de mes premières manipula-
tions, je me souviens que les  
commandes du laser étaient 
concentrées sur un pupitre. 
Aujourd’hui, tout est informatisé et 
passe par un écran de contrôle. 
Cette course aux performances 
constitue d’ailleurs la deuxième 
mission que l’on nous a confiée ici :  
celle d’optimiser nos lasers pour 
nous permettre de rester à la 
pointe de la technologie. »

A
u milieu d’une forêt de 
pins, à une trentaine de 
kilomètres au sud de 
Bordeaux, se dresse un 

bâtiment long de 150 mètres. À 
l’intérieur, le prototype à échelle 1 
d’une des chaînes laser du futur 
LMJ (laser Mégajoule), face à la 
LIL (Ligne d’intégration laser), le 
plus puissant laser d’Europe en 
termes d’énergie délivrée. 
Développée et mise au point pour 
valider les choix technologiques 
du LMJ et pour étudier la phy-
sique des armes dans le cadre du 
programme Simulation, la LIL est 
également ouverte à d’autres 
expériences, comme celles d’as-
trophysiques. Ici, environ 100 per-
sonnes travaillent au bon 

fonction-
nement de cet instrument. 

Parmi elles : des responsables de 
conduite d’installation, dont 
Laurent Chauvel. « À la LIL, nous 
effectuons un tir par jour et cela 
nécessite près de huit heures de 
réglages. Il s’agit de guider les 
faisceaux laser sur un parcours 
de plusieurs centaines de mètres. 
Au moment du tir, ils sont ampli-
fiés et focalisés sur une cible posi-
tionnée au milieu de la chambre 
d’expérience, une sphère en alu-
minium sous vide de plus de 
quatre mètres de diamètre. 
Autour de la cible, nous avons 
préalablement configuré et aligné 
les instruments de diagnostic qui 
permettront d’analyser l’interac-
tion du laser avec le plasma de la cible. L’équipe de conduite est 

constituée d’une dizaine d’opéra-
teurs. Chacun est chargé d’une 
partie du procédé : le pilote, la 
synchronisation, les diagnostics, 
le vide… Et mon rôle est de coor-
donner les différentes opérations 
à effectuer pendant la phase de 
réglages et la phase de tir en 
garantissant la sécurité des opé-
rateurs intervenant dans les halls. 
Il y a beaucoup de composantes 

différentes dans mon travail. Ce 
n’est pas un métier qui s’impro-
vise. Au départ, lorsque je suis 
arrivé au CEA en 1998, j’étais chef 
de tir sur le laser Phébus de 
Limeil et je suis devenu respon-
sable de conduite d’installation 
sur la LIL en 2007. J’ai d’abord 
suivi une formation de six mois 
pour connaître l’installation puis 
j’y ai travaillé en compagnonnage 
avec un autre responsable. »

LASÉRISTE ET UTILISATEUR

 Fournir un faisceau de qualité 
Dans la salle d’expérience, OLIVIER TCHERBAKOFF 
et FABIEN QUÉRÉ règlent les réseaux optiques situés 
en fin de chaîne laser UHI 100 
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XFEL pulses focused on the interaction region using a set of 
Beryllium lenses. 
Protein crystals in crystallization solution introduced into the 
focused XFEL beam using a liquid jet of 1.8 μm diameter moving 
at speeds between 50 m/s and 100 m/s. 
Diffraction from the sample measured using an AGIPD, capable of 
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 1 μs to deliver fresh sample in time for arrival of the next 
X-ray pulse. 

4ET8 lysozyme structure

M. O. Weidorn et al., Megahertz serial crystallography, Nat. Comm.  (2018) 9: 4025

The development of serial femtosecond crystallography
(SFX) using intense femtosecond-duration pulses from X-
ray free-electron lasers has opened up new avenues for the

measurement of macromolecular structures and macromolecular
dynamics. SFX has found particular application for room tem-
perature measurements using micron-sized and smaller protein
crystals, time-resolved studies of biomolecular dynamics at phy-
siologically relevant temperatures, and the measurement of
radiation-sensitive structures1–7. The pressing challenge facing
serial crystallography has been efficiently measuring diffraction
data from the large number of individual micro- or nanocrystals
required for the serial crystallography approach. Now, the new
European X-ray Free-Electron Laser (EuXFEL) is the first X-ray
free-electron laser capable of delivering X-ray pulses with a
megahertz inter-pulse spacing, a peak pulse rate four orders of
magnitude higher than previously possible8. However, to date, it
has been unclear whether it would indeed be possible to measure
high-quality structures using an XFEL beam with a microsecond
X-ray pulse separation. Here, we show that high-quality struc-
tures can indeed be obtained using 1.1 MHz repetition rate pulses
from the European XFEL using currently available operating
conditions (September 2017 and March 2018, proposal p2012).
We present two complete data sets, one from the well-known
model system in crystallography, lysozyme and the other from a
so far unknown complex of a β-lactamase from Klebsiella pneu-
moniae involved in antibiotic resistance. This result opens up the
possibility of SFX structure determination at a far higher rate than
previously possible, enabling the efficient measurement of the
evolution and dynamics of molecular structures using megahertz
repetition rate pulses available at this new class of X-ray laser
source.

