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Abstract

Free electron lasers are presently unique tuneable powerful lasers ranging from
the infrared to the X-ray, serving for the exploration of light–matter interaction.
They make use of a simple and elegant gain medium. The coherent radiation
is generated using free electrons in a periodic permanent magnetic field gener-
ated by a so-called undulator as an amplification medium. The light–electron
interaction in the undulator leads to a bunching process, setting in phase the
electron emitters and establishing a longitudinal coherence. The amplifica-
tion of the light wave takes place to the detriment of the kinetic energy of the
electrons. First, the origins of the free electron laser, starting from the photon–
matter interaction, the early times of synchrotron radiation and the undulator,
the development of vacuum tubes, masers, and lasers are introduced. Then,
motivated by the search of an exotic laser, the invention of the free electron
conceptual idea laser is discussed, with a quantum approach followed by a
classical one. The first low gain free electron laser experiments are then pre-
sented. Finally, some insight is given in the case of the high gain free electron
lasers.
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1 Introduction
In the early times, free electron lasers (FELs) appeared as exotic lasers. In 1990, C. Brau (ninth FEL
Prize in 1996) introduced them as such: They “represent an altogether new and exciting class of coherent
optical sources. Making use of a simple and elegant gain medium—an electron beam in a magnetic
field—they have already demonstrated broad wavelength tuneability and excellent optical-beam quality.
For the future they offer the possibility of generating the greatest focused power ever achieved by a laser.
But even before this is achieved, the unique advantages of free electron lasers, especially their tuneability,
will make them useful for a variety of important applications in science and medicine” [1]. Indeed,
nowadays, they provide the most powerful lasers in the X-ray range, with ultra-short pulse duration. The
present advent of tuneable X FELs with unpreceded intensities enables new investigation of matter with
ultra-high intensities, ultra-short pulses, etc. It could be considered as a second revolution, following the
invention of the laser, which led to the development of optical lasers which has changed our current life.

The FEL spontaneous emission corresponds to the undulator radiation emitted by the relativistic
electrons. The electrons are not bound to nuclei in atoms and molecules, and vibrate at specific fre-
quencies. In contrast, the FEL vibration frequency can be adjusted by changing the magnetic field or
the energy of the electrons, resulting in a broad wavelength tuneability. Indeed, “The electrons in a free
electron laser have the form of an electron beam in a vacuum, much like the beam in the picture tube
of a television set except that the electrons have much higher energy and intensity. Electrons bound in
atoms and molecules vibrate only at specific frequencies. Thus the laser light from conventional lasers,
which make use of bound electrons, appears only at these specific frequencies. On the other hand, the
electrons in a free electron laser are forced to vibrate by their passage through alternating magnetic field.
Thus, the vibration frequency can be adjusted by altering the construction of the magnetic field or by
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Fig. 1: Schematic presentation of the origins of the free electron laser

changing the speed of the electrons passing through the magnetic field. This changes the laser frequency
or, equivalently, the wavelength”. The gain process results from the energy exchange between the light
and the electrons. The optical beam presents an excellent optical beam quality and can achieve high
power.

This historical survey on the free electron laser aims at describing how the new ideas have emerged
and how the field progressed. Some citations are taken from the original papers, to show how the under-
standing at a given time was. This report gathers also the main results which define major steps to my
own understanding and personal experience. The work of the FEL Prize winners, listed in the Appendix,
is mentioned. The progress of the FEL field is also closely related to technological advances, which can-
not be discussed in detail but which are underlined when crucial. Drawing a history survey [2,3] on FEL
implies some choices in the discussed items, which are necessarily subjective. I apologize in advance for
all the important works which have not been cited.

First, the scientific context enabling the emergence of the FEL concept is explained: the develop-
ment of vacuum tubes in the twentieth century, together with the invention of the laser in 1958 [4] and
the first laser operation in 1960 [5]. Then, the discovery of the FEL [6] by J. M. J. Madey (1943–2016,
first FEL Prize, 1988) which took place in such a context is reported. FELs combine specificities of syn-
chrotron radiation, vacuum tubes, and lasers, as indicated in Fig. 1. The FEL was treated with a quantum
approach, as stimulated Compton Back Scattering.

Then the first applied classical treatments to FELs are reported. A section describing the first ex-
perimental results follows, with some newly proposed concepts. The last section deals with high gain
developments, including high gain FEL theory and the proposed concept of Self-Amplified Spontaneous
Emission (SASE), the major experimental steps for SASE operation and some hints on further develop-
ments (seeding, echo).

2 The origins of the free electron laser
The scientific context favourable for the emergence of the free electron laser concept is hereafter de-
scribed. The understanding of the interaction between light and matter was established at the beginning
of the twentieth century. Then, the century knew an intense development of vacuum tubes accompanied
by the discovery of the laser in the sixties. The emergence of the free electron laser concept benefited
from the interplay between these two domains.

2.1 The photon–matter interaction processes
The laser concept relies on the prediction of energy enhancement by atom de-excitation by Albert Ein-
stein (1879–1955, Nobel Prize in 1921) in 1917 [7] in the analysis of the black-body radiation, while
absorption and spontaneous emission were the known light matter interactions at that time. The process
was called later stimulated emission by J. Van Vleck in 1924 [8, 9]. In the absorption case, a photon is
absorbed and drives an atom to an excited state. The excited atom being unstable, it emits a spontaneous
photon after a duration depending on the lifetime of the excited level. In the stimulated emission case,
a photon is absorbed by an excited atom, which results in the emission of two photons with identical
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wavelength, direction, phase, polarization, while the atom returns to its fundamental state. Einstein was
mainly interested by thermal radiation and exchanges of momentum in different process, but not specifi-
cally by the production of light by matter. Stimulated emission was seen as addition of photons to already
existing photons, and not as the amplification of a monochromatic wave with conservation of its phase.
The notion of light coherence, related to its undulatory properties, was not considered at that time.

2.2 The early times of synchrotron radiation
Synchrotron radiation, the electromagnetic radiation emitted by accelerated charged particles, is gener-
ally produced artificially in particle accelerators, but it can be also observed in astrophysics [10,11], such
as in the Sun where hydrogen submitted to loops of magnetic fields emits visible light in the centre and
on the edges in the X-ray domain.

Let’s introduce some notations. Let’s consider a laboratory region, without current, with a labora-
tory referential (0, x, z, s) with the frame (x, z, s) [12], as shown in Fig. 2 where s is the longitudinal, x
the horizontal, and z the vertical direction.

S

x

ZZ

Fig. 2: Axis coordinates

Consider then a relativistic electron of energy E and velocity v with respect to the laboratory
frame. Its relativistic factor γ is given by γ = E

moc2
(with mo the electron mass, e the particle charge,

and c the speed of light). It can be expressed as :

γ =
1√

1 − β2
(1)

with �β the normalized velocity of the electron, expressed as :

�β =
�v

c
. (2)

Theoretical foundations of synchrotron radiation were established at the end of the 19th century
by J. Larmor [13], who first proposed a specific prediction of time dilation: “... individual electrons
describe corresponding parts of their orbits in times shorter for the [rest] system in the ratio, as given by√

1 − v2/c2”.

Then, A. M. Liénard [14] provided the first correct calculation of the power emitted by an acceler-
ated charged particle, as proportional to (E/mc2)4/R2 with m the particle mass, R the orbit radius. The
angular and spectral distribution and polarization properties were then described by G. A. Schott [15,16].
Radiation is emitted in a narrow cone of aperture 1/γ.

In 1944, D. D. Ivanenko and I. Y. Pomeranchuk estimated a calculated limit on the energy obtain-
able in a betatron (of the order of 0.5 GeV) due to energy losses from radiating electrons [17]. Particles
slow down and lose synchronism. Because of the spread in revolution frequency with energy, the fre-
quency cannot simply be reduced to maintain synchronism [18] but the particle bunch should be injected
in the radiofrequency (RF) at a proper phase (phase stability), as proposed by E. M. McMillan [19]
and V. I. Veksler [20] in a ‘synchrotron’-type accelerator, which was then built [21]. Julian Seymour
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Schwinger (1918–1994, Nobel Prize in 1965) described the peaked spectrum and predicted that higher
photon energies should be observed [22, 23].

After the construction of first accelerators, J.-P. Blewett measured the particle energy loss on the
100 MeV betatron and he found it to be in good agreement with the theoretical expectation, but failed
to observe synchrotron radiation in the microwaves [24, 25]. The first synchrotron radiation was then
observed in the visible tangent to the electron orbit one year later on the 70 MeV General Electric
synchrotron, of 29.3 m radius and 0.8 T peak magnetic field [26]. The rapid increase of the intensity
with the electron beam energy was measured (fourth power of the energy). The emitted light was found
to be polarized with an electron vector parallel to the plane of the electron orbit.

2.3 The undulator
2.3.1 Invention of the undulator
After considering the synchrotron radiation emitted in bending magnets, it is of interest to analyse what
happens with a succession of alternated dipoles, as mentioned by V. L. Ginzburg (1916–2009, Nobel
Prize in 2003) who first pointed out the radiation emitted by relativistic electrons performing transverse
oscillations [27].

H. Motz calculated the field created by a relativistic particle in a magnetic sinusoidal field (i.e.
such as produced by undulators) [28, 29], as shown in Fig. 3. He also examined the influence of the
bunching of the electrons on the coherence of the radiation. He then observed the polarized visible
radiation from an undulator installed on the 100 MeV Stanford accelerator [30]. A buncher set-up after
a 3.5 MeV accelerator achieved 1 W peak power at 1.9 mm thanks to the bunching of the electrons.
In parallel, the emission of the radiation spectrum produced from an undulator installed on a 2.3 MeV
accelerator was investigated by R. Combe and T. Frelot [31]. For the following, it is useful to recall
the electron trajectory when it is submitted to the undulator magnetic field and the basics of undulator
radiation.

Fig. 3: Planar undulator scheme, creating a periodic magnetic field created by two arrays of permanent magnets
arranged in the Halbach configuration [32]. Vertical magnetic field in green, electron trajectory in blue.

2.3.2 Electron movement in an undulator
Let’s consider a relativistic electron travelling in an undulator of total length Lu and spatial period λu.
Let’s suppose that the relativistic electron of energy E and velocity v with respect to the laboratory
frame is introduced along the s direction. For a relativistic factor γ � 1, 1

γ � 1 and the reduced velocity
β2 = 1− 1

γ2
can be approximated as β ≈ 1− 1

2γ2
.

2.3.2.1 Electron movement in a planar undulator

In the case of a planar undulator, creating a field along the vertical direction expressed in the [0, Lu]
interval as
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~Bu = Bu cos

(
2π

λu
s

)
~z = Bu cos(kus)~z (3)

with the undulator wavenumber ku given by ku = 2π
λu

. The undulator deflection parameter Ku expressed
as Ku = eBuλu

2πmoc
is given in practical units as Ku = 0.934Bu(T )λu (cm).

The integration of the fundamental equation of the dynamics applying the Lorentz force leads to

~β




Ku
γ sin (kus)

0

1− 1
2γ2
− K2

u
2γ2

sin2(kus)


 (4)

and on average over one undulator period:

~〈β〉




0
0

1− 1
2γ2

(1 + K2
u

2 )


 . (5)

Since the velocity in the vertical direction is zero, the movement takes place in the horizontal
plane (x, s). Introducing kus = ωut with ωu = kuc, a further integration without taking into account the
integration constants (there are indeed termination magnets enabling the electron to enter at the origin
position) leads to





x = Kuc
γ

∫
sin (ωut)dt = Kuc

γωu
cos (ωut),

z = 0,

s = c
(

1− 1
2γ2
− K2

u
4γ2

)
t+ K2

uλu
16 πγ2

sin (2ωut) = 〈vs〉ct+ K2
uλu

16 πγ2
sin (2ωut).

(6)

The maximum amplitude of the transverse motion is Ku
γ
λu
2π . In the longitudinal direction, oscil-

lations occur at twice the frequency, with a maximum amplitude of K2
uλu

16 πγ2
generally of much smaller

amplitude than in the transverse direction.

2.3.2.2 Electron movement in a helical undulator

In the case of a helical undulator creating a magnetic field in both horizontal and vertical directions given
by





~Bux = Bux sin(2π
λu
s)~x = Bu sin(kus)~x,

~Buz = Buz cos
(

2π
λu
s
)
~z = Bu cos(kus)~z,

~Bus = 0,

(7)

a first integration of the Lorentz equation leads to

~β




−Ku
γ sin (kus)

−Ku
γ cos (kus)

1− 1
2γ2
− K2

u
2γ2



. (8)

Taking integration constants equal to zero, a further integration leads to
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



x = −Kuc
γ

∫
sin (ωut)dt = Kuc

γωu
cos (ωut),

z = Kuc
γ

∫
cos (ωut)dt = −Kuc

γωu
sin (ωut),

s = c
(

1− 1
2γ2
− K2

u
4γ2

)
t = 〈vs〉ct.

(9)

The electron trajectory on axis is helical. There is no oscillatory movement in the longitudinal direction
at twice the frequency.

2.3.3 Undulator radiation
Let’s now consider the specific features of the undulator radiation.

2.3.3.1 Resonance

Electrons wiggling inside the undulator emit synchrotron radiation, as in a succession of bending mag-
nets. They emit synchrotron radiation due to their acceleration in the transverse plane. For each period,
the radiation is emitted in a narrow cone of aperture 1/γ in the forward direction.

The radiation emitted along the undulator interferes constructively depending on the phase lag
between the electron and the front of the emitted wave train. One can then introduce the resonance
condition: when the electron progresses by λu, the wave has travelled by (λu + λ) or more generally by
(λu +nλ) with n an integer, the radiation of one electron from the different periods interfere and can add
constructively for these wavelengths λn, as shown in Fig. 4.

uλ
θ

Fig. 4: Undulator resonance condition: when the electron progresses by λu, the wave has travelled by λu + λ, to
being the time origin, vs being longitudinal velocity of the electrons.

In introducing the path difference between the two rays: nλn, one has cλu/vs−λu cos θ/c = nλn

leading to

nλn = λu(1− βs cos θ)/βs. (10)

Synchrotron radiation being emitted ahead for small angles, one can approximate cos θ by (1 −
θ2/2), and using βs = 〈βs〉 = 1 − 1/2γ2 − K2

u/4γ
2 for a planar undulator, the resoanant wavelength

becomes

λn =
λu

2nγ2

(
1 +

K2
u

2
+ γ2θ2

)
. (11)

In the case of a helical undulator (with βs = 〈βs〉 = 1−1/2γ2−K2
u/2γ

2), the resonant wavelength
is given by

λn =
λu

2nγ2
(1 +K2

u + γ2θ2). (12)

This is the so-called ‘undulator resonance’ wavelength, setting the undulator radiation as a series
of harmonics, of order n. The wavelength λn of the emitted radiation can be varied by changing the

6

M. E. COUPRIE

200



electron beam energy or by a modification of the undulator magnetic field (by changing the gap for
permanent magnet insertion devices or the power supply current for electromagnetic insertion devices).
The infrared spectral range can be reached with reasonable beam energies. The X-ray regime requires
the use of high electron beam energies. Larger wavelengths are obtained for off-axis radiation.

2.3.3.2 Radiated spectrum

The wave packet emitted by each electron contains only a finite number Nu of oscillations as shown in
Fig. 5. Thus, in the time domain, the observer receives a train of Nu magnetic periods. The frequency
is imperfectly defined. The radiation spectrum corresponds to the Fourier transform of the wave packet
emitted by the electron.

Fig. 5: Radiation train emitted from the undulator of periodNu periods λu. The electron moves along the undulator
length with a speed v (vt = Nuλu) and emits a wave packet whose length is (c − v)t = Nuλ. The wave packet
contains the same number of periods as the undulator, i.e. Nu.

The electron radiates uniformly from the undulator entrance to its end, so the wave packet has a
square envelope. For the optical wave central wavelength λl = 2πc

ωl
, the intensity is given by

I(ω) ∝
∣∣∣∣∣

∫ Nuλu/c

0
exp [−i(ω − ωl)t]dt

∣∣∣∣∣

2

∝
{

sinc
2πNu(ω − ωl)

2ωl

}2
(13)

with n the harmonic number. The on axis radiation spectrum, square of the Fourier transform of this
train, is then composed of a series of square sinus cardinals, centred on odd harmonics. The radiation
spectrum in the forward direction is thus nearly monochromatic, i.e. it is composed of narrow spectral
lines at a well-defined wavelength λn. The linewidth of the radiation, called per analogy to conventional
lasers the ‘homogeneous linewidth’ is of the order of

(∆λ

λn

)
hom
≈ 1

nNu
. (14)

This so-called ‘homogeneous linewidth’ refers to the case of a single electron. The emission
presents then a narrowband in the frequency domain. In other words, the emitted field interferes between
different points of the trajectory, leading to sharp spectral peak emission. The higher the number of
undulator periods, the smaller the radiated bandwidth. In the case of a single electron, the undulator
intensity then scales as N2

u .

An example of spectrum is given in Fig. 6 with an ideal and real electron beam. For the one
electron emission (or ideal electron beam, i.e. filament mono-energetic electron beam) shown in Fig. 6
(a), the radiated line width is ruled by the homogeneous width. However, a real electron beam is not
mono-energetic (it has intrinsic energy spread) and presents a transverse size and divergence (emittance
contribution).

When adding the emittance term in Fig. 6(b), a satellite peak appears on the red side of the line,
and the even harmonics are growing. The linewidth broadening can be interpreted with the contributions
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Fig. 6: Spectral flux in the case of a U20 undulator (0.97 T peak field) with 2.75 GeV electrons on the 11th and
13th harmonics: (a) case of a filament monoenergetic electron beam, (b) emittance of 3.9 nm mrad in horizontal
and 39 pm mrad in vertical direction, (c) energy spread of 0.1% energy spread, (d) with the contribution of the
emittance of (b) and energy spread of (c).

given by the electron beam emittance (with the beam size σ and divergence θ) through the electron beam
divergence and size as

(∆λ

λn

)
div

≈ γ2θ2

1 + K2
u
2

, (15)

(∆λ

λn

)
σ

≈ 2π2K2
u

(1 + K2
u/2)

σ2
z

λ2
u

. (16)

When adding the energy spread Fig. 6 (c), the line widens symmetrically. This energy spread (σγ

γ )
induced spectral broadening contribution is modelled as

(∆λ

λn

)
σγ

≈ 2σγ

γ
(17)

The two contributions are added in (Fig. 6d): the lines are damped and widened. The modification
of the undulator line can be interpreted as ‘inhomogeneous’ broadening, which results from different
contributions: the electron beam energy spread, size, and divergence. Analytically, one can make the
quadratic sum of the different contributions as a first approximation.