Ultra-short and extremely intense X-ray pulses from XFELs
can outrun X-ray-induced damage processes to obtain practically

unperturbed structures before the onset of sample explosion9,10.
"Diffraction before destruction" has enabled the recent develop-
ment of SFX at FELs using sub-micron-sized crystals at room
temperature using doses far exceeding conventional radiation
damage limits11,12. To date, SFX measurements have been limited
by facility pulse repetition rates to measuring at 120 frames
per second or 8 ms between pulses13–15. The EuXFEL design
produces bursts of X-ray pulses at a megahertz repetition rate,
repeating at 10 Hz frequency (Fig. 1). At the current EuXFEL,
intra-bunch repetition rate of 1.1 MHz the pulse spacing is less
than 1 μs, nearly four orders of magnitude shorter than previously
available8. The decreased time between X-ray pulses enables the
EuXFEL to deliver more pulses per second while maintaining the
same X-ray peak power, but simultaneously poses several chal-
lenges for SFX. Exposed samples must clear the X-ray interaction
point in less than 1 μs before the arrival of the next X-ray pulse
requiring sample to be delivered four orders of magnitude faster
than previously required. Additionally, detecting full-frame dif-
fraction patterns with megahertz pulse repetition rates requires a
totally new class of detector. Further complicating matters, the
high dose deposited by a single FEL pulse can cause the jet to
explode. This creates a void which must also clear the interaction
point before the next X-ray pulse arrives. The explosion has been
observed to send a shock wave back up the liquid column under
certain conditions16, while high levels of ionization produced in
a small area also create free electrons which can damage as
yet unexposed sample. Any of these effects could damage the
incoming protein crystals resulting in either modification of the
molecular or crystalline structure, possibly preventing structural
information to be acquired from diffraction measurements
altogether.

We demonstrate here that serial femtosecond crystallography
using bursts of megahertz repetition rate X-ray pulses is capable

AGIPD detector

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

This experiment:
    15 and 30 frames at 1.1 MHz
    150 and 300 frames per second
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Fig. 1 Megahertz serial crystallography. Pulses from the European XFEL were focused on the interaction region using a set of Beryllium lenses. Protein
crystals in crystallization solution were introduced into the focused XFEL beam using a liquid jet of 1.8 µm diameter moving at speeds between 50m/s and
100m/s. Diffraction from the sample was measured using an AGIPD, which is capable of measuring up to 3520 pulses per second at megahertz frame
rates. In-situ jet imaging (inset) showed that the liquid column does explode under the X-ray illumination conditions of this experiment using a jet with a
speed of 100m/s, but that the liquid jet recovered in less than 1 μs to deliver fresh sample in time for arrival of the next X-ray pulse. Images and movies of
jets at different speeds are included in the supplementary material
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10 kDa Amicon concentrator to a final CTX-M-14 concentration of 20 mg/mL.
CTX-M-14 microcrystals for SFX were produced using a seeding approach.
Crystals were grown by sitting drop vapor diffusion at 20 °C overnight mixing 1 µL
CTX-M-14 at 20 mg/mL and 1 µL precipitant (40% PEG8000, 200 mM lithium
sulfate, 100 mM sodium acetate). Obtained crystals (space group P212121) were
crushed and a seed stock was prepared. To obtain microcrystals the undiluted seed
stock was used for batch crystallization setups by mixing volumes of 50% CTX-M-
14 with 10% undiluted seed stock and 40% precipitant solution. Resulting
microcrystals were centrifuged at 200 × g for 5 min and the pellet was crushed
using a glass tissue homogenizer. This procedure was repeated 10 times and the
supernatant of a final centrifugation step was used for two successive rounds of
seed stock preparation, resulting in approximately 1 mL of highly concentrated
seed stock that was used for following CTX-M-14 batch crystallization setups.
CTX-M-14 microcrystals prepared by this approach grew within 1 h and had a
homogeneous size distribution ranging from 3 to 8 µm, scored by light microscopy.
Prior to sample loading into the reservoir container the crystal suspension was
filtered using a 20 µm gravity flow filter and mixed at this time with avibactam to
obtain a final avibactam concentration of 20 mM.

Fast jets. Delivery of suspensions of crystal solution followed the principle of a gas
dynamic virtual nozzle33–35 in which a liquid stream is focused and accelerated by
the virtual orifice created by a co-propagating helium gas flow. The sample was
delivered to the injector using a syringe approach in which a high-pressure liquid
chromatography (HPLC) pump (Shimadzu) delivered water to drive the plunger in
a sample reservoir, forcing sample through a syringe into the injector lines. The
pump delivers a constant flow even at high pressures and thus allows for stable and
steady delivery of the sample suspension. The sample flow rate was additionally
monitored by a liquid flow meter (Sensirion) located in the water stream between
the HPLC pump and the sample syringe/reservoir. Gas flow was controlled using a
GP1 gas pressure regulator (Proportion-air) and the flow rate was monitored with a
gas flow meter (Bronkhorst). Nozzle tips were produced by three-dimensional (3D)
printing36 following the design shown in Fig. 1. A 50 µm internal diameter injector
sample line was used for improved stability with the crystal sizes used, placing an
upper limit on achievable jet speed in this experiment. Three different conditions
were chosen for sample delivery spanning the range of 50–100 m/s jet speed,
significantly faster than previous jet velocities that were usually below 30 m/s37. Jet
speeds were estimated during the experiment based on the flow conditions and
known geometry of the 3D-printed nozzle, and subsequently verified by high-speed
imaging in the laboratory using the same flow conditions as listed in Table 1.
Laboratory measurement with both water and HEWL crystal suspension showed
similar jet speeds, as reported in Table 1. The speed of the 25 m/s jet was calculated
with less precision from movement of the X-ray-induced gaps at EuXFEL. No
crystal diffraction data were collected with the 25 m/s jet. For simplicity in the main
text and figures we refer to these conditions as jets with a speed of 100, 75, 50 and
25 m/s, values which retain physical meaning but do not over-estimate the stability
of the jet speed over time.

Placement of injector nozzles near the XFEL interaction region was achieved
using a “nozzle rod” mount provided by the EuXFEL sample environment group,
providing the ability to optimize overlap between the focused X-ray beam and the
sample-containing liquid jet. Interaction of the jet with the XFEL was imaged using
an in-situ microscope with pulsed laser back illumination (Coherent Minilite-II,
pulse duration of 3–5 ns for the frequency doubled 532 nm pulse) synchronized to
the XFEL pulses similar to the arrangement in ref. 16. Jet explosion movies were
collected using the higher pulse energy of the β-lactamase measurements.

SPB/SFX instrument. Experiments were performed at the SPB/SFX instrument at
the European XFEL X-ray free-electron laser in September 2017 (HEWL) and April
2018 (CTX-M-14) as part of EuXFEL experiment p2012 using parameters as
described in the main text. The size of the focal spot in the interaction region was
estimated to be 16 µm ± 4 µm FWHM diameter based on optical imaging of single
shots using Ce:YAG screens of various thicknesses (15, 20 and 50 µm). An analysis
of the scattered signal on the detector suggests it is possible the actual focal spot
was somewhat smaller in size. The liquid jets (described above) were positioned in
the interaction region by mounting nozzles on a movable “nozzle rod” which held
the jets just above the
X-ray focal position and aligned to the X-ray beam using an in-line microscope
viewing system. Diffraction from the sample was measured using an AGIPD 1M
located 0.12 m downstream of the sample interaction region, with the direct beam
passing through a central hole in the detector to a beam stop further downstream.

The AGIPD (Supplementary Figure 4) is a new charge integrating detector built
for the European XFEL that is capable of measuring full frames at the EuXFEL pulse
repetition rate. The AGIPD is designed to read out in burst mode because the
EuXFEL delivers trains of X-ray pulses at MHz repetition rate, repeating at 10 Hz
repetition rate. This experiment was performed with 30 pulses per burst at 1.1MHz
repetition rate. The EuXFEL design parameters extend to bursts of up to 2700 pulses
at 4.5MHz repetition rate, and thus each AGIPD pixel contains 352 analog memory
cells which can be addressed at MHz repetition rates enabling the AGIPD to
measure bursts of up to 352 individual X-ray pulses at MHz repetition rate.
Subsequently, all memory cells are read out in the less than 100ms before arrival of
the next burst of X-ray pulses. This enables up to 352 pulses per train to be
measured, or when fewer than 352 pulses populate a pulse train allows all pulses to
be measured, as is this case here. The maximum frame rate of AGIPD is therefore
3520 frames per second matched to the EuXFEL pulse structure. Each pixel of
AGIPD has three gain settings which are automatically selected on a frame-by-
frame basis depending on the signal present in each pixel (Supplementary Figure 4).
The AGIPD 1M detector used here consists of 16 tiles of 128 × 512 pixels each
arranged as shown in Fig. 1 and Supplementary Figures 4 and 5. Calibration of the
AGIPD readout requires measurement of the pedestal, gain and gain switching
threshold for each of the three gain stages in each memory cell of each pixel. In this
experiment the detector readout was initially limited to the first 15 X-ray pulses
during instrument commissioning (HEWL), and later 30 pulses (CTX-M-14).

XFEL data analysis. Experiment progress was monitored online using OnDA38 for
serial crystallography reading data in real time from the EuXFEL control system
Karabo39 using the Karabo bridge40. Of the 749,874 diffraction patterns collected
during HEWL data acquisition runs used for final analysis, 25,193 (3.4%) images
were found by Cheetah24 to contain crystal diffraction (peakfinder8, minSNR= 8,
minADC= 200, minPix= 2, minPeaks= 20). The same procedure was followed
for CTX-M-14, except with the peakfinder8 parameters minSNR= 8, minADC=
250, minPix= 1, minPeaks= 20. Data from each AGIPD module was saved into
separate files, and thus Cheetah24 was updated to match data from each of the
16 separate modules by train and pulse number. This ensured data was processed
from the same X-ray pulse even in the presence of missing data frames, for
example, if not all modules were present in the saved data for all train and pulse ID
combinations. Data were read from uncalibrated (RAW_) data files in European
XFEL format, and thus detector calibration was required. See Supplementary
Figure 4 for operation of the AGIPD multiple-gain mode. AGIPD calibration was
performed in Cheetah as follows: first the memory cell in use for the given Train ID

C-terminus

N-terminus

Asn170

Lys73

Gly236

Cys69

Tyr105

CAH

CB

CA

C

NAA

O
OAC

CAN

NCAJOG

NAK

OGCB

CA
N

C
O

OAD

SAR

OAE

OAG

OAL

CB

CA

N

C

O

CB

CA

N

O
C OD1

CB

ND2

OD1CG

CA

C

C
O

CA
N

OG

CB

O

N

ND2
CG

CAO

Thr235
Thr216

Asn104

Ser70

Ser130

Asn132

Ser237

3.1
2.83.2

2.6

1.4

3.2

3.1

2.9
2.9

3.2
2.33.2

2.9

W112

W88

W150

W90

W6

S237S130

S70 T235

Avibactam

a b

Fig. 6 Structure of CTX-M-14 β-lactamase determined by MHz SFX. a 2Fo-Fc map at 1 sigma overlaid on Fo-Fc map at 3 sigma around covalently bound
avibactam from molecular replacement using a solvent-free version of the 5TWD β-lactamase structure from ref. 18 as the starting model. b Representation
of covalently bound avibactam to OG of Ser70, stabilized by hydrogen bonds and hydrophobic interactions with surrounding amino acids of CTX-M-14.
Figure was prepared using Ligplot53

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06156-7 ARTICLE

NATURE COMMUNICATIONS | �(2018)�9:4025� | DOI: 10.1038/s41467-018-06156-7 | www.nature.com/naturecommunications 7

CTX-M-14 β-lactamas 

Applications of XFELs

https://www.rcsb.org/structure/4ET8
https://www.rcsb.org/structure/4ET8


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

collaboration 
        

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.  
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Ruby laser5 The first Free Electron Laser experimental results
5.1 The first Free Electron Laser in Stanford (USA) in the infra-red in 1977
5.1.1 The first Free Electron Laser amplification in the infra-red in 1976
After the theoretical prediction of the FEL concept in 1971, J. M. M. Madey searched how to set up an
experiment to test his idea of Free Electron Laser a [56]. Indeed, the High Energy Physics Laboratory on
the Stanford campus concentrated a high knowledge on accelerator physics, both for normal conducting
and superconducting device. S-band accelerators had been developed by William W. Hansen (1909-
1949) and Edward Ginzton (1915-1998) after the second world war, which led to the construction of
Stanford Linear Accelerator Laboratory (SLAC), a three kilometer S-band linac with upgraded klystrons
under the direction of Wolfgang K. H. Panofsky (1919-2007). First superconducting linear accelerators
were developed by William Fairbank (1917-1989) and Alan Schwettman (fifteenth FEL prize in 2002)
[160], in order to exploit higher gradients and reduced power consumption of superconducting niobium
cavities. High stability and sufficiently low energy spread beams for the low gain free electron laser
exploration could be achieved on the MARK -III superconducting linear accelerator.