When inhomogeneous bandwidth becomes dominant, the intensity is proportional to Nu, i.e. I ∝
Nu. Such a linewidth provides a certain longitudinal coherence length, but is far from the Fourier limit.

2.3.3.3 Undulator emission angle

Because of the wiggling trajectory in the transverse plane (i.e. horizontal for a vertical field), the opening
angle is given by the excursion of the reduced velocity, i.e. Ku/γ. For the planar undulator (vertical field
case), the vertical opening angle is given by 1/γ as for the usual synchrotron radiation case. For a helical
undulator, the angles are given by the velocity excursions in both planes. The radiation is well collimated
and presents some transverse coherence, depending on the considered wavelength and on the electron
beam contribution.
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2.3.4 Temporally coherent emission
Let’s discuss further the temporal properties of the radiation. In general, the radiation from the different
electrons adds incoherently, and the radiated intensity is proportional to the number of electrons Ne.
Longitudinal coherence occurs if the different electrons emit in phase, leading to a radiated intensity
scaling asN2

e . Electrons being in phase can occur either if the electron bunch length is small with respect
to the considered wavelength of emission, or if a modulation is imprinted on the electron bunch [33], such
as in the free electron laser process. Figure 7 illustrates the three cases of incoherent beam in (a), a bunch
short than the wavelength in (b), and of a bunched beam in (c). The bunched case was already considered
by Motz [28]. Intermediate case can occur also with abrupt changes in the electronic density, such as
with edge radiation from bending magnets.

a b c

Fig. 7: Distribution of electrons: (a) random distribution leading to incoherent emission, (b) short electron bunch
with respect to the radiated wavelength, (c) case of the bunched electron beam.

The normalized longitudinal distribution n(s) can be expressed as n(s) = NeS(s) with S(s)
being the form factor. The corresponding electric field is then expressed by E(ω) = Eo(ω)Nef(ω) with
Eo(ω) the electric field of one electron and f(ω) the form factor in the frequency domain, given by

f(ω) =

∫ ∞

−∞
S(s) exp

(
i
ωs

c

)
ds. (18)

The electric field results from the sum of the fields emitted by each electron, according to

I(ω) = Io(ω)[Ne(Ne − 1)f(ω)2 +Ne]. (19)

The intensity expression comports two terms, one scaling as the square of the number of electrons
(for the coherent emission) and another scaling (for the incoherent synchrotron radiation). The coherent
term involves the form factor. In case of short Gaussian electron bunches, one gains typically several
orders of magnitude on the radiated intensity.

In the case of a bunched beam, one has

S(s) =
M∑

m=1

S(s−mλn). (20)

When a form factor is introduced, the undulator emission can become longitudinally coherent
emission for λn. The form factor resulting from the bunching efficiency is similar to the form factor in
Bragg diffraction. The first observation was achieved in 1989 [34].

2.4 The development of vacuum tubes
Let’s consider now the domain of vacuum tubes, when bunched electrons are currently generated. The
electron beam in vacuum tubes witnessed a rapid and spectacular development at the beginning of the
twentieth century for the current amplifier applications such as radiodiffusion and radar detection for
icebergs or military use, where high frequency oscillations are needed. Electron beams in vacuum tubes
rely on the interaction of a free electron of relativistic factor γ given by γ = E

moc2
(with E its energy,
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Fig. 8: 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.

mo the electron mass, e the particle charge, and c the speed of light), ~β the normalised electron velocity
and an electromagnetic wave of electric field ~E with ~E = ~E sin (ks− ω.t) with k the wavenumber and
ω the pulsation according to :

dγ

dt
=
e~β. ~E

mc
. (21)

A first example of the high-power electron vacuum tube is given by the magnetron, now used
for microwave ovens. Electron bunches passing through open cavities excite RF wave oscillations by
interaction with the magnetic field, the frequency being determined by the geometry of the cavity. The
magnetron can act only as an oscillator for the generation of the microwave signal from the direct current
supplied to the tube.

The second example is given by the klystron, invented by the Russel and Sigurd Varian brothers
[35]. It consists of two cavities (metal boxes along the tube), as shown in Fig. 8(a) [36].

In the first cavity, an electric field oscillates on a length ∆s at a frequency ν = 2πf ranging
between 1 and 10 GHz (i.e. with corresponding wavelengths of 30–33 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

∆W1 =

∫ ∆s

0
ec~β. ~Edt ' ecE.β cos (ωt).

∆s

β
= ecE.∆s. cos (ωt). (22)

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 = 2π
ω or spatial period λβ. On average for the electrons,

∆W1 = 0 since the electrons have different phases.

Then, the electrons enter into the drift space (see Fig. 8(b)), and they accumulate in bunches. The
drift space length is adjusted to enable an optimal electron bunching.

In the second cavity, the electrons have the same phase with respect to the electromagnetic wave,
since they have been bunched (see in Fig. 8c). The second energy exchange is given by

∆W2 =
∑

electrons

∫ l2

0
ec~β. ~ERFdt = NeecEL2 cos (ωt) (23)
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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
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Vacuum tubes such as klystrons, magnetrons, and more generally electronics, discovered at the
end of the thirties, underwent a wide development during the second World War with applications such
as radiodiffusion and radar detection, where oscillators with high frequencies are needed. The sources
generally use electron beams submitted to electric or magnetic fields, where the ‘bunching’ is the key
concept for the wave amplification. The use of resonant cavities at the frequency of the emitted wave-
length can efficiently insure the retroaction needed for the production of a coherent wavelength.

This field of electronics enabled us to understand that in setting a loop on a wide band amplifier (in
connecting one part of its output to its entry), one can transform it into a very monochromatic oscillator.
This concept will be used later for the maser and laser inventions.

2.5 The ubitron: undulating beam interaction
FEL precursor works considered whether wave amplification [37] was possible. Then, the ubitron, for
‘undulating beam interaction’ was invented by R. M. Phillips (FEL Prize in 1992 at General Electric
Microwave Laboratory), who reports on its discovery [38] in the following terms: “The ubitron (acronym
for undulating beam interaction) is a FEL which was setting records for RF power generation 15 years
before the term ‘free electron laser’ was coined. As is often the case, the invention of the ubitron was
accidental. The year was 1957 and I was searching, at the GE Microwave Lab, for an interaction which
would explain why an X-band periodically focussed coupled cavity TWT oscillated when a solenoid
focused version did not. The most apparent difference between the two was the behaviour of the electron
beam; one wiggled while the other simply spiralled. Out of a paper study of ways of coupling an RF
wave to an undulating axially symmetric electron beam came the idea of coupling to the TE01 mode by
allowing the wave to slip through the beam such that the electric field would reverse direction at the same
instant the electron velocity is reversed.”

The ubitron is a high-power travelling wave tube which makes use of the interaction between a
magnetically undulated periodic electron beam and the TE01 mode in an unloaded waveguide [39]. The
scheme is illustrated in Fig. 11. The basic idea is to couple the TE01 mode by allowing the wave to slip
through the beam such that the electric field reverses direction at the same instant the electron velocity
is reversed. Several beam guide ubitron configurations (planar, coaxial, circular) can be considered, and
they can provide 100 times the interaction area of a TWT (Travelling Wave Tube). The electron–wave
interaction exhibits the same type of first-order axial beam bunching characteristic of the conventional
slow wave travelling wave tube. In consequence, the ubitron can be used in extended interaction klystrons
and electron accelerators, as well as travelling wave tubes.
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Fig. 11: Scheme of the ubitron: an electron beam from an electron gun, wiggling with axial symmetry, can couple
to an RF wave. Alternated magnetic poles provide the axial symmetry.

First experiments used an undulated pencil beam in a rectangular waveguide [40]. They presented
unique features such as a very broad interaction bandwidth which results from the absence of a disper-
sive slow wave circuit, a variable interaction phase velocity, and hence, variable saturation power level.
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Among the physical embodiments of the ubitron are a number of higher-order mode waveguides and
beam configurations. They opened at that time interesting prospects for high-power millimetre wave
amplification. As reports C. Brau [1], “the ubitron uses the same configuration of electron beam and
magnetic field as proposed by Motz, but at a high enough electron density that space-charge waves are
excited by the electron beam”. High power (>1 MW) and high efficiency (>10%) were obtained at
wavelengths from 10 cm to 5 mm. However, other devices developed at about the same time, such as the
travelling-wave tube, offered higher gain and other advantages, and the ubitron was not actively pursued.

Studies were extended to the interaction of relativistic particles and waves in the presence of a
static alternated magnetic field [41]. The possibility of achieving stimulated emission [42] was also
considered.

2.6 The maser discovery
After the second World War, RF sources and detectors developed for radar and transmission were
also used for fundamental research, in particular Hertzian spectroscopy of atoms and molecules, radio-
astronomy, and magnetic nuclear resonance. In the early fifties (1953), Charles Townes (1905–2015,
Nobel Prize in 1964) [43] in the USA (Columbia University, New York), Nicolay Gennadiyevich Basov
(1922–2001, Nobel Prize in 1964) in 1952), and Aleksandr Mikhailovich Prokhorov (1916–2002, Nobel
Prize in 1964) in the Soviet Union (Lebedev Institute, Moscow) independently aimed at creating new
microwave sources in replacing the amplification by an electron beam amplification with the help of the
stimulated emission process in molecules. In order to make a ‘quantum’ microwave oscillator, they in-
troduced excited molecules into a microwave cavity which was resonant to the frequency of the molecule
transition. They met for the first time in 1959 in the USA at the first Quantum Electronics Conference.
Some physicists were sceptical, including N. Bohr (1885–1962, Nobel Prize in 1922), who was not very
familiar with recent advances in electronics and could hardly admit that the phase coherence of the oscil-
lator could last longer than the excited state lifetime. To perform the population inversion required for the
stimulated emission, Townes, Basov, and Prokhorov had the idea to use the spatial separation of excited
molecules (Stern–Gerlach type), which is efficient but not very practical. The population inversion can
also be performed in an easier manner by a proper excitation of the radiation of the atoms and molecules.
In 1949, Alfred Kastler (1902–1984, Nobel Prize in 1966) and Jean Brossel proposed and developed
‘optical pumping’, based on the use of circularly polarized light for selectively filling some Zeeman sub-
levels of atoms. In 1951, E. Purcell and R. Pound, working on nuclear magnetic resonance, showed that
RF radiation enables us to create samples of ‘negative temperature’, i.e. a population inversion. Inspired
by the resonators of vacuum tubes, the light feedback is ensured by a cavity resonant on its fundamental
mode.

In 1954, the first maser (microwave amplification by stimulated emission of radiation) was oper-
ated in the microwave region by Charles Townes [43] at Columbia University with the NH3 molecule.
In 1954, N. Bloembergen (Nobel Prize 1981 on laser spectroscopy and non-linear optics), Basov, and
Prokhorov proposed the 3-level maser concept: with a proper illumination of a solid such as a ruby crys-
tal, population inversion takes place. It is easier to operate than the equivalent gas-based maser. It has
been used in particular as a very low noise amplifier.

Masers also exist naturally in stars.

The new domain of ‘quantum electronics’ has emerged from the interplay between the scientific
fields of electronic vacuum tubes and quantum properties of matter and it has seen an extraordinary
spread and has raised a lot of interest. The question was then of the extension of the maser to the optical
wavelengths.
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2.7 The laser discovery
In order to achieve an optical maser, the maser cavity resonant on its fundamental mode must become
extremely small (of the order of 1 micrometre) and this was not possible at that time. Nowadays, these
cavities are manufactured using nanotechnologies (for VCSEL (vertical cavity surface emitting laser)
semi-conductor lasers). Charles Townes and Arthur L. Schawlow (1921–1999, Nobel Prize in 1981 on
laser spectroscopy and non-linear optics) at Bell Labs, G. Gould (1920–2005) at Columbia [44], and A.
Prokhorov at the Lebedev Institute proposed feedback with an open resonant cavity (Fabry–Perot-type
used in spectroscopy). These ‘optical lasers’ were named lasers for light amplification by stimulated
emission of radiation.

In a Fabry–Perot cavity of length Lc, the light makes round trips between the two mirrors on which
it is reflected. C. Townes and A. Schawlow said, in their reference paper [4]:

“The extension of maser techniques to the infrared and optical region is considered. It is shown
that by using a resonant cavity of centimetre dimensions, having many resonant modes, maser oscilla-
tion at these wavelengths can be achieved by pumping with reasonable amounts of incoherent light. For
wavelengths much shorter than those of the ultraviolet region, maser-type amplification appears to be
quite impractical. Although using of a multimode cavity is suggested, a single mode may be selected
by making only the end walls highly reflecting, and defining a suitably small angular aperture. Then ex-
tremely monochromatic and coherent light is produced. The design principles are illustrated by reference
to a system using potassium vapor”.

A scheme of such an optical cavity is shown in Fig. 12.
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Fig. 12: Scheme of an optical resonator

For the light to interact at each pass with the amplifier medium, and to get larger, it should be in
phase with the one from the previous pass. In other words, the optical path for one round trip should
be equal to an integer number p of wavelengths λ, i.e. 2Lc = pλ. For a fixed cavity length Lc, only
the wavelengths verifying λ = 2Lc

p can be present in the ‘optical maser’ light, defining the longitudinal
modes of the cavity associated with different values of p. The shift in frequency between two modes is
given by ν = c

λ = c
2Lc

.

In practice, in order to focus the light transversally and to avoid diffraction losses, one of the
mirrors should be concave. The light circulating in the optical resonator is not a plane wave, and the
radius of the light changes along its propagation direction [45,46]. In case of a cavity with two concentric
mirrors, the light radius is minimum at the waist w0 and diverges according to w(s) = w0

√
1 + s2

Z2
R

with ZR the Rayleigh length, i.e. the distance from the waist for which the radius of the light beam is
increased by a factor

√
2, given by ZR =

πw2
0

λ . This corresponds to the diffraction of light by an aperture
of diameter 2w0. The radiation at the entry and at the exit of the cavity have the same characteristics.
The divergence of the light beam θr can be expressed as θr = λ

πw0
. The higher the focus, the smaller the

waist and the higher the beam divergence. The beam is very directional, it can be adapted (focused or
expanded) to the users need with the help of mirrors and lenses. In the case of a He–Ne laser at 633 nm
with a waist of 600 µm, the Rayleigh length is of the order of 2 m. Over 2 m propagation length, the
light beam diameter remains practically constant.

14

M. E. COUPRIE

208



Following the publication of the theoretical paper by Arthur L. Schawlow and C. Townes on ‘Infra-
red and Optical masers’ in 1958 [4], different laboratories entered the race to demonstrate experimentally
the ‘optical maser’. It was won by an outsider in 1960, Theodore Maiman (1927–2007), who had the
idea to realize a pulsed and not a CW (continuous) source, for which the oscillation conditions take place
transiently. On May 6 1960, Maiman achieved the first working laser by generating pulses of coherent
light from a fingertip-sized lump of ruby (chromium in corundum) illuminated by a flash lamp [5, 47] in
Malibu (USA). The device was extremely simple. Several ‘optical masers’ followed [48]. The calcium
fluoride laser was achieved by Mirek Stevenson and Peter Sorokin at General Electric in 1960. The He–
Ne laser was operated by Ali Javan (1926–2016), Bill Bennett, and Don Herriott in 1961 [49], with the
population inversion achieved with a discharge on the Ne atoms bringing a fraction of the He atoms to
metastable states, the He atoms being relaxed by collision with Ne atoms in transmitting to them their
energy excess. Then, in 1962 followed the semi-conductor AsGa laser (diode laser) where a p–n junction
of the gallium arsenide semiconductor through which a current was passed and it emitted 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 at the beginning of the twentieth century [52,53]
and later [54].

Following the discovery of the laser, much less interest was devoted to the electron tube 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 University, 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
analysed by Dreicer in the cosmic blackbody radiation [57].

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

The Compton backscattering (CBS) process between a laser pulse and a bunch of relativistic parti-
cles (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 radia-
tion, it is better to use a relativistic electron beam, which radiation cone is reduced to 1/γ. For relativistic
particles (i.e. γ � 1), the energy of the produced photons ECBS is given by
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Fig. 13: Compton backscattering scheme

ECBS =
4γ2Eph

1 + (γθ)2
(24)

with Eph the energy of the initial photon beam, θ the angle between the CBS photons and the electron
beam trajectory. The energy of the relativistic electrons can easily be changed, so the CBS radiation
could be tuneable.

J. M. J. Madey had the idea to make the phenomenon more efficient by using the magnetic field of
an undulator [6]. He was aware of the theoretical [28] and experimental [30] work of Motz, where radia-
tion from bunched beams has been observed. He considered that “Relativistic electrons can also not tell
the difference between real and virtual incident photons, permitting the substitution of a strong, periodic
transverse magnetic field for the usual counter-propagating real photon beam” [56]. The proposed FEL
scheme is shown in Fig. 14.
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Fig. 14: Scheme of the FEL oscillator with the gain medium consisting of relativistic electrons in the undulator

3.2 The FEL quantum approach
J. M. J. Madey then calculated in the frame of quantum mechanics the gain due to the induced emission
of radiation into a single electromagnetic mode parallel to the motion of a relativistic electron through
a periodic transverse dc magnetic field [6]. He found that finite gain is available from the far-infrared
through the visible region, raising the possibility of continuously tuneable amplifiers and oscillators in
such a spectral range, and he envisioned further the possibility of partially coherent radiation sources
in the ultraviolet and X-ray regions to beyond 10 keV. He introduced the notion of the ‘free electron
laser’ [6].