J. M. J. Madey obtained a financial support from the Air Force Office of Scientific Research
(AFOSR) in 1972 in two steps : a first one to demonstrate gain, and a second one to achieve the Free
Electron Laser oscillation provided the success of the first one. A team was gathered with J.M. J. Madey
for laser physics, electronic instrumentation, cryogenic systems, superconducing undulator, Luis Elias
(third FEL prier in 1990) for the optics, optical instrumentation, and conventional laser sources, super-
conducting undulator and Todd Smith (third FEL prier in 1990) for the accelerator. The composition
of this new research team logically balanced the expertise between accelerators and electron tubes, and
optics and lasers.

The first experimental demonstration of the Free Electron Laser amplification was performed in
Stanford in 1976 [161]. The electron beam has been produced by a 24 MeV electron beam generated
by a superconducting undulator at 1.3 GHz. A 5.2 m long 3.2 cm period NbTi superconducting helical
undulator was built (see Fig. 32.) with a very high mechanical precision for the coil winding. It provided
an undulator field of 0.24 T . A CO2 laser at 10.6 µm with variable intensity and polarization was
focused inside the undulator to a waist of 3.3mm. The wavelength of the CO2 laser being fixed, tuning
was performed by changing the energy of the electrons around 24MeV . The signal was detected with a
high speed helium-cooled CuGe detector, synchronized with the 1.3 GHz from the accelerator.

Fig. 32: Picture of the superconducting undulator used for the Madey’s experiment.

The CO2 has been amplified, demonstrating a single pass gain of 7 %, as shown in Fig. 33. Good
agreement was found on the theoretical expectations regarding the gain. One notices that the gain is the
derivative of the spontaneous emission, as understood as the Madey [61, 88].

This FEL amplifier first experiment was a major step for the validation of the FEL concept with
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FIG, 6. Equipment outline for buncher tests. 

corresponding to light passing through the two polaroid 
windows was 2: 1 in favor of perpendicular polarization. 
Subtracting the background makes the evidence for 
polarization even stronger. A quantitative determina-
tion was not attempted. 

3. Color 

A qualitative experiment was also carried out 
concerning the color distribution of the light. An 
interference filter passing a band 100A wide centered 
on 4400A was used. Theoretically, the color of the light 
should range from green (5500A) to blue (3400A) in 
the energy range from 95 Mev to 120 Mev. The light 
fell on a photomultiplier 1P21, which has a sensitivity 
curve starting at 3000A, rising sharply to a peak at 
4OOOA, and falling to almost zero at 7500A. We got 
maximum transmission at 90-95 Mev and almost no 
transmission at 120 Mev. We consider this as a very 
rough indication of agreement with theoretical pre-
dictions. 

V. MILLIMETER WAVE GENERATION 

1. The Electron Buncher 
It has been shown that the power output of the 

undulator in the millimeter band can be greatly 
enhanced by suitable bunching of the electrons. A 
3-5-Mev electron beam was used in the millimeter 
wave generation experiment. It was produced by a 
special linear accelerator, which also achieved a high 
degree of bunching. The design of this buncher was 
carried out by Mr. R. Neal and was based on some 
calculations by Dr. E. L. Chu. It is now used as an 
injection system for the Mark III Stanford linear 
accelerator and will be the subject of a separate publica-
tion. For our purpose suffice it to say that it is a travel-
ing wave type of accelerator consisting of a disk-
loaded structure in which the phase velocity changes 
from 0.5 c to approximately c over a length of 32 

inches. The filling time is 0.2 microseconds. An input 
power up to 8 M w is required and was obtained from a 
Stanford high power klystron operating at 2856 Me/sec. 
Electron pulses drawn at 80 kv are obtained from a 
tungsten filament gun and injected into the accelerator. 
The gun pulse lasts 1 microsecond and is applied 0.2 
microseconds after the klystron pulse. 

Tests of this buncher revealed an energy spectrum 
of 0.2-Mev half-width at 5 Mev. The accelerator 
collects electrons during the full period of the traveling 
in the accelerator and bunches them to within 30°; 
and it may have been better than indicated by the 
foregoing numbers. Figure 6 shows a block diagram of 
the set-up used for testing the buncher. The buncher 
is followed by a standard (2-ft) accelerator section, 
i.e., by a uniformly disk-loaded section which obtains 
power coupled out of the end of the buncher through 
a phase shifter which allows variation of the relative 
phases of buncher and standard section ranging over 
360°. For energy measurement purposes the beam can 
be magnetically deflected into a channel leading to a 
radiation monitor. It was necessary to insert colli-
mators with IIG-inch clearing holes in order to obtain 
good energy resolution. 

SEAL 

FIG. 7. Crystal detector for millimeter waves. 
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A qualitative estimation of FEL operation can be obtained from the 
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, where I0 is the beam current, IA = 17 

kA is the non-relativistic Alfvén current, γ0 is the relativistic factor, σ! 
is the r.m.s. transverse size of the beam, ku = 2π/λu (where λu is the undu-
lator period), K0 is the undulator parameter (for which [JJ] = [J0(ξ) – J1(ξ)] 
for a planar undulator), and J0 and J1 are Bessel functions of the first 
kind25. The condition σ ρδ ≪ , where σδ is the relative energy spread of 
the electron beam, is typically required for a high-gain FEL. In 
state-of-the-art LWFAs, the energy spread of the electron beam is 
typically of the order of 1% whereas the associated FEL parameter is 
estimated to be of the order of 0.1%, presenting a substantial obstacle 
to the realization of a high-gain FEL. Considerable effort has been made 
to accommodate the requirements of FEL—in particular to handle the 
initial divergence with permanent magnetic quadrupoles and 
plasma-based devices26–28—and to mitigate the energy spread by using 
a longitudinal dispersive chicane for beam decompression or a trans-
verse gradient undulator29,30.