According to the Weisächer–Williams approximation, the undulator field of period λu can be
assumed to be a planar wave of virtual photons. It enables an easier way to relate the transition rates
to more easily calculable Compton scattering rates. By Lorentz transformation, the wavelength λ′ of a
planar wave in the moving frame of the electrons in the undulator is given by
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λ′ =
λu

γs
(25)

with γs the Lorentz factor of the scattered electron. Photon emission and absorption are forbidden by
conservation of energy and momentum. For free electrons, one can then consider a two photon process,
such as Compton scattering, as shown in Fig. 15.

Fig. 15: Feynman diagrams of Compton scattering

The emission is then again given by the Doppler effect, according to

λ =
λ′

(1 + βs)γs
=

λ2
u

2γ2
s

≈ λ2
u

2γ2
. (26)

For stimulated Compton scattering, the diffusion transition rate τd should be larger than the ab-
sorption one τa. One can define the gain g as

g = τd − τa. (27)

The original calculation, performed in [6, 60], is not reproduced here. It was also found that the
gain expression does not depend on Planck’s constant h. Further developments followed [61].

The ubitron can also be considered as another precursor of the FEL [39].

3.3 The FEL regimes
Different regimes can be considered [62]. The FEL can thus be described as a stimulated Compton
scattering device, as shown in Fig. 16. If the electronic density is large enough, a plasma wave can
develop.

3.3.1 The Compton FEL regime
In the Compton regime, the scattered wavenumber k′s equals the incident wavenumber k′i:

k′s = k′i. (28)

3.3.2 The Raman FEL regime
In the Raman regime, the scattered wavenumber k′s is the sum/difference of the incident wavenumber k′i
and of the plasma wavenumber k′p, leading to the Stokes and anti-Stokes lines.

k′s = k′i ± k′p. (29)
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Fig. 7 Feymann diagrams of Compton Scattering

Photon emission and absorption are forbidden by conservation of energy and momentum. For free electrons,
one can then consider a two photon process, such as Compton scattering, as shown in Fig. 7. The emission is then
again given by the Doppler effect, according to :

λ =
λ �

(1+βs)γs
=

λu

2γ2
s

2

≈ λu

2γ2

2

(47)

For Stimulated Compton scattering, the diffusion transition rate τd should be larger than the absorption one τa.
One can define the gain g as :

g = τd− τa (48)

The original calculation, performed in [48], is not reproduced here. It was also found that the gain expression
does not depend on the Planck’s constant. Indeed, the FEL theory can be described classically [50, 51, 18, 52, 2,
53, 54, 55, 3, 56, 57]. One prefers nowadays to use a classical approach, which is simpler and which can explain
the FEL in the majority of cases.

1.3.3 The FEL regimes

The FEL can thus be described as a Stimulated Compton Scattering, as shown in Fig. 8. If the electronic density is
large enough, a plasma wave can develop.

Fig. 8 Stimulated Compton Scattering scheme in the electron frame, with ωp the plasma pulsation, ωr the resonant pulsation, and ωs
the scattered pulsation

The Compton FEL regime

In the Compton regime, the scattered wavenumber k�s equals the incident wavenumber k�i:

Fig. 16: Stimulated Compton scattering scheme in the electron frame, with ωp the plasma pulsation, ωr the
resonant pulsation, and ωs the scattered pulsation.

In the laboratory frame, it comes to ωs = ωi ± ωp where the plasma pulsation ωp is given by

ωp =
√

nee2

εomoγ3
=
√

Jee
εomocγ3

with ne the electronic density, εo the vacuum permeability, and Je the
current density Je = neec.

Practically, one considers that the FEL is in the plasma regime if the number of plasma oscillations
Np done by the electron while it travels into the undulator is at least one:

Np =
Nuλu

λp
=
Nuλuωp

2πc
=
Nuλu

2πc

√
Jee

εomocγ3
.

Thus Np > 1 if Je <
4π2εomoc3γ3

eN2
uλ

2
u

.

The regimes of FEL are recapitulated in Fig. 17.

Fig. 17: Comparison between Compton and Raman FELs

4 The FEL classical approach (low gain regime)
4.1 Stimulated scattering in a plasma fluid type approach
P. Sprangle (fourth FEL Prize, in 1991) continued the exploration of stimulated Compton scattering of an
electromagnetic wave from relativistic electrons [42,61] using a plasma approach. Sprangle and Granat-
stein examined the stimulated cyclotron resonance scattering and production of powerful submillimetre
radiation [63] and stimulated collective scattering from a magnetized relativistic electron beam [64]
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where the pump satisfies the dispersion relation associated with the beam in the magnetic field and the
scattered waves consist of collective plasma oscillations as well as right- and left-polarized electromag-
netic waves, travelling parallel and antiparallel to the beam. The frequency of the forward-scattered
electromagnetic wave is Doppler shifted. Conditions for enhanced stimulated scattering and growth
rates were found [64]. An original following work on noise excitation analysis [65] can be mentioned.
Variants of FEL were considered, such as the gyrotron with a uniform magnetic field [66]. Saturation
and phase (wave refractive index) were analysed [67]. The Raman-type theoretical developments are not
detailed here [68, 69].

4.2 The FEL classical approach using the Weizsäcker–Williams approximation and electronic
distribution function

F. A. Hopf et al. [70] continued the investigation of stimulated emission of radiation in a transverse
magnetic field. He pointed out that the theories explored so far [6, 42, 57, 60, 61] were all “quantum
mechanical in nature. They give impression that they have to be so, since it is argued that it is the
electron recoil ∆p = h/λc where λc is the Compton wavelength, which is the source of the finite gain.
Furthermore, quantum approaches, while agreeing on the structure of the gain formula, differ from one
another by orders of magnitude in numerical coefficients” [70]. He then shows that “this problem is
completely classical, and that the gain is produced by a bunching of the electron density in the presence
of a field”.

He works directly in the laboratory frame. Considering the Weizsäcker–Williams approximation
and in the case of the extreme relativistic limit, the static undulator field of period λu can be replaced by
a pure electromagnetic field of wavelength λi = (1 + βs)λu ≈ 2λu. The electron motion is treated via
the collisionless relativistic Boltzmann equation, according to

df

dt
=
∂f

∂t
+ ẋi

∂f

∂xi
+ Ṗi

∂f

∂Pi
= 0, (30)

with P the canonical momentum, x the position and dot the total derivative with respect to time.

The total number of electrons N(t) is given by N(t) =
∫

d3x
∫
f(x,P, t)d3P .

The Boltzmann equation is coupled to the transverse current Jt via the Maxwell equation, and is
given by

Jt = e

∫
vTf(x,P, t)d3P, (31)

with vT the transverse velocity. The scheme is sketched in Fig. 18.

Fig. 18: Diagram of the low gain FEL classical theory using the Boltzmann equation for the movement of the
electrons in the undulator and the scattering process.
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By assuming that:

– the electromagnetic field is transverse and depends on s and t;
– the transverse velocity spread of the electronic distribution is neglected since the electrons propa-

gate with a relativistic velocity along the direction s;
– the mass shift for electric fields smaller than 1012 V/m,

the problem is reduced to a one-dimensional one. The interaction term of the reduced Boltzmann equa-
tion is similar to the one in the Klein–Gordon Hamiltonian, and the source term of the reduced Maxwell
equation is “proportional to a density times an electric field. This is exactly the same as in usual scatter-
ing problems, where the d’Alembertian of the electric field is proportional to the second derivative of the
polarization, which is in turn proportional to a density times the electric field. Hence, we see at this point
that the problem at hand is nothing else than a usual classical scattering problem, complicated only by the
fact that we deal here with relativistic particles” [70]. Then, the reduced distribution is developed in per-
turbation series, the first order giving the small-signal theory. In this case, only two modes of the field are
kept, the incident one (i.e. the static periodic magnetic field in the Weizsäcker–Williams approximation),
and the scattered one. The relevant scattered mode in the up-conversion scheme is the backscattered
radiation, which propagates in the direction of the electron beam. Its wavelength is Doppler shifted, as
seen previously. New assumptions are made:

– the amplitude and phase are slowly varying;
– the depletion of the incident field is neglected since it is assumed to be very intense;

enabling us to find the first-order term of the reduced electron distribution function h(1)(s, Ps, t), ex-
pressed as

h(1)(s, Ps, t) = −e
2(ks + ki)neA

∗
i As

Ps

dF

dPs

exp (−iµs)− 1

µ
exp (−i∆ω(t− s/vs)) + c.c. (32)

where ki (respectively ks) is the wavenumber of the incident (scattered) field, Ai (respectively As) is
the vector potential of the incident (scattered) field, F (Ps) the initial electron momentum distribution,
∆ω = ωs − ωi with ωi (respectively ωs) the pulsation of the incident (scattered) field, and µ = ∆ω −
(ks + ki). “h(1)(s, Ps, t) describes electron density fluctuations [70] (bunching) which are responsible
for the scattering”. Here, Hopf is pointing out that the bunching is a key process for the FEL interaction.
Introducing the reduced electron distribution into the Maxwell equations, one finds the small-signal low
gain expression. In the case of the small cavity limit (where the initial electron momentum distribution
function F (Ps) can be taken as a δ function, i.e. to the limit of a homogeneously broadened medium),
the total small-signal gain is given by

g ∼= 64π2r2
oFf

ne

mc2

k
1/2
i

k
3/2
s

L2
cIi

d(sin ηc/ηc)
2

dηc
(33)

with ηc = µLc/2, ro the classical radius of the electron, Ff the filling factor term representing the
transverse overlap (ratio of the electron beam transverse to the section of the optical beam in the cavity),
Ii the incident flux. Different cases occur.

– If ηc = 0 there is exact conservation of momentum, and no net gain.
– If ηc < 0 (i.e. for electrons with a velocity v > vo), the net result is a gain. It is the equivalent of

the Stokes line in Raman scattering.
– If ηc > 0 (i.e. for electrons with a velocity v < vo), the net result is an absorption. It is the

equivalent of the anti-Stokes line in Raman scattering.
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The maximum gain is found for ηc = −π/2 in agreement with the Madey result derived in the
quantum mechanics frame within a factor 0.8. It is worth citing part of the conclusion “that the free-
electron laser is a completely classical device. The stimulated scattering producing amplification is
due to electron bunching, rather than to the Compton recoil, as argued previously. This result not only
is important from an academic viewpoint, but also greatly simplifies the analysis of the strong-signal
regime and of the saturation of this new laser” [70]. The major step here is the understanding that the
gain results from a bunching of the electronic density in the presence of a field.

Two months later, Hopf continued with the strong-signal case “In order to assess the potential
of any practical laser device, it is necessary to complement the small-signal theory by an analysis of
the mechanism of saturation” [71]. In the strong signal case (i.e. for ‘long’ undulator, ‘high’ current),
the change of electric field in one pass cannot be neglected anymore. The undulator is still treated in
the frame of the Weizsäcker–Williams approximation. The coupled Maxwell–Boltzmann equations are
reduced differently from the small-signal case where the longitudinal part of the Boltzmann distribution
function h was expanded in powers of |AiAs| limited to the first order. Here, h is then expressed as a
harmonic expansion (previous expansion to higher orders would diverge), leading to a set of generalized
Bloch equations in keeping the first term of the expansion. These generalized Bloch equations have “a
striking resemblance to the optical Bloch equations” involving an equivalent “population inversion” and
“polarization” term. “However, it differs from them in two respects”. “This difference in structure lies
in the fact that in a free electron laser, the gain is not proportional to the electron distribution function. It
is its derivative with respect to ps, (rather than the gain itself) which plays the role of an inversion.” By
supposing that the saturation mechanism corresponds to “deceleration of the electrons through the gain
line to the point of zero gain”, one can express a saturation flux and find the “maximum field extractable
from a free-electron laser (i.e. the output field when the laser is in the saturation regime)” [71] as

Asat,max
∼=
[
λs
Lc

]2 M2c2γ4

e2
Ai. (34)

He then computed the efficiency in the case of the Stanford experiment, and found it to be of the
order of 5 × 10−3. He deduces that “This implies that free electron lasers have the potential to work at
high power, but they must be operated in a pulsed mode, with small per shot efficiency.” He just pointed
out that the previously described analysis is very simplified: “In reality, a more detailed analysis shows
that a major contribution to the saturation is a strong alteration of the electron distribution such that the
laser eventually reaches the large- cavity limit”. Hopf et al. had shown here that FELs “have the potential
to work at high power”.

The expansion of the Boltzmann distribution function was then not limited to the first term, and
the problem reduces to the Klein–Gordon equation [72]. A theory including Raman scattering has also
been developed [62, 73, 74].

In Madey’s and Hopf’s approaches, the FEL has been explained in terms of collective phenomena.
Single particle theory can also be applied, as described below.

4.3 The classical approach considering the relativistic motion of the electrons in the undulator
W. B. Colson (Second FEL prize, 1989) aimed at a broader theoretical framework. He analysed the ra-
diation from electrons travelling through a static transverse periodic magnetic field with classical, semi-
classical, and quantum field theories. He considered the radiation characteristics of the electrons in the
undulator and developed stimulated emission rates and laser evolution equations describing exponential
gain and saturation [75]. His paper was published the same month as the second publication by F. A.
Hopf [71]. He insisted on the importance of including the filling factor term, representing the overlap
between the electron beam and the optical wave. W. B. Colson received the Second FEL Prize after
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J. M. J. Madey, in 1989 “Bill laid the foundation for the classical theory of Free Electron Laser, enabling
a wide audience to understand the operating principles of FEL”. He gave “an outstanding contribution to
the understanding of free electron laser mechanisms”.

4.3.1 Resolution of the one-body classical Lorentz equation in the presence of a periodic magnetic
field and a plane electromagnetic wave

W. B. Colson looked for a more appropriate magnetic field description and by “solving the one-body
classical Lorentz force equation in presence of periodic magnetic field and a plane electromagnetic wave”
[76,77]. He found that “the non-linear electron dynamics to the phase space paths of a simple pendulum
in the limit of small gain. The position and energy of a single electron are simply expressed as a function
of time”. He was able to determine the gain and to link it to the derivative of the sinc-like function
describing the spontaneous emission [75], the electron modulation, and the saturation for strong laser
fields corresponding to closed phase space paths, where the electron beams becomes resonant and the
gain drops. He insisted on the “importance of the electron beam produced by the FEL device. The
combined magnet and radiation fields conspire in a controlled way to yield a coherently modulated
relativistic electron beam”. It is found that the evolution of the system follows the pendulum equation
which has been widely adopted and will be presented below. The FEL Prize recipient receives a clock,
symbolizing the FEL pendulum equations! Phase space paths are illustrated in Fig. 19. The electrons
that are initially resonant and on a phase equal to an integer p times π, corresponding to points in phase
space located at (pπ, 0), do not contribute to work. Electrons near these points evolve very slowly in
time, with motion at ‘even-p’ points being stable and ‘odd-p’ unstable. In analogy, a simple pendulum
would be at the bottom (p-even) or top (p-odd) of its arc. If an electron is not at a critical point, the
radiation field alters its energy and position. A shift in relative position, proportional to the square of the
pendulum frequency, occurs and redistributes electrons along the beam axis. For an initially uniform,
mono-energetic beam, half the electrons within a given λr are positioned such that work is done on them;
they gain energy and move ahead of the average flow. The rest of the electrons loose energy to the
radiation field and move back. This causes the ‘bunching’ of the beam. Electrons can undergo closed
and open orbits.

Fig. 19: Electron phase space paths in the case of the pendulum for a helical undulator (low gain regime), from [78]

Then, the electron motion is depicted with a Hamiltonian approach, while the phase space repre-
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sentation of the pendulum is deepened and the influence of the detuning (delay between the electrons in
the undulator and optical pulses in the optical cavity) is studied [79]. The importance of the ‘bunched’
beam is emphasized and the use of an external laser with a static periodic field to create the modulation
at optical wavelengths is considered.

The model is then described self-consistently, using single particle dynamics and Maxwell’s equa-
tions. The optical wave evolution is governed by Maxwell’s equation in the presence of an electron
current. Assuming that the amplitude and phase are slowly varying, two differential equations describ-
ing the amplitude and the phase of the wave are found. The dynamics of the electrons is ruled by the
Lorentz equations in the presence of the combined static and radiated fields. The total current results
from the sum of all individual particle currents. The two sets of equations are then combined. It is found
that the microscopic electron bunching drives the amplitude and phase of the optical wave [80] as shown
in Fig. 20. The saturation is well described within the frame of the self-consistent pendulum equation:
“When the radiation field becomes large, the electron becomes trapped in closed orbits of the pendulum
phase space. In the beam frame, the bunching electrons will have moved on the order of an optical
wavelength: at this point, the gains tops and the laser saturates” [80].

The model is then applied to study the operation on higher harmonics [81–83], as developed later.

Fig. 20: Diagram of the low gain FEL classical theory using the movement of the electrons in the undulator and
the interaction with the electromagnetic wave.

This approach using the description of the electron motion in the undulator, energy exchange,
properly described with the pendulum equation enables us to explain the laser gain, saturation, and
coherent electron beam modulation. It is described, complete with informative phase space plots, in the
textbook [84]. A tutorial is also available [85].

4.3.2 Ponderomotive phase
Let’s consider a plane wave travelling in the same direction as the electron, with its electric field in the
trajectory plane. This wave can be the stored spontaneous emission in the optical cavity. The electrons
in a vertical magnetic field of a planar undulator are submitted to the electric field

−→
El given by

−→
El =

El cos (ks− ωt+ φ)−→es propagating along the direction s, with φ the phase of the monochromatic plane
wave with respect to each single electron. The work ∆W between the times t1 and t2 is given by

∆W = e

∫ t2

t1

c
−→
β .
−→
Eldt. (35)

The energy exchange only takes place via the transverse component of the velocity, so the vertical
magnetic field efficiently couples the electrons and the radiation. Using βx = Ku

γ sin(kus):

∆W =

∫ t2

t1

eKuEl

γ
sin (kus) cos (ks− ωt+ φ)dt. (36)

Using s = cβst, kus = ωuβst, ks = ωβst, and defining ∆Ω1 = (ωuβs + ω(1 − βs)) and
∆Ω2 = (ωuβs − ω(1 − βs)), after some trigonometry we have: ∆W =

∫ t2
t1

eKuEl
2γ (sin (∆Ω1t+ φ) +

sin (∆Ω2t− φ))dt. A wave beating with two frequencies ωuβs ± ω(1− βs) takes place.
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The so-called ponderomotive phase ψ, i.e. the phase of the nth harmonic of the electron wiggles
with respect to the wave, is introduced as

ψ = (nku + k)s− ωt. (37)

The energy exchange due to the ponderomotive phase ψ is developed at first order, resulting in
∆W = −

∫ t2
t1

eKuEl
2γ (sin (ψ + φ− (n− 1)kus)− sin (ψ + φ− (n+ 1)kus)dt.

Provided that the energy changes slowly compared with the period of an undulator, the longitudinal
motion can be expressed as the sum of the fast term along the s direction at twice the pulsation and the
slow evolution s̃ caused by the FEL interaction, according to s = s̃+sw where the mean motion satisfies
〈βs〉 = 1− 1

2γ2
(1 + K2

u
2 ) in which the energy γ varies along the length of the undulator. To first order in

1
γ2

, the longitudinal oscillation can be written as sw = K2
uλu

16πγ2
sin (2ωut) = K2

u
8γ2ku

sin (2kus̃). The phase
can be expressed as

ψ = ζ + ψw, (38)

with ψw = K2
uk

8γ2ku
sin (2kus̃) and ζ = (nku + k)s̃− ωt. The ponderomotive phase evolves as

dζ

dt
= (nku + k)

ds̃

dt
− ω = (nku + k)

(
1− 1 + K2

u
2

2γ2

)
c− kc = nku − nku

(
1 + K2

u
2

2γ2

)
c− k1 + K2

u
2

2γ2
c.

Since nku � k, it becomes
dζ

dt
= nkuc− k

1 + K2
u

2

2γ2
c.

Then ψ given by ψ = ζ + ψw is inserted into the energy exchange expression, leading to

∆W = −
∫ t2

t1

eKuEl

2γ
(sin (ζ + ψw + φ− (n− 1)kus̃)− sin (ζ + ψw + φ− (n+ 1)kus̃)dt. (39)

4.3.3 FEL resonance
The plane wave travelling in the same direction as the electron is shown in Fig. 21. The electron is
resonant with the light wave of wavelength λr if, when the electron progresses by λu, the wave has
travelled λu + λr or more generally, with n being an integer, by λu + nλr.

The travel times of the electron and the photon can be written as λu
vs

= λu+nλr
c , so

λr =
λu

n

(
1

βs
− 1

)
=
λu

n

(1− βs

βs

)
= λu

1− β2
s

βs(1 + βs)
.

In the planar undulator case, with βs ≈ 1 and 1− β2
s = 1

γ2
+ K2

u
γ2

, the resonant wavelength becomes

λr =
λu

2nγ2
(1 +

K2
u

2
) (40)

and in the helical undulator case

λr =
λu

2nγ2
(1 +K2

u). (41)

The infrared spectral range can be reached with reasonable beam energies. The resonance can
also be scanned either by changing the electron beam energy or by modifying the magnetic field of the
undulator.
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uλ

Fig. 21: Undulator resonance condition: when the electron progresses by λu, the wave has travelled by λu + λ, to
is the time origin, vs is the longitudinal velocity of the electrons.

The resonance is generalized for the electron phase to be stationary dζ
dt = 0, it leads to the expres-

sion of the resonant energy given by the undulator γr,

γ2
r =

1

2n

(
1 +

K2
u

2

)
λu

λ
=

1

2n

(
1 +

K2
u

2

)
k

ku
. (42)

One considers electrons with a relative energy difference with respect to the resonance given by

η =
γ − γr

γ
. (43)

4.3.4 Pendulum equations
Let us consider now the phase given by

ζ = (nku + k)s̃− ωt. (44)

It evolves as

dζ

dt
= (nku + k)

ds̃

dt
− ω = (nku + k)

(
1− 1 + K2

u
2

2γ2

)
c− kc = nku − nku

(
1 + K2

u
2

2γ2

)
c− k1 + K2

u
2

2γ2
c.

Since nku � k, it becomes dζ
dt = nkuc− k 1+

K2
u
2

2γ2
c. Then, using 1 + K2

u
2 = γ2

r 2nkukr , one finds

dζ

dt
= nkuc− nkuc

γ2
r

γ2
= nkuc

(
1− γ2

r

γ2

)
= nkuc

(γ − γr)(γ + γr)

γ2
= 2nkuc

(γ − γr)

γ
.

It then becomes
dζ

dt
= 2nkucη. (45)
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With the Lorentz equation dγ
dt = e

−→
E .−→v
moc2

, one gets

dγ

dt
= −eElKu

2γmoc

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

sin (ζ + φ).

So
dη

dt
= − eElKu

2γ2moc
[JJ ] sin (ζ + φ). (46)

Combining the two equations:

d2ζ

dt2
= 2nkuc

dη

dt
= −2nkuceElKu

2γ2moc
[JJ ] sin (ζ + φ) =

ne2ElBu

γ2m2
oc

[JJ ] sin (ζ + φ).

Noting that

Ω =
e

γmo

√√√√nElBu

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

c
(47)

we find that
d2ζ

dt2
= −Ω2 sin (ζ + φ). (48)

There is a close analogy with the pendulum equation d2θ
dt2

+ g
` sin θ = 0, where g is acceleration

due to gravity, ` is the length of the pendulum, and θ is the displacement angle. The analogy of θ is ψ, the
phase of an electron with respect to the superposition of the optical and undulator fields. The pendulum
equation is a non-linear differential equation, with an analytic solution using time-dependent elliptical
Jacobi functions.

The electrons are submitted to the free electron laser sinusoidal ponderomotive potential given
by −Ω cosψ. It has the form of the potential of a pendulum, in which ψ is the angle of the pendulum
at its equilibrium position. One usually represents the energy evolution in the energy phase space, as
illustrated in Fig. 22.

Fig. 22: Electron trajectories in energy phase space representation. The vertical axis represents the deviation with
respect to resonance, the horizontal axis the electron phase with respect to the ponderomotive potential. Green:
open trajectories with energy oscillations. Orange: closed trajectories of particles by the ponderomotive potential.
Maximum kinetic energy is given to/taken from the optical wave for half a rotation, i.e. for highest and lowest
positions.

The initial phase of the electron is simply given by its position along the electron bunch, this
determines its energy variation and thus its bunching. The electrons enter the undulator with a specific
phase. On resonance γ = γr, i.e. η = 0, there is no energy transfer. Near resonance, the optical
wave and the electrons exchange energy, the electrons gather around positions for which the energy
variation δγmoc

2 keeps a constant sign. The modulation depends on the electric field of the wave.
Above resonance (γ > γr), there is a net positive energy transfer from the electron beam to the optical
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wave. Positive energy exchange (gain) or negative one (absorption) occurs η 6= 0 depending on the sign
of η.

At small amplitudes, with the approximation sinψ = ψ, one gets the harmonic oscillator case. The
equation can be analytically solved only assuming Ω small, i.e. for low amplification since Ω ∝ √El.
With increasing angular momentum, the motion becomes unharmonic. The trajectories are closed, inside
the ‘bucket’. The closed motions correspond to oscillations of the pendulum. When trapped in the
ponderomotive field −Ω2 cosφ, the particles bounce back and forth on the borders of the potential, and
rotate in phase space. Trapped particles undergo oscillations in the buckets of the potential. The closed
trajectories in phase space correspond to those of an oscillating pendulum around its equilibrium position.

Above the peaks of the potential, at very large angular momentum, the motion becomes un-
bounded, the trajectories are open (green), and the movement corresponds to a complete rotation of the
pendulum around its pivot. The particles can follow open trajectories from one potential well to another:
they present oscillations in energy and an evolving phase. They can also be trapped in the ponderomotive
field −Ω2 cosφ, and rotate in phase space.

4.3.5 First-order energy exchange and bunching
4.3.5.1 First-order energy exchange

In the case of the optical wave resonant to the undulator wavelength, i.e. if the pulsation of the incident
wave is equal to the resonant wavelength, which means for ω = βsωu

1−βs , ∆Ω2 = 2ωuβs and ∆Ω1 = 0.
The work integrated over one undulator period, i.e. between t1 = 0 and t2 = λu

βsc
is

∆W = −
∫ t2= λu

βsc

t1=0

eKuEo

2γ
(sin (φ) + sin (2βsωut− φ))dt = 0.

The work due to the force applied by the electric field averaged over one undulator period is zero. For
λ = λr, there is no average energy exchange at first order: half of the electrons gain energy, half of them
loose energy.

In the case of an optical wave slightly detuned with respect to the undulator wavelength, using
k
kr

= 4nγ2
r

1
2+K2

u
, the oscillatory term of the phase becomes

ψw =
K2

u

8γ2
4nγ2

r

1

2 +K2
u

sin (2kus̃) = n

(
γr

γ

)2 K2
u

4 + 2K2
u

sin (2kus̃) = nξ sin (2kus̃),

where ξ is defined by

ξ =
K2

u

2(2 +K2
u)

(
γr

γ

)2

. (49)

The phase then becomes
ψ = ζ + nξ sin (2kus̃). (50)

The electron phase ζ contains only the slowly varying part of the s motion s̃, the second term
corresponds to the rapidly oscillatory term. In replacing this new expression of the phase in the energy
exchange expression, the corresponding energy exchange term can be written as

∆W = −
∫ s2

s1

eKuEl

2γ
sin (ζ + φ− (n− 1)kus̃+ nξ sin (2kus̃))

− sin (ζ + φ− (n+ 1)kus̃+ nξ sin (2kus̃))dt.
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On expanding the sines, it becomes




sin (ζ + φ− (n− 1)kus+ nξ sin (2kus̃))

= sin (ζ + φ) cos (nξ sin (2kus̃)− (n− 1)kus̃) + cos (ζ + φ) sin (nξ sin (2kus̃)− (n− 1)kus̃)

− sin (ζ + φ− (n+ 1)kus+ nξ sin (2kus̃))

= − sin (ζ + φ) cos (nξ sin (2kus̃)− (n+ 1)kus̃)− cos (ζ + φ) sin (nξ sin (2kus̃)− (n+ 1)kus̃).

Assuming that the energy γ and the light wave electric field El change slowly, one can average the
oscillating terms over one undulator period. The second and fourth terms then vanish by symmetry. The
average of the first and third terms is performed using the integral representation of the Bessel functions
of order m and of variable z [86] given by

Jk(z) =
1

2π

∫ 2π

0
cos (z sin θ − kθ)dθ. (51)

For k equal to half an integer, the integral vanishes by symmetry. Using θ = 2kus̃, z = nξ, and
m = n−1

2 or m = n+1
2 , it becomes

∆γ = −eElKuNuλu

2γmoc2

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

sin (ζ + φ). (52)

This expression gives zero for even m values. This recalls the vanishing of the even harmonics of
the spontaneous emission on the axis, while considering that the electron beam average over one period
is parallel to the undulator axis. In the slow varying phase φ and electric field El approximation, these
functions can be estimated in using their values for s̃.

Besides, the homogeneous width of the spontaneous emission is given by 1
nNu

. This spontaneous
emission width provides also the non-linear interaction region in the frequency space. By differentiating
the resonance equation, one gets

δγ

γ
=

1

2

δλ

λ
= 0

(
1

2nNu

)
. (53)

Only energies within a relative difference 1
2nNu

can play a role. At a low-order derivation, the
energy exchange can be written as

∆γ = −eElKuNuλu

2γrmoc2

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

sinc(πNuη) sin (ζ + φ), (54)

with η the relative energy difference and ξ given by ξ = K2
u

2(2+K2
u)

.

The sign of the ∆γ depends on the phase ζ + φ between the electron and the optical wave. If
one electron is accelerated, i.e. for ∆γ > 0, another electron located longitudinally one-half wavelength
ahead or behind is decelerated by the same amount ∆γ < 0. The longitudinal distribution of the elec-
trons being much wider than the wavelength, the phase φ is uniformly distributed between 0 and 2π.
In consequence, the first-order net energy exchange 〈∆γ1〉electrons between the electron bunch and the
optical wave is zero over the electron bunch:

〈∆γ1〉electrons = 0. (55)

For the interaction to occur, λ should be slightly different from λr: for λ > λr amplification occurs
(gain and beam deceleration) whereas for λ < λr the optical wave is absorbed (the beam is accelerated).
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4.3.5.2 Root-mean-square energy variation

The root-mean-square (RMS) energy variation, averaged over the electrons, can be expressed as

〈∆γ2〉 =
1

2

(
eKuNuλu

2γrmoc2

)2

〈El〉2
[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]2

sinc2(πNuη) (56)

where 〈El〉2 is the average of the square of the electric field over the electron beam. The electrons,
after propagation, are then accelerated or decelerated by energy enhancement or loss. This leads to a
longitudinal spatial modulation, known as ‘electron bunching’ or ‘electron microbunching’. Electrons
are bunched around a phase ψ+φ, multiple of 2π. The electronic density is then modulated with a period
equal to the resonant wavelength. The electrons are put in phase, the elementary oscillators are set in
coherence. This bunching is similar to the one taking place in the klystron, as introduced earlier. On a
planar undulator, the bunching also occurs at the odd harmonics of the resonant wavelength. This is the
basic concept for ‘coherent harmonic generation’ [81–83].

4.3.5.3 Ponderomotive field

Considering the energy exchange given by dγ
dt = − eElKu

2γmoc

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

sin (ζ + φ) and in con-

sidering the analogy with the interaction of an electron with an axial electric field according to dγ
dt =

− e
moc

βsEp with Ep the so-called ponderomotive field, one gets

〈Ep〉 = −ElKu[JJ ]

2γ
sin (ζ + φ) with [JJ ] =

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]
. (57)

The corresponding electron potential is Vp = e
∫ t

0 〈Ep〉ds′. The electrons behave as though they
were particles in a sinusoidal potential given by −Ω cosψ, or the so-called ponderomotive potential of
the free electron laser. When in the potential the particles bounce back and forth on the borders of the
potential. Particles undergo trapped oscillations in the buckets of the potential, as shown in Fig. 23.
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< ∆γ1 >electrons= 0 (88)

2.1.5 RMS energy variation

However, the RMS energy variation, averaged over the electrons, can be expressed as :

< ∆γ2 >=
1
2

�
eKuNuλu

2γrmoc2

�2

< El >2
�
Jn−1

2
(ξ )− Jn+1

2
(ξ )
�2

sinc2 (πNuη) (89)

where < El >2 is the average of the square of the electric field over the electron beam. The electrons after
propagation are then accelerated or deccelerated by energy enhancement or loss. It leads to a longitudinal spatial
modulation, known as "electron bunching" or "electron microbunching". Electrons are bunched around a phase
ψ + φ , multiple of 2π . The electronic density is then modulated with a period equal to the resonant wavelength.
The electrons are put in phase, the elementary oscillators are set in coherence. This bunching is similar to the
one taking place in the klystron, as introduced earlier. On a planar undulator, the bunching also occurs at the odd
harmonics of the resonant wavelength. This is the basic concept for "Coherent harmonic Generation"[64].

2.1.6 Ponderomotive field

The energy exchange expression is given by :

dγ
dt

=− eElKu

2γmoc

�
Jn−1

2
(ξ )− Jn+1

2
(ξ )
�

sin(ζ +φ) (90)

One notes :

[JJ] =
�
Jn−1

2
(ξ )− Jn+1

2
(ξ )
�

(91)

In making the analogy with the interaction of an electron with an axial electric field according to dγ
dt =− e

moc βsEp
with Ep the so-called ponderomotive field, one gets :

< Ep >=−ElKu[JJ]

2γ
sin(ζ +φ) (92)

The corresponding electron potential is Vp = e
� t

0 < Ep > ds�.
The electrons behave as though they were particles in a sinusoidal potential given by−Ω cosψ , or the so-called

ponderomotive potential of the free electron laser. When in the potential, the particles bounce back and forth on
the borders of the potential. Particles undergo trapped oscillations in the buckets of the potential (see in Fig. 13).

Fig. 13: Ponderomotive potential
Fig. 23: Ponderomotive potential

4.3.5.4 Bunching process

Some electrons gain energy, others loose energy. The average longitudinal velocity is changing along the

propagation in the undulator. From β̃s
2

= 1− 1+
K2

u
2

γ2
, one gets ∆βs ≈ (1 + K2

u
2 )∆γ

γ3
.

The energy variation averaged over the phases is zero at first order in El. An individual electron
with a phase φ gains or loses energy, so its position relative to the unperturbed s = ṽt position is advanced
or retarded. Because the amplitude of the interaction only depends on the longitudinal position of the
electron in the electron bunch with periodicity λr, the electrons tend to bunch along given positions,
separated by λr. This bunching (λr separation) takes place by velocity modulation (electrons set in
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phase). As for the klystron, the electrons tend to gather around preferred positions separated by the
resonant wavelength λr.

One first replaces the energy exchange in the longitudinal velocity variation for n = 1, and we get

∆βs = −D(cos (∆Ω2s/ṽs + φ)− cosφ) with D =
(1 + K2

u
2 )

γ4

eElKu[JJ ]

2 moc∆Ω2
(58)

with ∆Ω2 = ωuβs − ω(1− βs). Then one evaluates the longitudinal position as

s(t) =

∫ t

0
vs(t

′)dt′ =
∫ t

0
(ṽs + c∆βs)dt

′ = ṽst− cD
∫ t

0
(cos (∆Ω2t

′ + φ)− cosφ)dt′

s(t) =

∫ t

0
vs(t

′)dt′ = ṽst− cD
[

(sin (∆Ω2t+ φ)− sinφ)

∆Ω2
− t cosφ

]
. (59)

One finds here the longitudinal bunching, as seen in the klystron case. It is illustrated in Fig. 24.
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2.2 Bunching process

Some electrons gain energy, some other loose energy. The average longitudinal velocity is changing along the

propagation in the undulator. From β̃s
2
= 1− 1+

K2
u
2

γ2 , one gets :

2βs∆βs = (1+
K2

u

2
)

2∆γ
γ3

∆βs ≈ (1+
K2

u

2
)

∆γ
γ3 (93)

Using [JJ] =
�
Jn−1

2
(ξ )− Jn+1

2
(ξ )
�
, the energy exchange expression is given by :

dγ
dt

=−eElKu[JJ]

2γmoc
sin(ζ +φ) (94)

∆γ(s,φ) =−eElKu[JJ]

2γmoc

� s/ṽs

0
sinξ �dξ � =

eElKu[JJ]

2γmoc∆Ω2
(cos(∆Ω2s/ṽs +φ)− cosφ) (95)

The energy variation averaged over the phases is zero at first order in El . An individual electron with a phase
φ gains or looses energy, so its position relative to the unperturbed s = ṽt position is advanced or retarded. A
bunching of the electrons takes place.