Several projects that have been proposed for the development of an 
LWFA-based FEL rely on the beam-decompression strategy to mitigate 
the slice energy spread. The COXINEL collaboration at SOLEIL/Labo-
ratoire d’Optique Appliquée utilizes a chromatic transport scheme to 
improve the FEL gain and couple the electron beam into a 5-m undulator 
without strong focusing, in which electrons with various energies are 
focused at various positions within the undulator31,32. The LAOLA col-
laboration, which involves the University of Hamburg and DESY, devel-
oped the concept of the beam-decompression scheme29,33 and proposed 
future FEL efforts based on high-gradient quadrupoles and a compact 
cryo-cooled undulator without strong focusing. The BELLA centre at 
Lawrence Berkeley National Laboratory used an ultra-high-gradient 
active plasma lens for beamline shortening and a 4-m-long VISA undu-
lator with strong focusing28. Experiments have so far demonstrated 
the generation of LWFA-based synchrotron undulator radiation in the 
visible-to-near-infrared regime (500–900 nm) by injecting the elec-
tron beam directly into an undulator34, in the extreme ultraviolet and 
soft-X-ray region (7–35 nm) by collimating the electron beam with a 
pair of quadrupoles before it enters an undulator35, and in the ultravio-
let regime (200–300 nm) by decompressing and selecting electrons 

within a desirable energy range before injection into an undulator36. 
However, these experiments operate in the spontaneous-emission 
regime without a nonlinear amplification in the undulators.

In this work, we report the generation of undulator radiation with an 
exponential amplification using an electron beam accelerated by an 
LWFA. The generated radiation is typically centred at a wavelength of 27 nm  
and contains a maximum photon number of around 1010 per shot, cor-
responding to a maximum radiation energy of approximately 150 nJ. 
The extreme-ultraviolet emission intensity as a function of undulator 
length was measured by disrupting the FEL process with an orbit kick37, 
so as to directly verify the exponential amplification. High-brightness 
electron beams and the fine guiding and transport in the dedicated 
undulator beamline constitute an unambiguous proof-of-principle 
demonstration of an FEL using an LWFA.

A schematic of the LWFA-based FEL is shown in Fig. 1a. Experiments 
were conducted with a 200-TW laser system38 with a repetition rate of 
1–5 Hz. The laser pulses were focused by an off-axis parabolic mirror 
of f-number 32 onto the gas target with a vacuum spot size of 35 µm 
(full width at half maximum, FWHM) and an energy concentration of 
around 65% at 1/e2. The peak intensity was estimated to be 3.8 × 1018 
W cm−2, corresponding to a normalized amplitude of a0 = 1.3. The gas 
target was manipulated by a perforated baffle inserted upstream of a 
pure helium supersonic nozzle with diameter of 6 mm. A structured gas 
flow with a shock front was formed, and contributed to the injection 
process and to the controllable evolution of the laser pulses. Under the 
optimized conditions, we obtained high-quality electron beams with a 
peak energy centred around 490 MeV, an energy spread of around 0.5%, 
an average integrated charge of around 30 pC and r.m.s. divergence of 
approximately 0.2 mrad17 (Fig. 1b). Electron beams were consecutively 
generated, and the corresponding fluctuations of the electron-beam 
energy were measured to be less than 3%.

After leaving the plasma, the accelerated electron beam was focused 
by a group of three quadrupoles—the quadrupole triplet—consisting 
of a pair of permanent quadrupoles and an electromagnetic quadru-
pole (Fig. 1a). The permanent magnetic quadrupoles, located 8 cm 
downstream from the gas target, ensured an effective focusing for 
handling the initial divergence and reduced the shot-to-shot angular 
fluctuations of the electron beams. Before entering the undulator, the 
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Fig. 1 | Schematic layout of LWFA-based free electron laser experiment.  
a, Undulator beamline with a total length of approximately 12 m from the gas 
target for the LWFA to the X-ray spectrometer. b, Typical spectra of electron 
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undulators had a maximum magnetic field of 90 Gs. Thus, the maximum 
deflection angle that could be set for the 500-MeV electron beams is 
0.6 mrad. The measured and simulated radiation energy along the 
undulator and the corresponding measured transverse-beam patterns 
are presented in Fig. 3a–c. Distorting the trajectory at the beginning 
of the third undulator could enable the FEL process to restart, leading 
to secondary spots that are orders of magnitude weaker than those 
without the orbit kick (Fig. 3b). With the dipole correctors installed, 
the average measured radiation energy was estimated to be 0.81 nJ 
with a standard deviation of 0.54 nJ. The radiation energy was measured 
behind the entire undulator section, which is equivalent to direct meas-
urement at the entrance of the third undulator37. The average energy 
of the radiation without the orbit kick was measured to be 68 nJ, and 
the maximum obtained gain is approximately 100-fold in the third 
undulator. These results confirmed successful FEL operation in the 
exponential-gain regime. In Fig. 3a, only measured radiation energy 
exceeding 30 nJ (over 20 shots) at the exit of the undulator was included 
for the evaluation of the average and standard deviation values, which 
corresponds to the maximum obtained gain and is consistent with the 
GENESIS simulation39. The observed r.m.s. of the fluctuations in relative 
energy was 54.2%, (Fig. 3a), and the fluctuations show qualitative agree-
ment with those induced by the initial shot noise in the electron 
beams40.

As a proof-of-principle demonstration, we have shown the feasibility 
of LWFA-based FEL at around 27 nm. The high beam quality from the 
LWFA and the effective guiding of electron beams in the undulator 
beamline are of crucial importance for the realization of FELs. Our 
experiments clearly demonstrate exponential amplification of the 
undulator radiation.