One first replaces the energy exchange in the longitudinal velocity variation for n = 1, as follows :

∆βs =−(1+
K2

u

2
)

1
γ4

eElKu[JJ]

2 moc

� s/ṽs

0
sinξ �dξ � =

(1+ K2
u

2 )

γ4
eElKu[JJ]

2 mocΩ2
(cos(∆Ω2s/ṽs +φ)− cosφ)

∆βs =−D(cos(∆Ω2s/ṽs +φ)− cosφ) with D =
(1+ K2

u
2 )

γ4
eElKu[JJ]

2 moc∆Ω2
(96)

Then one evaluates the longitudinal position as :

s(t) =
� t

0
vs(t �)dt � =

� t

0
(ṽs + c∆βs)dt � = ṽst− cD

� t

0
(cos(∆Ω2t �+φ)− cosφ)dt �

s(t) =
� t

0
vs(t �)dt � = ṽst− cD[

(sin(∆Ω2t +φ)− sinφ)

∆Ω2
− t cosφ ] (97)

One finds here the longitudinal bunching, as seen in the klystron case. It is illustrated in Fig. 14.

Fig. 14: Electron bunching due to the electron / optical wave interactionFig. 24: Electron bunching due to the electron/optical wave interaction

One uses now the expression of the longitudinal position of the electron in the electric field ex-
pression. It becomes

El(t) = El cos (ks− ωt+ φ) = El cos

(
kṽst−

kcD

∆Ω2
[sin (∆Ω2t+ φ)− sinφ−∆Ω2t cosφ]− ωt+ φ

)
.

(60)

One defines the phase slippage ∆φ as

∆φ = − ωD

∆Ω2
[sin (∆Ω2t+ φ)− sinφ−∆Ω2t cosφ] (61)

∆Ω2 is given by ∆Ω2 = ωuβs − ω(1 − βs) . Using 1 − 〈βs〉 = 1
2γ2

(1 + K2
u

2 ) = λr
λu

= ωu
ωr

, i.e.
ωu = ωr(1− βs), it becomes ∆Ω2 = ωuβs − ω ωu

ωr
. With βs ≈ 1

∆Ω2 = ωu

(
1− ω

ωr

)
. (62)

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

4.3.6 Second-order energy exchange
The second-order energy exchange is calculated using in the energy exchange expression the electric
field expression taking into account the density modulation of the electron beam.

For a low electric fieldEl and low gain, ∆φ is close to 0, and one develops sin (∆Ω2t− φ−∆φ) =
sin (∆Ω2t− φ)−∆φ cos (∆Ω2t− φ). One then averages over all phases φ and it remains as
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〈dγ
dt
〉φ =

b

2
(− sin (∆Ω2t) + ∆Ω2t cos (∆Ω2t)) with b = −eElKu[JJ ]ωD

2γmoc∆Ω2
. (63)

In integrating over the electron transit time through the undulator τ = Lu/ṽs, one obtains the
second-order energy change per electron:

〈∆γ2〉φ =

∫ τ=Lu/ṽs

0
〈dγ

dt
〉φdt =

b

2∆Ω2
(2− 2 cos ∆Ω2τ −∆Ω2t sin (∆Ω2τ)).

By multiplying by τ3, replacing (1 +K2
u/2) = 2γ2λ/λu, b, and D, one gets

〈∆γ2〉φ =
e2π

2m2
oc

4

K2
u

λu
[JJ ]2E2

l

L3
u

γ3

(2− 2 cos ∆Ω2τ −∆Ω2τ sin (∆Ω2τ))

(∆Ω2τ)3
. (64)

Let us define the function g(x) by g(x) = 2−2 cosx−x sinx
x3

. The function g(x) is antisymmetric in
x and has a maximum of 0.135 at x = 2.6.

Multiplying by τ3, replacing (1 +K2
u/2) = 2γ2λ/λu, b, and D, one gets

〈∆γ2〉φ =
e2π

2m2
oc

4

K2
u

λu
[JJ ]2E2

l

L3
u

γ3

(2− 2 cos ∆Ω2τ −∆Ω2τ sin (∆Ω2τ))

(∆Ω2τ)3
. (65)

4.3.7 Gain
4.3.7.1 Gain expression in the low gain regime

The optical wave is the FEL spontaneous emission given by the synchrotron radiation emitted by the elec-
trons passing through Nu periods of the undulator and stored in an optical cavity, as shown in Fig. 25,
where the electron bunching is indicated. The mirrors of the optical resonator perform the optical feed-
back, such that the light pulse performs multiple passes in the cavity. The gain is evaluated for small
variations of the optical field.

!

"

1

2  

!

"

Fig. 25: FEL configuration with an optical cavity: the energy exchange between the optical light (initially the
spontaneous emission stored in the optical cavity) and the electrons is then transformed into density modulation
while the electron progress is due to velocity bunching. This results in a microbunching of the electrons which can
then emit coherently in phase with the optical wave that gets amplified.

The first-order energy exchange averaged over the electrons is zero. The second-order energy
exchange 〈∆γ2〉 averaged over phases with the bunched electron distribution has been calculated. The
change in electromagnetic power ∆P is given by
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∆P = −I
e
moc

2〈∆γ2〉. (66)

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

G =
mocI〈∆γ2〉
eεo
∫
E2

l dS
=
moc

2ρe〈∆γ2〉
1
2εoE

2
l

(67)

where εo is the vacuum permeability, ρe the electronic density in the volume, the radiation field being
integrated over the longitudinal coordinates. The small signal gain is given by

G =
2πe2

εomoc2
ρe
K2

u

λu

(
Lu

γ

)3 [
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]2 ∂

∂γ

(
sin (πNuη)

(πNuη)

)2

. (68)

For the interaction to occur, λ should be slightly different from λr. For λ > λr amplification
occurs (gain and beam deceleration) whereas for λ < λr the optical wave is absorbed and the beam is
accelerated. Depending on the sign of (λ − λr), the optical wave is either absorbed to the benefit of
a gain of kinetic energy of the electrons, or is amplified to the detriment of the kinetic energy of the
electrons. The electrons are bunched and are in phase with the incident electric field. The emission from
the bunched beam then adds coherently to the incident wave that gets amplified.

The small signal gain varies as 1/γ3. The higher the energy, the lower the gain. Since short wave-
length operation requires the use of high electron beam energies (because of the resonance condition),
for the same undulator length, the gain is smaller at short wavelengths than at longer ones. The gain is
proportional to the electronic density (thus to the beam current I). The more electrons interact, the larger
the gain. For short wavelength FELs where the gain is naturally small, one should employ beams with
high electronic densities.

The gain is also proportional to the third power of the undulator length. The longer the undulator,
the higher the gain up to certain limits that are given by the gain bandwidth (1/nNu, because of the
interference nature of the interaction), and by the slippage (temporally, the light pulse should remain
in the longitudinal bunch distribution for the interaction to occur). So the number of undulator periods
cannot be excessively large. Similarly, both the optical light and electron bunch should overlap properly
all long the undulator propagation.

4.3.7.2 Madey’s theorems

Remarkably, the gain is the derivative of the spontaneous emission, as understood thanks to the Madey
theorems [60, 87]. They are given by

dΦ

dΩ
(θ = 0) =

2αm2
oc

4I〈∆γ2〉
e2λ2〈E2

l 〉
, (69)

〈∆γ2〉 =
1

2

∂〈∆γ2〉
∂γ

, (70)

with α the fine structure constant, I the beam current, dΦ
dΩ(θ = 0) the angular spectral flux on axis of

the undulator spontaneous emission. The first theorem relates the energy spread 〈E2
l 〉 introduced by

the optical wave to the spontaneous emission of the undulator. According to the second theorem, the
second-order energy exchange 〈∆γ2〉 is proportional to the derivative of the spontaneous emission of the
undulator. Due to the resonance relationship linking the particles energy to the emission wavelength, the
spectral ‘gain’ distribution is close to the wavelength derivative of the spontaneous emission spectrum
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versus λ. The Madey theorem is valid for a gain smaller than 0.2. The gain can be expressed as the
derivative of the undulator spontaneous emission.

4.3.7.3 Gain correction terms

Gain corrections terms should be introduced.

The transverse filling factor Ff accounts for a non-perfect transverse overlap between the laser
transverse modes and the transverse dimensions of the electron beam σx and σz. For a laser of TEM00

mode of waist wo, it is given by Ff = 1√
1+( wo

2σx
)2
√

1+( wo
2σz

)2
. The filling factor has been calculated using

Gaussian spherical wavefronts of the optical wave, leading to a deviation from the Madey’s theorems,
and a new optimization of the energy extraction [88], as shown in Fig. 26.

D. NutareNi et al. / Nucl. Instr. and Meih. in Phys. Res. A 393 (19971 64-69 65 

Table I 
Storage ring and optical resonator features for several SRFEL 
facilities 

Super-AC0 VEPP3 UVSOR NIJ14 

Storage ring and spontaneous emission 
E (MeV) 800 350 500 311 
X.Y 0.5 0.35 1.21 0.45 
z1 0.5 0.35 0.18 0.45 
0SE.x, 530 300 511 4.10 
BSEy (p rad) 530 300 681 - 
h (nm) 350 250 455 352 
W,.X. 289 265 283 273 
KS’,~ (Gun) 193 265 212 213 
Y,,, (%I I 3.8 2.5 0.75 - 
<1/, I “‘5 1 2.1 1.7 0.55 -. 

Optical resonator 

L(m) 18 18.7 13.3 14.8 
R Mb frOnt 10 10 8 8.5 
R,,,, (m) 10 10 6 8.5 
Losses (RX) I 0.8 0.3 - 
HTEM,O (prad) 193 179 308 198 
%TEh& (pm) 578 446 470 565 

1 
Note: Here fJsE = ,, (1 + K’/Z)/N, with y the Lorenz parameter 

of the electron beim, K the strengh of the undulator and N the 
number of undulator periods, is the divergence of the SE and 
u’,..,,~ = j,‘nO,, is the initial x, y transversal dimension of the SE. 

3. The filling-factor for the super-AC0 FEL 

Using a simple model, Ff can be expressed as [63 

Ff=fi_-L_ 
;T=y y’l + (IV/2aJ” 

(1) 

with ~1~ and gi respectively. the optical mode waist and 
the electron-beam tranverse size. Nevertheless, the 
Colson-Elleaume model [l] shows that this relation is 
not correct when w/a ---) 0. Fig. 1 shows how Ff varies 
with the dimensionless parameters Wi = Wi ,,/G 
and Ci = 0; ,J”%, and it can be expressed by the 
empirical formula 

) 

Ff=urI Jw, 
i =h( l  +bW~) JGTJZ$'  

(2) 

the coefficients a, b and c being reported in Table 2 for 
several values of C. Eq. (2) can be further normalized with 
respect to the parameters which depends on u (because it 
is constant for our treatment): 

0.8 

0.6 

ii 
0.4 

0.2 

Filling-factor VB W --b %024 

0 0.5 I 1.5 2 2.5 3 3.5 4 
W 

Fig. 1. Filling-factor variation depending on dimensionless 
parameters X and W, for a round transversal shape of the 
electron beam. deduced from the Colson- Elleaume model. 

Table 2 
Values of the fitting parameters, used in the empirical formula of 
Ff depending on W. corresponding IO a several values of the 
dimensionless parameter C. The Super-AC0 case correspond to 
X = 0.5 and the parameters have been obtained with an interpo- 
lation between Z = 0.35 and Z = 0.71 

z 

0.071 3.0197 1.303 0.1560 
0.14 3.0062 1.272 0.1532 
0.24 2.6920 1.123 0.1524 
0.35 2.6358 0.9472 0.1528 
*0.5 2.1689 0.5900 0.1845 
0.71 2.0402 0.5064 0.1930 
1.41 I.6681 0.2578 0.3983 
2.35 1.5264 0.1757 0.948 1 

u h I’ Correlation 
coefficient 

0.99779 
0.99844 
0.99866 
0.99825 

0.99354 
0.92394 
0.9 I290 

so the gain can be expressed by g = goFfN with q,, the 
normalized maximum gain which is reported in Table 1. 

4. Propagation in the optical cavity and dynamical 
Filling-factor 

The evolution of the transverse profile of the spontan- 
eous emission stored in the optical cavity has been nu- 
merically simulated (C code) using Gaussian beam 
propagation [7]. The evolution of the complex radius of 
the Gaussian beams, 4 = z + in,, with z the position with 
respect to the beam waist position and zR the Rayleigh 
length, is described by 

Ff,=ufi 8 
,:,(l + hW:)’ 

(3) q(n) = 
Aq(n - 1) -t B 
Cq(n-l)+D' (4) 

II. STORAGE RING FELs 

Fig. 26: Filling factor in the case for Gaussian optical beams for different values of the normalized waist Wi =

wi
√

π
λLu

and electron beam transverse sizes Σi = σi
√

π
λLu

. from [89].

Besides, according to the Madey’s theorem, spontaneous emission inhomogeneous broadening
(presented in 2.3.3.2) due to energy spread and emittance affect directly the gain. The inhomogeneous
reduction factor Finh is

Finh =
[
1 +

(∆λ
λn

)2
σγ

(∆λ
λn

)2
hom

]−1
.
[
1 +

(∆λ
λn

)2
div

(∆λ
λn

)2
hom

]−1
.
[
1 +

(∆λ
λn

)2
σ

(∆λ
λn

)2
hom

]−1
.

The longitudinal overlap between the electron bunch of RMS length σl and the optical wave should
be maintained. The light wave is in advance by Nuλ with respect to the electrons, and for short electron

bunch distributions, it could escape. The corresponding correction factor Fg is Fg =
[
1 + Nuλ

σl

]−1
.

The small signal gain can be expressed as

G =
2πe2

εomoc2
ρeFfFinhFg

K2
u

λu
(
Lu

γ
)3
[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]2 ∂

∂γ
sinc2(πNuη), (71)

G = n
π2roλ

2
uN

3
uK

2
u

γ3
FfFinhFgρe

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]2 ∂

∂γ
sinc2(πNuη), (72)

with ro = 1
4πεo

e2

moc2
the classical radius of the electron (2.82× 10−15).
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4.4 The classical approach in the moving frame
In such an approach, developed in Italy [90, 91] in particular by Alberto Renieri (seventh FEL Prize
in 1994) and Guiseppe Datttoli (seventh FEL Prize in 1994), the Weizsäcker–Williams approximation,
still valid for ultra-relativistic electrons, is used. The FEL corresponds to a stimulated scattering process
from the so-called ‘pseudo-radiation field’ into a true radiation field travelling in the same direction as
the electron beam. The FEL modelled by a stimulated Thomson scattering process is described using the
Hamiltonian formalism [90].

The selected frame is a moving one [91], “chosen in such a way that the periodic structure trans-
forms into a (pseudo) radiation field whose frequency coincides with the frequency of the stimulating
field”. This frame choice presents different advantages.

– “The physical processes of scattering from one field to the other and vice versa become apparent.
Indeed, in that frame, the two fields are treated on the same step, although they are quite different
in the laboratory frame.”

– “Relativistic calculations can be avoided. In fact, in that frame, the electrons have non relativistic
velocity, and the momentum exchanged with the fields is not sufficient to give the electrons a
relativistic velocity.”

– “In the limit in which the laser operation can be described in terms of ensemble averages over
independent single particles, it becomes possible to follow the history for each electron in the field
with simple equations of motion.” [91]

This FEL description in the moving frame reduces to the pendulum equations, which are not
Lorentz invariant and are valid in that frame only. A quantum mechanical density matrix description of
the system is able to conciliate this approach with the one proposed by Hopf. A Hamiltonian completes
the overall description of the process.

Under the approximation that the electrons do not contribute much to the laser intensity and fol-
low adiabatically the field, the FEL evolution can be described by the pendulum equations. Figure 27
shows the phase space plots, with W scale momentum, Ω interaction frequency, ψ interaction phase,
“essentially the position coordinate canonical to W ” [91].

A. BAMBINI, A. RKNIERI, AND S. STKNHOLM

p(g„W ) =(1/2m) 5(W, -'W ). (4.6)
The gain is determined by the shift of the average
momentum from W, after the interaction time,
namely,

Q= — d odSoP oyW'0 W ~ oyW'0 -Wo

harmonically with frequency Q. From (4.4) follows
that this basic rate of change depends on the laser
amplitude as Q ~E~ ' which provides the mechan-
ism for saturation.
Figure 2 shows the well-known phase-space

trajectories of the pendulum. T%'o types of motion
occur, the closed paths with periodic motion in
both W and g (region I) and those where W is still
periodic but g increases steadily with time (region
II). The two regions are separated by a separatrix
on which the motion is aperiodic in both W and )I).
This depends on the value of.the laser intensity
through the parameter 0'eE~; when this increases
the region I grows and occupies a larger area in
the phase plane. Given an initial distribution of the
electron ensemble over the phase plane, the behav-
ior of the laser operation will change when this is
transferred from region II into region I.
We assume a sharp initial momentum distribution

for the electrons centered around +;= 8'0 but a. to-
tally unspecified initial phase go. Then the proper-
ly normalized initial distribution of the assembly
of electrons is given by

assembly after the interaction has taken place.
This can be obtained by summing the measure of
all those values |()o which lead to a, given momen-
tum W'. This is achieved by writing

p(w, w„, .) = f n(w-w) ',
where

(4.8)

(4.9)
is the final momentum of the electron having the
initial coordinates go and W, . Inverting this re-
lation to give

to=to(& Wo W} (4.10)

and changing the variable of integration in (4.8) we
find

P(W, Wo, v) = — 5(W -W) o dW

2~ dT d, (4.11)

where the initial phase is eliminated by the use of
(4.10) with W =W to give the distribution function
in W with W, and o as parameters. Relation (4.11)
has already been used to evaluate the distribution
numerically'; the perturbation treatment of Sec. V
allows us to obtain analytical expressions for these
quantities of interest for the FEL.

'W» OWO-&0- (4. I) V. UNSATURATED MOMENTUM DISTRIBUTION

RE EGION I

PARATRlX

Another quantity worth evaluating is the dis-
tribution of the final momentum over the electron

The adiabatic equations for the FEL describe the
laser operation as a pendulum motion, which pro-
vides gain until the laser amplitude grows large
enough to smear the electron distribution into a
region where the losses cou'nteract the gain and-
the operating point is stabilized.
When saturation effects are neglected we can

obtain analytical expressions, which partly have
been obtained earlier. ' ~ In this section we re-
derive these results partly to prove the consist-
ency with earlier treatments but mainly because
we can display how the ensemble average over the
initial phase is carried out explicitly. It is also
possible to see why the unsaturated gain remains
much smaller than the momentum spread. The
ensuing explicit expression for the momentum
distribution has not been published earlier.
By introducing the initial phase go explicitly into

Eqs. (4.5}, we write
dW =0' sin(g —(I)o),

F&G. 2. Pendulum phase-space trajectories.
dP
dtFig. 27: Phase space plot of the FEL modelled using the pendulum equation, from [91]: W scale momentum, Ω

interaction frequency, ψ interaction phase, “essentially the position coordinate canonical to W ”.
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It shows two zones.

– Zone I with closed paths for W and ψ.
– Zone II with W with periodic trajectories while ψ increases steadily with time.
– Separatrix with both aperiodic motions of W and ψ, depending on the value of laser intensity

through Ω and its evolution.

The electron motion can then be solved using the Jacobi elliptical functions.

The dimensionless laser intensity is introduced “it measures the ratio of the small-signal oscillation
frequency (Rabi flipping) against the Doppler shift determined by the initial electron momentum” [91]
and enables us to follow the evolution of the gain towards saturation. After this single particle classical
theory, where amplification is due to the single electron stimulated Thomson scattering, the Hamilto-
nian description has been further examined [92] in considering the multiple electron effects [93, 94],
gain-spread expressions [95], and in accounting for self-consistency. FEL pulse propagation and syn-
chronization of the pulses in the optical resonator and the electron bunches in the resonator are examined:
it is found that the ‘lethargy’, i.e. “the slowing down of the laser oscillation in the cavity owing to the
interaction with the electrons” leads to the presence of “supermodes” [96, 97]. An equivalent refractive
index can be defined. The FEL evolution has been described with the logistic function [98].

Different lectures are gathered in textbooks [99, 100].

4.5 Early FEL developments in the former Soviet Union
In Russia, which was quite isolated at that time, development took also place on the FEL. FEL progress
was made independently in Russia and outside.

A meeting was held in December 1980 in the frame of the Academy of Science to discuss the
development of free electron lasers [101]. Different work progress was reported: M. V. Fedorov (Lebedev
Institute) on the different types of FELs, M. I. Petelin, A. A. Kolomenskii, A. A. Ruxadz (Institute of
Applied Physics, Nijni-Novgorod) on the possibility of a mm range FEL on Sinus-4, A. N. Didenko
(Institute of Nuclear Physics in Tomsk) on an undulator experiment on an induction linac and on the use
of ‘Sirius’ synchrotron (500–900 MeV), N. A. Vinokurov (Institute of Nuclear Physics in Novosibirsk)
on the use of the optical klystron on the VEPP3 storage ring, A. A. Varfolomeev and D. F. Zaretskii,
S. P. Kapitsa (Institute of problems of Physics) on a proposition of FEL on a microtron, N. V. Karkov
(Lebedev Institute in Karkhov) on the use of FEL for isotope separation at 16 µm. Prospects for short
wavelength operation and high efficiency FEL were given.

In Novossibirsk, at the Institute of Nuclear Physics (presently called the Budker Institute), the
team was working both on the theory and was also thinking of a test experiment for a storage ring FEL.
In order to enhance the gain, N. A. Vinokurov (fourth FEL Prize in 1991) and A. N. Skrinsky proposed
the optical klystron, a device to artificially enhance the gain. They investigated the maximum power that
could be extracted.

4.5.1 The optical klystron
The optical klystron proposed by N. A. Vinokurov [102–105], represented in Fig. 28, is made of a first
undulator creating the electron energy modulation, a dispersive section of length Ld and peak field Bd

creating a wide wiggler of magnetic field enabling the energy modulation to be transformed into density
modulation, and a second undulator where bunched electrons radiate. Assuming that the undulator seg-
ments and the dispersive section are well compensated, the electrons do not suffer velocity and position
shifts during their travel in the device. The dispersive section acts as a magnetic chicane: the electrons
are more or less deviated in the strong magnetic field according to their energy and become bunched
thanks to a velocity modulation process. The concept of the optical klystron was then explored further
around the world [106–108].
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Fig. 28: Scheme of the optical klystron

The radiation emitted in the two undulator segments interfere, as in the Young slit experiment.
The spectrum is contained in an envelope which corresponds to the spectral line of one single undulator
emission, with an internal fine structure resulting from the interference [107,109]. It can be expressed as

( d2I

dΩdω

)
optical klystron

≈
( d2I

dΩdω

)
one undulator

(1 + f cosαoptical klystron) (73)

with

αoptical klystron = 2π(Nu +Nd)
λr

λ

γ2
r

γ2
. (74)

Here

Nd =
ωLd

4γ2
r c

[
1 +

e2

Ldm2c2

∫

0
Ld

[∫ u

0
Bd(s)ds

]2

du

]
(75)

is the equivalent number of periods of the dispersive section, and scales its strength. (Nu+Nd) represents
the number of optical wavelengths which pass the electron during its travel in the dispersive section.
The fringe contrast, called the modulation rate f , results from different contributions (magnetic field
inhomogeneity, width of energy distribution of the electrons, transverse position of the electron beam),
the main one coming from the electron beam energy spread, as

fγ = exp (−8π2(Nu +Nd)2(σγ/γ)2). (76)

An example of an optical klystron spectrum is shown in Fig. 29.
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Fig. 29: Measured spectrum in the case of the Super-ACO optical klystron (Orsay, France)
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The optical klystron provides a very easy means to measure the energy spread on an electron
beam. Besides, the variation of the intensity in the spectra being much faster than in the single undulator
case, the derivative of the spontaneous emission (proportional to the gain according to Madey’s theorem)
reaches much larger values than for a single undulator of total length Ld.

The gain enhancement for an optical klystron of length Lok is

Goptical klystron =
fL2

ok(Nu +Nd)

N3
uλu

Gone undulator. (77)

The gain enhancement takes place to the detriment of the total saturated power [104–106].

The concept of the multiple optical klystron was further developed [110–112].

4.5.2 The FEL evolution
Independently to Colson’s approach, V. N. Baier and A. I. Milstein investigated the FEL theory in con-
sidering the motion of relativistic particles in the superposition of a transverse magnetic field and a plane
electromagnetic wave propagating along the direction of motion. They could find the small signal gain,
its maximum, and then considered the case of a strong signal in the optical cavity configuration. They
distinguished the case of the initially uniform phase distribution to the bunched one, where phase oscilla-
tions can occur and limit the output power [113,114]. Coherent radiation close to the cyclotron resonance
was also discussed [115]. A. N. Kondratenko and A. I. Saldin (19th FEL Prize in 2006) considered very
early the possibility of production of coherent radiation from a self-instability, without the use of an
optical resonator [116–118]. This pioneering work will be discussed in the high gain section. They also
developed a linear theory of free electron lasers with Fabry–Perot cavities [119].

4.6 Saturation and efficiency
4.6.1 Saturation
Different phenomena contribute to the gain reduction leading to the saturation of the output power.

4.6.1.1 Electron energy loss

If too much energy is taken by the light wave, the resonant condition is no longer fulfilled since the
electron energy is reduced, the electrons consequently slow down. When the optical wave power grows,
an increasing number of electrons are trapped in the ponderomotive potential. When going down in
phase space, the electrons loose kinetic energy to the advantage of the light wave. When they reach
the bottom of the accessible space and cannot give any more energy, the laser saturates. Indeed, the
electrons can even undergo several rotations in phase space before escaping the undulator because of
slippage, while alternately providing to or taking energy from the optical wave. These oscillations are
called ‘synchrotron oscillations’ [120–122]. They induce sidebands in the radiation spectrum. Strategies
for sideband suppression have been examined [123]. While the laser intensity saturates, the gain is
reduced. The electron energy decreases due to the kinetic energy loss enabling FEL amplification [124],
the electron beam energy can also be reduced by the accumulated effects of spontaneous emission along
the undulator, given by ∆γSR

γo
= −1

3reγoK
2
uk

2
uLu, with re the classical electron radius.

4.6.1.2 Increase of energy spread

The electron bunching and interaction via an energy exchange with the optical wave leads to an increase
of the energy spread of the beam, reducing in consequence the gain via the contribution of Finh that
becomes more important. Intuitively, the gain bandwidth (related to the spontaneous emission bandwidth
proportional to the inverse of the number of undulator periods) gets larger because of the inhomogeneous
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contribution and the gain distribution flattens. In consequence, the gain bandwidth and the limits set by
the energy spread, provide a maximum undulator length.

4.6.1.3 Slippage

The slippage can stop the interaction: the electrons travel slightly slower than the photons, and once
at the exit of the undulator, the time difference becomes typically Nuλ

c . For the radiation to not escape
from an electron bunch of duration σl, one can even consider that the radiation advance should remain
in the peak of the distribution: Nuλ

c < σl
10 or Nu <

σlc
10λ . This gives 300 periods for 1 nm radiation, 10 fs

electron bunch, 300 periods, or for 1 µm, 10 ps electron bunch. Slippage thus sets another limit in terms
of undulator length, the electron bunch duration should be larger than Nuλu.

4.6.2 Efficiency
4.6.2.1 Efficiency increase by undulator tapering

Electrons travelling on half the width of the gain curve of 1/2Nu can deliver a relative energy of ∆γ
γ =

1
2

∆λ
λ = 1

4Nu
) of their kinetic energy, the efficiency r becomes

r =
1

4Nu
. (78)

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

2Nu
. It is however less realistic because the energy spread effect can limit the process. For

example, for 50 undulator periods, the efficiency is of the order of 0.5%.

If too much energy is taken by the light wave, the resonant condition is no longer fulfilled since
the electron energy is reduced, the electrons consequently slow down. A way to enhance the efficiency
is to control the push further the saturation, i.e. electron trapping in the slow space charge wave. Indeed,
“the nonlinearity of the oscillations of the trapped particle in the potential well of the wave leads to phase
scrambling and finally the particle phase distribution becomes uniform (no bunching). The space-charge
Coulomb forces in the electron bunches and the ripple magnetic field strength can also contribute to beam
thermalization. The wave growth vanishes if the electron distribution is uniform at the phase velocity of
the wave” [125], so it was proposed to increase the intensity of the magnetic field (an exponential profile
was chosen) just before the space charge wave saturates, enabling an increase in the radiation rate [125].

One can delay saturation and let the intensity grow further by adjusting the undulator magnetic
field so that the resonance condition remains fulfilled. Such a configuration of undulator is called a
‘tapered undulator’ either by changing the period [126], proposed by P. Sprangle et al. (fourth FEL Prize
in 1991), or by changing the amplitude of the magnetic field proposed by Kroll [120]. One introduces
a magnetic field dependent on the longitudinal position, as Buz(s), as shown in Fig. 30. Technically,
the change of magnetic field can be done by setting an angle between the girders of the magnetic arrays
on which are located the undulator magnets, or by adopting a variable period [127]. The spontaneous
emission properties of a tapered undulator have been calculated [128].

For a tapered undulator provides a varying magnetic field along the longitudinal direction Buz(s),
the resonance condition can be maintained according to

λ =
λu

2γ2
s

[
1 +

1

2

[eBz(s)λu(s)

2πmoc2

]2
]
. (79)

The efficiency then depends on the number of electrons trapped in the potential well (bucket) and
on the average energy loss of the resonant electrons.
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Fig. 30: Tapered undulator: the magnetic field amplitude depends on the longitudinal position. In the example
here, an angle is set between the two girders supporting the magnet arrays.

4.6.2.2 Efficiency increase by energy recovery on the accelerator

There was also a strong interest to use recirculating accelerators for driving a FEL to recover the electron
from one pass to another, and in particular of storage rings which exhibited good beam quality. The
FEL theory was thus developed by the Italian team in particular, in considering both amplifier [129,
130] and oscillator [131] configurations. The electron beam distribution is modelled using the Fokker–
Planck distribution. The energy spread enhancement and associated bunch lengthening due to the FEL
interaction is kept on several turns. The competition with the anomalous bunch lengthening has also to
be considered [132]. in the case of a storage ring FEL, the average power scales as

P ∝
(

∆σγ
γ

)2

Psync with Psync ∝ IE4. (80)

It provides the limit which can be achieved on a storage ring FEL. It results from the radiative
heating of the energy spread in electrons circulating in the storage ring. It is known as the ‘Renieri’s
limit’. It has been independently found in Novosibirsk by N. A. Vinokurov [104].

4.7 FEL properties
The laser tuneability, one of the major advantages of FEL sources, is obtained by merely modifying the
magnetic field of the undulator in a given spectral range set by the electron beam energy. The polarization
depends on the undulator configuration.

The multimode theory was developed [133, 134] and the super-mode, defined “as the configura-
tion of spatial modes, which reproduces itself after one passage throughout the interaction region” is
introduced [135]. The evolution of the modes in the optical resonator was also used to evaluate the
filling factor [88] and the multimode theory was examined considering the three-dimensional parabolic
wave equation coupled to the Lorentz force equation [80,136], enabling us to obtain different transverse
mode patterns and dynamics [137]. FEL spatial and temporal behaviours were also examined as a co-
herent superposition of the exact Lienard–Wiechert fields produced by each electron in the beam [138].
The evolution of the free electron laser oscillator was further modelled using a Lagrangian formalism to
follow the dynamics of the interaction between the electron beam and optical wave in a single pass [139].

After having a description of the gain and the saturation, theoreticians started to investigate coher-
ence properties. R. Bonifacio [140] introduced the description in terms of electron field coherent quasi-
classical states, where both the photon number and the electron momentum follow a Poisson distribution
centred on the classical trajectories. G. Dattoli [141] examined the case of a given initial classical state,
using a quantum description and looking at the coherent states of angular momentum and he found that
“both the laser and wiggler fields are in the Glauber [142, 143] coherent state in the many mode case”.
The study was then continued in the classical conditions [144] and quantum analysis [94, 145] showing
that in fact, strictly speaking, FEL does not exhibit Glauber coherence [145].
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4.8 Low gain FEL configurations
So far we have discussed mainly the oscillator configuration where the synchrotron radiation from the
undulator (spontaneous emission) is stored in an optical resonator. The electron light interaction leads to
bunched electrons which emit in phase with the incident wave which gets amplified.

An external laser tuned on the undulator resonant wavelength λ can be sent in the undulator,
synchronized with the electron arrival. The light wave and the electrons can interact in the undulator,
leading to the external light amplification. This configuration is called the ‘master amplifier’. Radiation
is achieved on the same wavelength as the incident wave.

Using an external light wave tuned on the undulator resonance, the light wave interacts with the
electron bunch in the undulator, inducing an energy modulation of the electrons; which is gradually
transformed into density modulation at λ and leads to a coherent radiation emission at λ and λ/n, n
being an integer (fundamental and harmonics) [81–83, 146–149].

Figure 31 presents the scheme of coherent harmonic generation: an external laser tuned on the
fundamental of the undulator is used to modulate in energy, setting the emitters in phase for the radiation
on the harmonics to emit coherently.

!
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Fig. 31: Coherent harmonic generation scheme: an external laser tuned on the resonant wavelength of the undulator
enables us to perform efficiently the energy exchange leading further to the density modulation and coherent
emission on the harmonics.

4.9 Classical and quantum approaches: unification and quantum effects
Started with a first FEL theory discussed with quantum mechanics, FEL classical theory appeared to be
very useful and applicable to the majority of the cases. While new theoretical approaches were investi-
gated, unified models were searched. The formalism of the quasi-Bloch equations enables us to unify the
quantum and classical approaches [144,150]. Further, a unified theory of magnetic bremsstrahlung, elec-
trostatic bremsstrahlung, Compton–Raman scattering, and Cerenkov–Smith–Purcell free electron lasers,
are also proposed by A. Gover (18th FEL Prize in 2005) [151]. Quantum features and in particular co-
herence were also analysed using a non-linear quantum model [152,153]. The limits of classical models
were found when quantum effects start to influence the FEL process [124]. Quantum FELs have been
actively studied in the R. Bonifacio’s group [154–158].

4.9.1 Quantum recoil
When an electron emits a photon ~ωph, its energy is reduced by such an amount due to the quantum
recoil. If the energy change due to the recoil is of the order or larger than the FEL gain bandwidth,

i.e. given by the spontaneous emission width ∆ω
ω ≈

√
(∆ω
ω )2

h + (∆ω
ω )2

inh, then the quantum recoil may
significantly affect the FEL gain. Consider a typical gain bandwidth of 10−3, for a short wavelength FEL,
the fraction of the energy change ~ωph

E is more than 10−6, the quantum electron recoil is then negligible.
It can then start to play a role with low energy electron beams and high energy emitted photons (for
example in the X-ray range), such as in using an optical undulator (created by an optical wave).
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4.9.2 Quantum diffusion
The emission of spontaneous emission radiation, if not affecting the electron energy by a significant
amount, introduces an energy loss. In addition, the discrete nature of photon emission (over a wide
energy spectrum) increases the uncorrelated energy spread, as for quantum excitation in a storage ring.
The diffusion rate of the energy spread is given by [124]: d〈(∆γ)〉2

ds = − 7
15reλ̄Comptonγ

4
oK

2
uk

3
uF (Ku)

with F (Ku) = 1.2Ku + 1
1+1.33Ku+0.40K2

u
and λ̄Compton = ~/moc ≈ 3.86×10−13 the reduced Compton

wavelength [159].