The miniaturization of devices, such as computers and light sources, 
is highly desirable and has a marked effect on the progress of society. 
As one of the most advanced light sources, FELs offer the possibility to 

explore the structures and dynamical processes of atomic and molecu-
lar systems at spatial and time resolutions of the order of ångströms 
and femtoseconds, respectively. As such, they not only bring new inno-
vations to spectroscopy, condensed-matter physics, chemistry, soft 
matter and structural biology, but also open up new areas of research6,41. 
Compact and low-cost FELs will be essential for expanding their applica-
tions and for the further development of transformative technologies. 
A laboratory-scale, ultra-brilliant FEL (around 10 m in size), with the 
advantages of low cost (aproximately US$5 million), high temporal 
resolution (femtosecond-level), high resolution (nanometre-level), 
and ultra-high precision timing control (less than 1 fs), could gain 
popularity. However, a lack of reliability and reproducibility of the 
electron beams is still the main issues that hinders further application 
of LWFAs. By improving the stability of the driving laser and gas flow, 
matching the appropriate experimental parameters and developing 
new injection schemes, it should be possible to repeatedly generate 
high-quality electron beams and enable further development42. In 
addition, it is necessary to further develop technology with which to 
analyse femtosecond-duration electron beams from LWFAs, including 
for detection of the wakefield and for the spatio-temporal structural 
diagnostics of the electron beam, among other examples. The realiza-
tion of closed-loop feedback and an automatic optimization system, 
which are required for further development of LWFAs42, will enable a 
table-top FEL to be realized and to gain widespread use.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03678-x.
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undulators had a maximum magnetic field of 90 Gs. Thus, the maximum 
deflection angle that could be set for the 500-MeV electron beams is 
0.6 mrad. The measured and simulated radiation energy along the 
undulator and the corresponding measured transverse-beam patterns 
are presented in Fig. 3a–c. Distorting the trajectory at the beginning 
of the third undulator could enable the FEL process to restart, leading 
to secondary spots that are orders of magnitude weaker than those 
without the orbit kick (Fig. 3b). With the dipole correctors installed, 
the average measured radiation energy was estimated to be 0.81 nJ 
with a standard deviation of 0.54 nJ. The radiation energy was measured 
behind the entire undulator section, which is equivalent to direct meas-
urement at the entrance of the third undulator37. The average energy 
of the radiation without the orbit kick was measured to be 68 nJ, and 
the maximum obtained gain is approximately 100-fold in the third 
undulator. These results confirmed successful FEL operation in the 
exponential-gain regime. In Fig. 3a, only measured radiation energy 
exceeding 30 nJ (over 20 shots) at the exit of the undulator was included 
for the evaluation of the average and standard deviation values, which 
corresponds to the maximum obtained gain and is consistent with the 
GENESIS simulation39. The observed r.m.s. of the fluctuations in relative 
energy was 54.2%, (Fig. 3a), and the fluctuations show qualitative agree-
ment with those induced by the initial shot noise in the electron 
beams40.

As a proof-of-principle demonstration, we have shown the feasibility 
of LWFA-based FEL at around 27 nm. The high beam quality from the 
LWFA and the effective guiding of electron beams in the undulator 
beamline are of crucial importance for the realization of FELs. Our 
experiments clearly demonstrate exponential amplification of the 
undulator radiation.
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vations to spectroscopy, condensed-matter physics, chemistry, soft 
matter and structural biology, but also open up new areas of research6,41. 
Compact and low-cost FELs will be essential for expanding their applica-
tions and for the further development of transformative technologies. 
A laboratory-scale, ultra-brilliant FEL (around 10 m in size), with the 
advantages of low cost (aproximately US$5 million), high temporal 
resolution (femtosecond-level), high resolution (nanometre-level), 
and ultra-high precision timing control (less than 1 fs), could gain 
popularity. However, a lack of reliability and reproducibility of the 
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 A first promising result at SIOM

V- Prospects for advanced accelerators based FELs
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200 TW laser, 1-5 Hz, 3.8 1018W/
cm2,, a0 = 1.3 
pure helium supersonic nozzle 
Chock front 

high-quality electron beams :
 a ~ 490 MeV peak energy,
~ 0.5% energy spread, 
~ 30 pC average integrated 
charge 
~r.m.s. 0.2 mrad divergence 

2 orders of magnitude amplification at 27 nm
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Among existing facilities, the ESRF 
is the first to attempt implementing an 
MBA scheme to decrease emittance to 
~150 pm rad. They plan to start operation 
of the renewal ring in 2020. This will be 
followed by the introduction of MBA 
configurations at many other synchrotron 
radiation facilities including the APS, 
SPring-8 and PETRA III at DESY.

These new sources are often called 
diffraction-limited synchrotron radiation 
(DLSR) sources, because their emittances 
approach the limitations set by the 
wavelength of light. Portions of the coherent 
flux are enhanced from a tiny value of a 
fraction of thousands to a considerable 
level of around 10%. The high beam quality 
of these DLSR facilities will stimulate 
increased use of coherence-related imaging 
technologies. Among them, coherent X-ray 
diffraction imaging is a method for enabling 
ultrahigh-resolution imaging of isolated 
objects without the use of any imaging 
optics. Although a key theoretical idea 
behind the technique was suggested in the 
1950s, the lack of a suitable coherent flux of 
X-rays prevented experimental verification 
until the late 1990s11. Furthermore, a 
method called ptychography offers similar 
high-resolution X-ray imaging of extended 
objects12. At existing synchrotron radiation 
sources, these techniques are still time 
consuming to perform with rather limited 
applicability. However, they will become 
indispensable tools for routine nano-
analysis at DLSR facilities.

Another aspect of DLSR sources is 
that their reduced emittance decreases 
the horizontal size of the source from 
the submillimetre scale to a few tens 
of micrometres, allowing for a nearly 
circular-shaped beam. In contrast, the 
horizontally elongated beams seen in 
existing synchrotron radiation sources 
can only be turned into a circular shape 
by the use of a pinhole filter. Although the 
realization and the utilization of DLSR 
sources is technically challenging due to the 
requirement for ultimate stability down to 
a 10 nrad level, the resulting gain of photon 
flux for the nanobeam drastically increases 
by three orders of magnitude. Furthermore, 
a new optical scheme for harmonic 
separation, instead of a conventional 
X-ray monochromator with a narrower 
bandwidth, enables high-quality undulator 
radiation at a specific harmonic to be 
extracted, which will give an additional 
gain by two orders of magnitude for a 
broad range of applications.