5 The first FEL experimental results
5.1 The first FEL in Stanford (USA) in the infrared in 1977
5.1.1 The first FEL amplification in the infrared 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 a FEL a [55]. Indeed, the High Energy Physics Laboratory on the
Stanford campus concentrated a high knowledge on accelerator physics, both for normal conducting and
superconducting devices. 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 the
Stanford Linear Accelerator Laboratory (SLAC), a three kilometre 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 (15th 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 superconducting linear accelerator.

J. M. J. Madey obtained 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 FEL oscillation
provided the first was a success. A team was gathered with J.M. J. Madey for laser physics, electronic
instrumentation, cryogenic systems, superconducting undulator, Luis Elias (third FEL prier in 1990) for
the optics, optical instrumentation, and conventional laser sources, superconducting undulator, and Todd
Smith (third FEL Prize 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 FEL 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 3.3 mm. The wavelength of the CO2 laser being fixed, tuning was performed by changing
the energy of the electrons around 24 MeV. The signal was detected with a high speed helium-cooled
CuGe detector, synchronized with 1.3 GHz from the accelerator.

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 by Madey [60, 87].

This FEL amplifier first experiment was a major step for the validation of the FEL concept with
its gain medium using relativistic electrons in periodic magnetic fields.

5.1.2 The first FEL oscillator in the infrared in 1977
Because of the low value of the gain (7%), a high finesse optical resonator was necessary for attempting
the oscillator experiment in order to insure cavity losses smaller than gain. An intermediate wavelength
of (3.4 µm) was selected despite the small gain reduction, enabling the propagation of the desired funda-
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Fig. 32: Picture of the superconducting undulator used for the Madey’s experiment

Fig. 33: (a) Spontaneous undulator emission and (b) measured gain which corresponds to the derivative of the
spontaneous emission, from the first FEL amplification measurement by the Madey’s group [161]. Undulator field
of 0.24 T, peak current of 70 mA.

mental Gaussian resonator mode through the undulator vacuum chamber with minimal diffraction losses
and to pre-align the optical resonator mirrors with an intracavity He–Ne plasma tube. Two new members
joined the team: David Deacon as a PhD student, and G. Ramian for the accelerator injector since a
higher peak current electron gun was required. Thanks to a gridded dispenser cathode (Eimac) driven
by microwave triode amplifiers, 4 ps long electron macro-pulses with 2.6 A peak current at 11.8 MHz
were achieved. Under such conditions, the expected gain reaching typically 100% appeared sufficient to
overcome the cavity losses of 3% at 3.4 µm. The undulator having being damaged by an unanticipated
surge in the voltage provided by its high current power supply, a second superconducting undulator had
been also built but it happened that a failure of the insulation of the wire drastically limited the rate at
which the magnet could be ramped up or down during operation.

The experiment was finally ready for operation in December 1976, and the FEL oscillation was
rapidly observed, in January 1977 after optimizing the electron beam steering and focusing and optical
cavity tuning. Figure 34 shows the FEL line, as compared to the spontaneous emission: the FEL line is
sharper (relative bandwidth of 0.23% Full Width Half Maximum FWHM), and much more intense. The
FEL provided a 360 mW average power, corresponding to an estimated 7 kW peak power and 500 kW
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intracavity peak power [162]. The output power reached nearly twice the power extracted from the
electron beam in the amplifier experiment.

It can be pointed out that this first FEL result owes thanks to the quality of the electron beam
delivered by the linear accelerator, together with its ability to provide rather long trains of electrons,
enabling sufficient passes in the optical resonator to achieve the FEL saturation, (thanks to the high
number of micro-pulses). Saturation was reached typically after 100 µs. Cryogenic operation being
rather heavy, the next experiments took place in 1981 [163, 164], enabling further analysis of the FEL
properties, to be compared with theoretical expectations.
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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).

893

Fig. 34: First FEL: (a) FEL line at 3.4 µm. (b) Spontaneous undulator emission [162]. Electron beam from the
MARK-III superconducting accelerator at Stanford, superconducting helical undulator.

This infrared FEL oscillator achieved in 1977 on the superconducting linear accelerator (Stanford,
USA) established the first experimental demonstration of the FEL concept as a new laser type. It had
thus evidenced that this new type of laser based on stimulated Compton backscattering could effectively
work and opened bright perspectives in terms of average and peak power outputs. It indeed paved the way
towards the further advent of X-ray tuneable FELs as unique sources of radiation for matter investigation.
It was also the first laboratory experiment of stimulated Compton backscattering.

5.1.3 New directions after the first results
The first FEL paper terminates with the following “Because the gain falls at short wavelengths, a higher
electron current will be required to support laser operation in the visible and the ultra-violet. Based on
the small-signal gain equations sufficient current has been stored in existing electron storage rings to
sustain laser operation at wavelengths as short as 1200 A” [162]. It thus gave directions of evolution.
The first one dealt with the required improvement of electron beam parameters. The second concerned
the attractiveness of the storage rings as an accelerator to drive the FEL, even in the isochronous op-
eration [165]. Besides improvements on the electron characteristics, ways of increasing the undulator
gain were investigated, such as the optical klystron [102] proposed by N. Vinokurov and Skrinsky, or the
transverse gradient undulator enabling to handle a rather high level of energy spread [166]. “The trans-
port system is designed to resolve the energy spread of the incident electrons into a transverse position
and/or momentum spread at the entrance to the laser magnet. The magnet is designed to take advantage
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of the different trajectories followed by electrons of different energies, with the result that the optical
wavelength at which gain is a maximum is far less sensitive to the electron energy than it would be in a
conventional system” [166, 167].

5.1.3.1 Towards a better efficiency using storage rings or electrostatic accelerators

From the very beginning, great hope was put in recirculating accelerators, since “the RF accelerating
field for the ring would have to supply only the energy actually transformed to radiation in the periodic
field. The 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” [161]. In particular, free
electron lasers on storage rings, as illustrated in Fig. 35, are considered in detail.

Specificities regarding the energy spread evolution due to the recirculation of the electrons in the
storage ring after their heating by the FEL interaction have been investigated from a theoretical point of
view. The energy spread can be enhanced via the FEL process but it can then be relaxed via the natural
damping which takes place in the storage ring [129, 131].

One constraint comes nevertheless from the fact that the length of the straight section is limited.

Fig. 35: Scheme of the storage ring free electron laser

J. M. J. Madey then searched for a storage ring to implement a storage ring FEL test experiment.
Yves Petroff and Yves Farge, the director of LURE (Laboratoire d’Utilisation du Rayonnement Electro-
magnétique) in France were quite positive on the idea of using the ACO (Anneau de Collisions d’ Orsay)
storage ring for FEL investigations. ACO was initially build for high energy physics, and it turned to a
parasitic use of synchrotron radiation in the beginning of the eighties. J. M. J. Madey came with some
collaborators (D. Deacon, K. Robinson) while Y. Farge and Y. Petroff settled some team on the French
side, with Michel Billardon (14th FEL Prize in 2001), Jean-Michel Ortéga (14th FEL Prize in 2001).
M. E. Couprie (14th FEL Prize in 2001) and R. Prazeres joined the team later. An experiment was also
set up on VEPP-3, in Novosibirsk [168], on Adone (Frascati, Italy) [169], and Brookhaven National
Laboratory [170].

Besides the storage ring type of accelerator, L. Elias (Third FEL Prize in 1991) did consider the use
of a DC electrostatic accelerator such as Van der Graff for the operation of high power efficient tuneable
FEL [171] with low energy electron beams. Indeed, “Wall power to laser power efficiencies greater than
10% are possible” and should be compared to the 0.2% value in the case of the first Stanford experiment.
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Analysis are carried out for a 9.38 MeV for 400 nm, and 3.55 MeV for 16 µm. Further analysis confirmed
the possibility of highly efficient energy recovery [172] with DC electrostatic accelerators enabling to
reach the required high average currents in the long pulse and CW operation modes for a FEL application
[173].

5.1.3.2 Towards lower emittances and higher electron beam current

Besides the storage rings and electrostatic accelerators, realizable FELs on linear accelerators were con-
sidered [174], especially in terms of emittance, current density, electron bunch length, and stability. J. M.
J. Madey nevertheless states that “As satisfying as it was to have completed two key proof of principal
experiments, it was also clear that the development of useful devices based on this new gain mechanism
would require both further theoretical and technical efforts. Although the experiments had established
the capability of the new mechanism to operate at respectable signal levels, some significant questions
remained as to the physical basis of these results. Higher electron currents and lower e-beam emittances
would also clearly be required for operation of shorter wavelength and more compact systems” [55].

5.1.3.3 Following years of expectations

The great enthusiasm due to the success of the first FEL demonstration led to several experimental ini-
tiatives around the world, to extend the FEL achievements. It was followed by six years of expectations,
as reported by C. A. Brau [1] as follows “Unfortunately, none of the electron-beam sources available at
that time had enough electron-beam current and satisfactory electron-beam quality to make lasing easy.
Although gain was measured in several experiments, it was not until six years later, in 1983, that the
second free-electron laser was operated in the optical part of the spectrum. In that year, three devices
began to lase”.

The first was at Laboratoire pour l’ Utilisation du Rayonnement Electromagnétique (LURE), in
Orsay, France, where the electron beam in the storage ring ACO was used to achieve lasing in the
visible [175, 176].

The second was at Stanford, a team from TRW (Thompson Ramo Wooldridge (Northrop Grum-
man since 2002)) used the superconducting accelerator previously used by Madey to achieve lasing in
the near infrared [177].

The third was Los Alamos, where a newly constructed electron accelerator was used to achieve
lasing in the mid-infrared [178].

During the same period, development of ubitron-type devices began at several laboratories. Be-
cause the threshold electron beam current at which the space charge wave can be excited increases as
the third power of the electron energy, these devices were limited to low electron energy (no more than
a few megaelectronvolts), and long wavelength. Nevertheless, Marshall and his co-workers at Columbia
and Naval Research Laboratory achieved lasing at 400 µm with an electron beam having an energy of
1.2 MeV and a peak current of 25 kA [179]. “These devices are limited to wavelengths in the submil-
limetre region and beyond, where the optical radiation is transmitted through a waveguide’, and “the
physics in this regime involves collective oscillations (space charge waves) in the electron beam”, the
development of ubitron-type devices is not developed in this FEL history [69].

At the end of 1982 (September 26–October 1) the ‘Bendor Free Electron Laser” conference was
held in France, whose subject matter was limited to the FEL in the Compton regime. It gathered 62
participants. The atmosphere was particular, since a lot of efforts devoted towards the operation of new
free electron lasers started to provide preliminary results. In the foreword of the proceeding by D. A. D.
Deacon and M. Billardon, it is said: “The most striking aspect of the collection of papers contributed
to this volume is the amount of experimental progresses which have been made in the 12 months since
the last summary of progress of the field. Four new undulators have been brought into operation, and
measurements have been made on the spontaneous emission spectra, gain, electron trapping in the linac
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and bunch lengthening in the storage ring, sub-threshold effects and mirror degradation, time dependent
short pulse phenomena; and laser-induced harmonic generation. This sudden (and exhausting) blooming
of experimental results has in fact been in the making for two or three years. The perseverance of the
authors of these works during this long preparation time deserves recognition and applause.

In the short wavelength λ < 1 µm range, where the storage ring is the universally favoured device
because of its current density and duty factor, four projects are underway at Brookhavven, Frascati,
Orsay, and Novosibirsk. The Frascati and Orsay groups have contributed to the proceedings two valuable
papers which summarized a wide variety of measurements and FEL diagnostics. These two groups (along
with the Novosibirsk physicists who were unable to attend the conference) have been able to probe and
verify the theory of the FEL to a level of precision and complexity which is unthinkable in the linear
accelerator machines.

In the long wavelength λ > 1 µm range, a lower current density is required to drive the interac-
tion, and a wide variety of electron beam sources are now being put into use at 11 experimental centres.
There are two induction linac sources, two microtrons, six RF linacs, one storage ring, and one van de
Graaf sources being set up or used for FEL work at the following respective centre, Lawrence Liver-
more Laboratory, Naval Research Labs., Bell Labs., Frascati (ENEA), Los Alamos national Laboratory,
Math. Sciences Northwest, NRL, Stanford (H. E. L. P.), TRW, the UK Collaboration, Berlin, and Santa-
Barbara. At present, all the experimental work in this wavelength region has been done with the RF
linacs. As is the case for short wavelength work, in the previous 12 months an unprecedented flow of
new research results have been produced in the infrared devices. During the conference, these results
were described by the Stanford group, who had succeeded in measuring the time structure of their pi-
cosecond laser pulses, and by the Los Alamos, the MSNW (Mathematical Sciences NorthWest), and the
TRW groups, who have been able to measure the electron trapping in tapered wigglers.”

Next we discuss the three new FEL operations achieved in 1983.

5.2 The second FEL in Orsay (France) in 1983
5.2.1 The second FEL oscillator in Orsay (France) in the visible in 1983
At that time, storage rings appeared as suitable accelerators because of the electron beam performance.
A picture of the ACO (Anneau de Collisions d’ Orsay) storage ring (LURE, Orsay, France) is shown in
Fig. 36.

Fig. 36: ACO storage ring used for the second world wide FEL in Orsay (France), dipoles in blue
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First measurements started with a superconducting undulator (23 ×40 mm periods, maximum field
of 0.45 T, K = 1.68 T) with an inverse T-shape vacuum chamber [180,181], enabling to observe visible
radiation between 140 and 240 MeV. The gain has been measured [182] and found to be very small, it
thus required mirrors of extremely low losses. It appeared that significant imperfections in the magnetic
field led to a broadening of the line and a gain reduction of 50%.

It was followed by the construction of a SmCo5 permanent magnet-based undulator [183,184] (17
mm ×78 mm), using the configuration proposed by Halbach [32] with magnets rotated by π/2 from one
position to another. The radiation produced by such an undulator was observed in the Vacuum Ultra
Violet (VUV) for the first time using the ACO electron beam at 536 MeV. However, the straight section
length being limited to 1.3 m, the gain was limited to a few 10−4 [185] and made the laser oscillation
impossible despite the efforts concerning high reflectivity mirrors [186]. The gain could be enhanced by
a factor of 2 up to 7 by turning the undulator to the optical klystron configuration by replacing the three
central periods by a three pole wiggler [187]. The radiation has been measured and analysed, as shown
in Fig. 37 [184].

Fig. 37: ACO optical klystron spontaneous emission for different undulator gaps

Because of the mirror reflectivity degradation induced by the harmonic content of the undulator,
the electron beam energy has been set between 160 and 166 MeV to minimize the undulator harmonic
content. The optical cavity has a length of 5.5 m with round trip cavity losses of 7 × 10−4. ACO (Orsay,
France) [175] provided the second worldwide FEL (first visible radiation) in 1983. Figure 38 shows the
laser tuneabllity achieved on ACO by changing the optical klystron gap. Getting the level of the cavity
losses smaller than the gain was at time very challenging, and issues with mirror degradation induced by
synchrotron radiation and mirror measurements were investigated [186].

Lasing was occurring on different lines of the optical klystron spectrum, as shown in Fig. 39.
When the electron bunches circulating in the ring are not synchronized with the optical pulses bouncing
between the mirrors, i.e. in the optical cavity detuned configuration, the energy exchange could not
take place, and the measured spectrum corresponds to that of the spontaneous emission. When the
cavity is properly tuned and the gain is larger than the cavity losses, then the optical klystron lines are
growing and lead to the laser effect. Because of the fringe structure of the optical klystron, three lines
are simultaneously lasing with the most intense one at 647.6 µm, each wavelength being located at a
maximum of the gain versus wavelength curve, fulfilling properly the Madey theorem. This ACO FEL
can be considered as the first multi-colour FEL.

Various studies were carried out after the first laser oscillation on ACO [185, 188, 189]. The FEL
dynamics involves an interplay between the electron energy heating induced by the FEL interaction
and the synchrotron damping. The FEL was exhibiting a naturally pulsed macro-temporal structure
for perfect synchronism (synchronization between the electron circulating in the storage ring and the
optical pulses bouncing around the mirrors of the optical resonator) [190], as shown in Fig. 40. Due
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Fig. 38: First visible FEL on ACO storage ring in France in 1983. Left : Laser oscillation with red central
wavelength, right : free electron laser tuneability in the visible

Fig. 39: First visible FEL on ACO storage ring in France in 1983 Spectra of the cavity output radiation under two
conditions: a) cavity detuned without amplification and b) cavity tuned (laser on), from [175]. Insert: zoom on one
laser line.

to the electron beam recirculation, the electron bunch heating induced by the FEL interaction leads
to an electron bunch lengthening [191] and even to a modification of the shape of the electron bunch
longitudinal distribution [192]. The FEL was operated in the Q-switching mode, in cancelling the optical
gain by a small variation of the RF frequency, trigged by an external pulsed low frequency generator or
by applying a modulation of the transverse position of the electron beam with the electric field of a pick
up electrode. During a few milliseconds, the optical resonator being tuned, the FEL pulse can develop.
Then, the pulse naturally decays, and afterwards, the cavity is detuned enabling the electron beam to be
cooled down, and the FEL pulse to restart with the maximum power starting from non-heated electron
beam.