This type of powerful X-ray probe will 
enable the nanoresolution combinative 
analysis of chemical, physical, electronic and 
magnetic properties for complex objects such 

as catalysts, batteries, correlated materials and 
biological specimens. We must emphasize 
that DLSR sources are utilized mostly for 
non-destructive analyses and are suitable to 
trace the space–time correlations of specific 
objects that are, for example, spontaneously 
fluctuating. This scheme provides 
information complementary to XFELs, where 
high peak brilliance provides instantaneous 
views of fresh samples with every pulse.

X-ray optics and detectors
A key challenge is further development of 
high-performance X-ray optics. For example, 
state-of-the-art mirror technologies, which 
enable precise control and tailoring of the 
beam divergence of the scattered X-rays 
from samples, may be useful for designing 
new types of high-resolution spectrometer 
for inelastic X-ray scattering applications. 
A stereoscopic coherent imaging scheme 
that combines multiple deflecting optics 

would enable researchers to create a 3D 
movie with nanoscale resolution with a 
very fast time frame. Also, nonlinear X-ray 
optical experiments could be translated 
into practical applications. For example, 
nonlinear enhancement of subtle Raman 
signals of light elements would be highly 
beneficial for performing in situ analyses of 
catalytic functions using highly penetrable 
hard X-rays. In parallel to these initiatives, 
it is critically important to develop new-
generation X-ray detectors, in particular, 
pixel detectors that possess high dynamic 
range, low noise, a large pixel number and 
a fast frame rate13. The massive data output 
from these detectors requires state-of-the-art 
information technologies for data transfer, 
analysis and storage.

Future sources
An important future goal is the 
development of ‘table-top-style’ compact 
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Figure 1 | The evolution of peak and average brilliances of synchrotron radiation sources and XFEL sources 
in the hard X-ray region (photon energy ~10 keV). Red filled squares, synchrotron radiation sources 
in operation or those that have closed down; red open squares, synchrotron radiation sources under 
construction or that are planned; blue filled squares, XFEL sources in operation; blue open squares, XFEL 
sources under construction or that are planned. The green dashed lines are guides to the eye. The green 
ovals are relevant to light sources that are featured in this report.
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Among existing facilities, the ESRF 
is the first to attempt implementing an 
MBA scheme to decrease emittance to 
~150 pm rad. They plan to start operation 
of the renewal ring in 2020. This will be 
followed by the introduction of MBA 
configurations at many other synchrotron 
radiation facilities including the APS, 
SPring-8 and PETRA III at DESY.

These new sources are often called 
diffraction-limited synchrotron radiation 
(DLSR) sources, because their emittances 
approach the limitations set by the 
wavelength of light. Portions of the coherent 
flux are enhanced from a tiny value of a 
fraction of thousands to a considerable 
level of around 10%. The high beam quality 
of these DLSR facilities will stimulate 
increased use of coherence-related imaging 
technologies. Among them, coherent X-ray 
diffraction imaging is a method for enabling 
ultrahigh-resolution imaging of isolated 
objects without the use of any imaging 
optics. Although a key theoretical idea 
behind the technique was suggested in the 
1950s, the lack of a suitable coherent flux of 
X-rays prevented experimental verification 
until the late 1990s11. Furthermore, a 
method called ptychography offers similar 
high-resolution X-ray imaging of extended 
objects12. At existing synchrotron radiation 
sources, these techniques are still time 
consuming to perform with rather limited 
applicability. However, they will become 
indispensable tools for routine nano-
analysis at DLSR facilities.

Another aspect of DLSR sources is 
that their reduced emittance decreases 
the horizontal size of the source from 
the submillimetre scale to a few tens 
of micrometres, allowing for a nearly 
circular-shaped beam. In contrast, the 
horizontally elongated beams seen in 
existing synchrotron radiation sources 
can only be turned into a circular shape 
by the use of a pinhole filter. Although the 
realization and the utilization of DLSR 
sources is technically challenging due to the 
requirement for ultimate stability down to 
a 10 nrad level, the resulting gain of photon 
flux for the nanobeam drastically increases 
by three orders of magnitude. Furthermore, 
a new optical scheme for harmonic 
separation, instead of a conventional 
X-ray monochromator with a narrower 
bandwidth, enables high-quality undulator 
radiation at a specific harmonic to be 
extracted, which will give an additional 
gain by two orders of magnitude for a 
broad range of applications.

This type of powerful X-ray probe will 
enable the nanoresolution combinative 
analysis of chemical, physical, electronic and 
magnetic properties for complex objects such 

as catalysts, batteries, correlated materials and 
biological specimens. We must emphasize 
that DLSR sources are utilized mostly for 
non-destructive analyses and are suitable to 
trace the space–time correlations of specific 
objects that are, for example, spontaneously 
fluctuating. This scheme provides 
information complementary to XFELs, where 
high peak brilliance provides instantaneous 
views of fresh samples with every pulse.

X-ray optics and detectors
A key challenge is further development of 
high-performance X-ray optics. For example, 
state-of-the-art mirror technologies, which 
enable precise control and tailoring of the 
beam divergence of the scattered X-rays 
from samples, may be useful for designing 
new types of high-resolution spectrometer 
for inelastic X-ray scattering applications. 
A stereoscopic coherent imaging scheme 
that combines multiple deflecting optics 

would enable researchers to create a 3D 
movie with nanoscale resolution with a 
very fast time frame. Also, nonlinear X-ray 
optical experiments could be translated 
into practical applications. For example, 
nonlinear enhancement of subtle Raman 
signals of light elements would be highly 
beneficial for performing in situ analyses of 
catalytic functions using highly penetrable 
hard X-rays. In parallel to these initiatives, 
it is critically important to develop new-
generation X-ray detectors, in particular, 
pixel detectors that possess high dynamic 
range, low noise, a large pixel number and 
a fast frame rate13. The massive data output 
from these detectors requires state-of-the-art 
information technologies for data transfer, 
analysis and storage.

Future sources
An important future goal is the 
development of ‘table-top-style’ compact 
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Figure 1 | The evolution of peak and average brilliances of synchrotron radiation sources and XFEL sources 
in the hard X-ray region (photon energy ~10 keV). Red filled squares, synchrotron radiation sources 
in operation or those that have closed down; red open squares, synchrotron radiation sources under 
construction or that are planned; blue filled squares, XFEL sources in operation; blue open squares, XFEL 
sources under construction or that are planned. The green dashed lines are guides to the eye. The green 
ovals are relevant to light sources that are featured in this report.
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Among existing facilities, the ESRF 
is the first to attempt implementing an 
MBA scheme to decrease emittance to 
~150 pm rad. They plan to start operation 
of the renewal ring in 2020. This will be 
followed by the introduction of MBA 
configurations at many other synchrotron 
radiation facilities including the APS, 
SPring-8 and PETRA III at DESY.

These new sources are often called 
diffraction-limited synchrotron radiation 
(DLSR) sources, because their emittances 
approach the limitations set by the 
wavelength of light. Portions of the coherent 
flux are enhanced from a tiny value of a 
fraction of thousands to a considerable 
level of around 10%. The high beam quality 
of these DLSR facilities will stimulate 
increased use of coherence-related imaging 
technologies. Among them, coherent X-ray 
diffraction imaging is a method for enabling 
ultrahigh-resolution imaging of isolated 
objects without the use of any imaging 
optics. Although a key theoretical idea 
behind the technique was suggested in the 
1950s, the lack of a suitable coherent flux of 
X-rays prevented experimental verification 
until the late 1990s11. Furthermore, a 
method called ptychography offers similar 
high-resolution X-ray imaging of extended 
objects12. At existing synchrotron radiation 
sources, these techniques are still time 
consuming to perform with rather limited 
applicability. However, they will become 
indispensable tools for routine nano-
analysis at DLSR facilities.

Another aspect of DLSR sources is 
that their reduced emittance decreases 
the horizontal size of the source from 
the submillimetre scale to a few tens 
of micrometres, allowing for a nearly 
circular-shaped beam. In contrast, the 
horizontally elongated beams seen in 
existing synchrotron radiation sources 
can only be turned into a circular shape 
by the use of a pinhole filter. Although the 
realization and the utilization of DLSR 
sources is technically challenging due to the 
requirement for ultimate stability down to 
a 10 nrad level, the resulting gain of photon 
flux for the nanobeam drastically increases 
by three orders of magnitude. Furthermore, 
a new optical scheme for harmonic 
separation, instead of a conventional 
X-ray monochromator with a narrower 
bandwidth, enables high-quality undulator 
radiation at a specific harmonic to be 
extracted, which will give an additional 
gain by two orders of magnitude for a 
broad range of applications.

This type of powerful X-ray probe will 
enable the nanoresolution combinative 
analysis of chemical, physical, electronic and 
magnetic properties for complex objects such 

as catalysts, batteries, correlated materials and 
biological specimens. We must emphasize 
that DLSR sources are utilized mostly for 
non-destructive analyses and are suitable to 
trace the space–time correlations of specific 
objects that are, for example, spontaneously 
fluctuating. This scheme provides 
information complementary to XFELs, where 
high peak brilliance provides instantaneous 
views of fresh samples with every pulse.

X-ray optics and detectors
A key challenge is further development of 
high-performance X-ray optics. For example, 
state-of-the-art mirror technologies, which 
enable precise control and tailoring of the 
beam divergence of the scattered X-rays 
from samples, may be useful for designing 
new types of high-resolution spectrometer 
for inelastic X-ray scattering applications. 
A stereoscopic coherent imaging scheme 
that combines multiple deflecting optics 

would enable researchers to create a 3D 
movie with nanoscale resolution with a 
very fast time frame. Also, nonlinear X-ray 
optical experiments could be translated 
into practical applications. For example, 
nonlinear enhancement of subtle Raman 
signals of light elements would be highly 
beneficial for performing in situ analyses of 
catalytic functions using highly penetrable 
hard X-rays. In parallel to these initiatives, 
it is critically important to develop new-
generation X-ray detectors, in particular, 
pixel detectors that possess high dynamic 
range, low noise, a large pixel number and 
a fast frame rate13. The massive data output 
from these detectors requires state-of-the-art 
information technologies for data transfer, 
analysis and storage.

Future sources
An important future goal is the 
development of ‘table-top-style’ compact 
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Figure 1 | The evolution of peak and average brilliances of synchrotron radiation sources and XFEL sources 
in the hard X-ray region (photon energy ~10 keV). Red filled squares, synchrotron radiation sources 
in operation or those that have closed down; red open squares, synchrotron radiation sources under 
construction or that are planned; blue filled squares, XFEL sources in operation; blue open squares, XFEL 
sources under construction or that are planned. The green dashed lines are guides to the eye. The green 
ovals are relevant to light sources that are featured in this report.
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Brightness on X FEL and DSLR

Ring based 
synchrotron 

sources

Linac based 
XFEL

M. Yabashi, H. Tanaka, .The next ten years of X-ray science, Nature Photonics 11, 12-14 (2017)

Femtosecond XFEL : snapshots of « frozen » 
objects before destruction  (diffract before 
destruction) applied to tiny, fragile crystals and 
single particules with very good spatial resolution

Femtosecond XFEL + optical laser (pump for 
manipulating the internal electronic state/probe) : 
« molecular movies » (tracking of structure and 
electronic states)

Ultra-intense X ray beams : X-ray non linear optics 
under extreme conditions 

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

Nearly circular beam-shape => nano beam flux 
gain

Nanoresolution combined with chemical, 
physical, electronic and magnetic properties of 
complex objects (non destructive)

Ring based 
synchrotron 

sources

Linac based 
XFEL