5.2.2 Coherent harmonic generation in the VUV on the ACO storage ring Orsay (France) in the UV
and VUV

Coherent harmonic generation [193] was achieved in the UV and VUV on the ACO storage ring. a Nd–
Yag laser (1.06 µm wavelength, 20 Hz repetition rate, 15 MW peak power, 12 ns pulse duration) was
tuned on the optical klystron first harmonic. The coherent third and the fifth harmonic of Nd–Yag laser
were observed, with a spectral ration of 6000 for the third one, and 100 for the fifth one. It was then
followed by further measurements in the VUV [194, 195].
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Fig. 40: Temporal structure at perfect synchronism on the ACO storage ring FEL, from [175]

5.3 The next two FEL oscillators in 1983
5.3.1 The new developments on the Stanford HEPL FEL
Led by a team of TRW, Space and Technology Group, the Stanford FEL has been operated with a
tapered undulator in order to enhance the efficiency [177]. The FEL has been operated above threshold
at the wavelength of 1.57 pm. The employed undulator is a permanent magnet one in the Halbach
configuration [196] using SmCo5 magnets with a period of 36 mm reaching up to 0.29 T. The peak
field is varied longitudinally by controlling the spacing between the magnet planes. Inspired from the
optical klystron, the undulator consisted of different segments: a prebuncher with a constant undulator
field providing energy modulator of the electron beam, a dispersive section, a tapered section to improve
trapping and higher extraction efficiency, and a radiator with constant undulator field. The laser was
operated with 0%, 1%, and 2% tapers in energy, achieving laser efficiency of 0.4%, 1.1%, and 1.2%,
respectively. The efficiency of the 2% taper was three times the untapered case. T. Smith converted the
FEL to a user facility.

5.3.2 The Los Alamos FEL
Los Alamos National Laboratory had set up a FEL programme, aiming at demonstrating high power at
10.6 µm.

A first objective was to demonstrate the advantages offered by permanent magnet-based undula-
tors, by developing a permanent magnet undulator in the Halbach configuration [196]. An undulator of
1 m long, 27.3 mm period, 8.8 mm gap, 0.31 T peak field, thanks to a funding from the Department of
Energy, was built by R. Warren (sixth FEL Prize in 1993). It was decided to set the magnets directly in a
vacuum in order to reach a higher magnetic field. Three fluorescent targets were installed on the electron
path, for a proper alignment of the vacuum chamber and overlap of the electron / photon beams [197].

A linear accelerator of 20 MeV energy at 1.3 GHz was built on purpose for the experiment. It
provided a peak current of 20 A, with an emittance of 2 mm mrad, an energy spread of ±1%, and a
total length of 10 m. It is the first FEL experiment with a dedicated accelerator, whereas the competing
experiments are sharing the use of the electron beam.

The FEL operation by itself required the use of highly reflecting dielectric mirrors placed directly
in vacuum and with a good resistance to high laser power. Besides, the electron beam macro-pulse
should be sufficiently long to enable the growth of the FEL power. The optical resonator had a length of
9.92 m, matching the electron micro-pulse separation of 46.15 ns and cavity losses of 3%. Mirrors were
compatible with an alignment with a He–Ne laser.
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The FEL gain using a CO2 laser was measured. FEL oscillation was obtained in 1983 in the 9–11
µm spectral range, with an intra-cavity peak power of 20 MW and an average output power of 1 kW in 70
µs macro-pulses [178,198]. Nine orders of magnitude of power growth were observed with a net growth
of 17%. A Germanium detector was used for the analysis of the optical signal. Harmonic lasing was
observed on the second and third harmonics and characterized by different decays in the optical cavity.
The FEL was then studied in details [199, 200]. The dependence of gain and saturation on cavity length,
alignment, beam parameters, and other critical variables were compared with theory.

The Los Alamos team was eager to improve the FEL efficiency and first demonstrated an extraction
efficiency larger than 3% [201] in the amplifier configuration with a tapered undulator. An efficiency
larger than 4% [202] in an oscillator configuration was then obtained, as shown in Fig. 41.

Fig. 41: Efficiency in the case of a tapered undulator in the Los Alamos oscillator experiment from [200]

5.3.3 The Santa Barbara FEL
Besides the interest of storage rings for electron beam recirculation, the use of energy recovery on an
electrostatic accelerator was studied [171]. An experiment was thus set at the University of California,
Santa Barbara, using an electrostatic accelerator [173], as shown in Fig. 42.

The electron 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 of 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 macro-pulses of 50 µm long and a 90% recovery efficiency. The optical beam was produced in the
far infrared at 750 GHz with 30% gain per cycle for 11% losses per cycle, with 10 kW estimated peak
power. The saturation was reached in 4 µs [204]. Single-mode operation in a free electron laser was then
observed [205].
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Fig. 42: Picture of the Santa Barbara (USA) FEL

5.4 Following developments on low gain FELs
Following these new FEL operations, the field was in rapid expansion, and FEL experiments were in-
stalled on various types of accelerators. There was a quest for wavelengths of operation, which depended
on the electron beam, the mirror performance for the oscillator configuration and the ways to increase the
gain. In addition, coherent harmonic generation using an external laser was continued. However, not all
the projects have been successful as states C. Brau in his book in 1990: “It should be pointed out that of
the free electron lasers which have been constructed thus far, considering only those built to operate in the
optical regime, only a few have worked. The reason for failure, in most cases, has been that the available
electron accelerator was not satisfactory for free-electron laser experiments and could not, within time
and budget restrictions, be suitably modified. One or two of the lasers which have not yet worked may
yet be brought into operation, but free-electron lasers remain subtle, expensive devices” [1]. Ten years
after the first Stanford demonstration, there were still less than 10 Compton FEL under operations [2] but
there was already a great interest for user application. Are given below examples of FEL launched in the
continuity of the first FELs and which contributed significantly to the FEL field growth. These examples
are not intended to be exhaustive. W. B. Colson was, during FEL conference, collecting the information
on the different FELs under operation and progress [206, 206–208]. In the report of the FEL conference
held in 1994 a national research Council FEL Committee report [209] is mentioned, chaired by D. Levy,
recommending building infrared FELs as user facilities, developing the technology for UV FELs, and
research and development for X-ray FEL.

5.4.1 FEL oscillators
In the early years of FELs, the type of accelerator, especially because of electron beam performance,
defined somehow the reachable spectral range, as illustrated in Fig. 43. The main progress on the FELs
built after the results of 1983 are described below, classified per accelerator type.

5.4.1.1 Storage ring based FELs

The activity continued on storage rings [210, 211] especially for the quest towards short wavelength of
operation, since high quality electron beams were still produced. In addition, the interplay between the
beam dynamics in the ring and the FEL interaction was of great interest.

VEPP-3 FEL IN RUSSIA

The second storage ring FEL following the one on ACO was achieved on VEPP3 (Novosibirsk, USSR)
[212–215] in 1988. The team led by N. Vinokurov (fourth FEL Prize in 1991) included in particular
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Fig. 43: Accelerator type used for FEL and corresponding spectral range. Examples of FELs

V. Litvinenko (17th FEL Prize, in 2004), I. Pinaiev, V. Popik, N. G. Garvilov, A. S. Sokolov, as younger
scientists at that time, and senior ones with A. N. Skrinski and G. N. Kulipanov. Mutual coherence of
spontaneous radiation from two undulators separated by an achromatic bend was observed [216, 217].
The experiment was renewed, with an electromagnetic optical klystron implemented [218] on a bypass
[219], as shown in Fig. 44.

Fig. 44: Picture of the VEPP3 FEL optical klystron (the FEL was installed on the ceiling)

Because of the very low gain, despite the enhancement close to the optical klystron, the cavity
losses were very critical. A method of mirror measurement with a reflectivity close to unit was proposed
[220]. The confocal configuration for the optical cavity was studied [221]. The laser covered from the
visible to the UV down to 240 nm with three sets of mirrors. Linewidth narrowing was achieved with a
Fabry–Perot etalon [222–224], reaching a relative band width of 10−5, as shown in Fig. 44.

Fig. 45: Linewidth narrowing on the VEPP3 FEL with an etalon installed inside the optical resonator, from [223]
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VEPP3 FEL kept for a while the record of the shortest FEL wavelength at 200 nm. Measurements
of FEL spectra and temporal structures were compared to the theory [225].

SUPER-ACO FEL IN FRANCE

Then, the third storage ring FEL was obtained on the Super-ACO (Orsay, France) [226–228] following
the successful results achieved on ACO. Super-ACO was a storage ring built on purpose for synchrotron
radiation use. Super-ACO FEL was operated at 600 MeV, and then 800 MeV, which was the highest
electron beam energy for a storage ring FEL. The Super-ACO optical klystron spectrum and associated
gain are shown in Fig. 46. The gain is the derivative of the spontaneous emission, as given by the Madey’s
theorem.

Fig. 46: Super-ACO optical klystron spontaneous emission for different undulator gaps

The undulator synchrotron radiation led to even more drastic conditions of degradation of the
multilayer mirrors in the optical cavity [229] requiring specific mirror characterizations [230]. The FEL
was then obtained in the UV [231, 232]. The FEL was fully characterized. Transverse modes can be
controlled via the optical resonator [233] as shown in Fig. 47.

Fig. 47: Super-ACO transverse mode resulting from a misalignment of the optical cavity axis with respect to the
magnetic axis of the undulator.

The temporal profile was studied [234, 235]. The zero detuning regime with CW operation of the
FEL was stabilized using longitudinal feedback [236]. Extensive studies on longitudinal dynamics were
carried out [237]: the coupled dynamics of the electrons in the storage ring [238], mutual influence of
the coherent synchrotron oscillations [239], local energy exchange between the FEL and the electron
beam [240], FEL-induced suppression of the sawtooth instability [241], control of the pulsed zones
versus detuning [242], and advection-induced spectro-temporal defects [243]. The super-ACO ring was
shut down in 2003.

TERAS (TSUKUBA ELECTRON RING FOR ACCELERATING AND STORAGE) AND NIJI-IV FEL IN

JAPAN

Storage ring FEL oscillation was then obtained on TERAS (Tsukuba, Japan) [244], NIJI-IV (Tsukuba,
Japan) (Niji is the Japanses word for "rainbow") [245].
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UVSOR (ULTRAVIOLET SYNCHROTRON ORBITAL RADIATION) FEL IN JAPAN

A storage ring FEL was developed on UVSOR (Okazaki, Japan) [246]. The first developments of the
UVSOR FEL were led by H. Hama (17th FEL Prize in 2004). One of its specificities is the use of an
helical optical klystron [247]. Temporal dynamics was studied [248, 249], longitudinal feedback was
developed to stabilize the temporal position of the FEL micropulse [250].

DUKE FEL IN THE USA

The DUKE (Duke, North Carolina, USA) FEL, shown in Fig. 48, was first operated in the visible [251],
and then in the UV–deep UV [252] below 200 nm [253] with a distributed optical klystron implanted on
a long straight section, enabling a reasonable gain. The DUKE FEL conducted also various dynamical
studies [254], such as the observation of giant pulses [255], self-induced harmonic generation [256], time
structure [257], and output power limitations [258]. Micropulses are Fourier limited [259]. The DUKE
FEL was first developed by V. Litvnenko (17th FEL Prize in 2004).

(a) (b)

Fig. 48: DUKE FEL pictures: (a) the ring, (b) the multiple optical klystron

The DUKE storage ring is a dedicated accelerator for FEL operation and it is still under operation.

DELTA (DORTMUND ELECTRON ACCELERATOR) FEL IN GERMANY

The FEL was also achieved on the DELTA (Dortmund, Germany) storage ring in the visible and UV
[260].

ELETTRA FEL IN ITALY

The FEL on the ELETTRA (Trieste, Italy), using a helical optical klystron, could provide sufficient gain
as well [261]. After its first operation [262], it enabled operation at shorter wavelengths [263, 264] in
the VUV at 190 nm, setting the record of the shortest wavelength achieved on a FEL oscillator. For
short wavelengths, mirror degradation due to undulator synchrotron radiation appeared to be critical
[265–268].

Even though the ELETTRA FEL was quite successful, it had to be operated in dedicated shifts
[269]. A storage ring FEL is usually operated at a lower beam energy than the one employed for conven-
tional synchrotron radiation users, setting a limit in the development of the storage rings FELs. This was
also the main reason for the withdrawal of the SOLEIL FEL [270].

5.4.1.2 Linac based FELs

MARK III FEL STANFORD AND THEN DUKE UNIVERSITY, USA

The MARK III FEL (started in 1986 at Stanford University and then moved to Duke University, USA)
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used a normal conducting linear accelerator (26–45 MeV, 10π mm mrad emittance, 0.7% energy spread,
20–40 A peak current) operated in the infrared (1.4–8 µm) and enabled different FEL studies such as
harmonic lasing [271], coherent harmonic emission [272], pulse compression using energy chirp [273,
274], and master oscillator power amplifier (MOPA) configuration [275]. User applications were then
developed.

Dedicated linac-based FELs were then built for user applications.

VANDERBILT UNIVERSITY FEL, USA

The Vanderbilt University FEL (Nashville, USA), led by C. Brau (ninth FEL Prize in 1996) used a
MARK III-type linear accelerator and a 1.08 m length, 23 mm period, 0.4 T field undulator [276] and
was established to serve the medicine and material science fields [276, 277]. It operated in the infrared
(2–10 µm).

FELIX, THE NETHERLAND

FELIX (The Netherland), led by A. Van der Meer (12th FEL Prize, 2002), uses a normal conducting
linear accelerator (15–45 MeV, 50π mm mrad emittance, 0.25% energy spread) 38 × 65 mm period,
0.22 T field undulator first operated in the 6–100 µm spectral range [278]. Various studies have been
carried out, such as phase locking [279], limit-cycle operation [280], and single mode selection [281].
FELIX has been operating for 25 years.

CLIO (CENTRE LASER INFRAROUGE D’ORSAY), FRANCE.

CLIO (Orsay, France), led by Jean-Michel Ortéga (11th FEL Prize, 2001), uses a normal conducting
linear accelerator (30–70 MeV, 50π mm mrad emittance, 0.2% energy spread, 100 A peak current) 1.08
m length, 48 mm × 23 mm period, 0.4 T field undulator [282] first operated in the 2–17 µm [283] and
then 3–120 µm [284] spectral range for users. Various operating modes were investigated, such as two
colour operation [285], efficiency improvement [286], sub-picosecond pulse regimes [287]. CLIO has
been in operation for 25 years.

ELSA (ETUDE D’UN LASER ACCORDABLE, STUDY OF A TUNEABLE LASER), FRANCE

Another infrared FEL was built and operated in France, on the linear accelerator ELSA, enabling lasing
[288] and studies on high efficiency [289].

FELBE, GERMANY

FELBE (FEL at the Electron Linear Accelerator with High Brilliance and Low Emittance) (Forschungszen-
trum Dresden-Rossendorf, Germany) [290], uses a superconducting linear accelerator consisting of two
20 MV superconducting units operating in CW mode with a pulse repetition rate of 13 MHz, with 1
mA average current. It serves two free electron lasers (U27-FEL (until end of 2016) and U100-FEL),
produces coherent electromagnetic radiation in the mid and far infrared (4–250 µm). Pulse energies are
in the few 100 nJ range with pulse durations of a few picoseconds. The typical operation mode offers a
13 MHz micropulse repetition rate in macropulses of a few 100 µs at up to 25 Hz or, alternatively, FEL
operation in a continuous 13 MHz mode.

FELI (FREE ELECTRON LASER RESEARCH INSTITUTE), JAPAN

FELI (Japan) was built in Japan and serves different user beamlines [291–293].
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5.4.1.3 Induction linac based FELs

High power FELs were developed both at Livermore (USA) [294] and at CESTA (France) [295]. These
results will be described further in the high gain section.

5.4.1.4 Microtron based FELs

A Cherenkov FEL was built in ENEA (Frascati, Italy). The electron beam at 5.3 MeV with a 200 mA
current, with emittances of 6π mm mrad in the vertical, 18π mm mrad in the horizontal, and a 0.5%
energy spread is focused to travel close and parallel to the dielectric (polyethylene). A quasi-optical
resonator using a mirror and an output coupler provides feedback to the radiation. The FEL was emitted
at 1660 µ.mrad [296, 297].

A FEL in the mm wavelength range was achieved on the Pahra microtron in the Lebedev Phys-
ical Institute (Moscow, Russia) with an electron beam of at 7 MeV, 50 mA current, 40π mm mrad
(6π mm mrad) radial (vertical) emittances, a 0.1% energy spread, an undulator (6 × 168 mm periods,
0.26 T) and a waveguide, mylar mirrors [298, 299].

KAERI (Korea) has developed a compact far infrared (FIR) FEL driven by a 7 MeV microtron
[300].

5.4.1.5 Energy recovery accelerator based FELs

Besides electrostatic accelerators, energy recovery can also be performed using linear accelerators. In
energy recovery linacs (ERL), the electron beam is recirculated in a loop so that is enters again the
accelerating sections, but dephased by π, so that the beam energy is given back to the accelerating
sections [301]. It thus provides a high electron beam efficiency and reduces the radiation hazard by
setting the beam dump at low energy. ERL-based FELs are suitable for high average power output [302].

JEFFERSON LABORATORY FEL, USA

An ERL-based FEL was first operated in the infrared at Jefferson Laboratory (Virginia, USA) by the
team of G. Neil (13th FEL Prize in 2000) and S. Benson (13th FEL Prize in 2000). The superconducting
energy recovery linac provides an electron beam at 18.7 MHz of 48 MeV with a 5 mA current, 80 pC
charge, 60 A peak current, 7.5π mm mrad emittance, and transforms 75% of the beam power back to
RF power. The FEL has been operated at 3.1 µm [303] with an undulator of 40 ×27 mm period, 1.4
deflection parameter and an 8 m long optical cavity with infrared mirrors of reflectivity of 99.85%. Laser
damage could be an issue [304]. The average power reached 1 kW [305]. The FEL was operated in
the tapered configuration [306] In July 2004, 10 kW of CW operation was achieved at a wavelength of
6µm [307], and then extended in 2006 to 14.2 kW at 1.6µm in a CW mode of operation [308]. After a
machine modification, the spectral range has been extended to the UV in 2010 down to 363 nm with 100
W average power level [308].

JAERI FEL, JAPAN

E.J. Minehara (13th FEL Prize in 2000) led the team of the JAERI FEL installed on the superconducting
energy recovery linac in JAEA in Japan [309, 310]. Superradiance [311] sustained saturation [312] was
studied. A 1.7 kW operation was achieved [313].

NOVOSIBIRSK ENERGY RECOVERY FEL, RUSSIA

The only FEL room temperature energy recovery linac is located in the Budker Institute (Novosibirsk,
Russia) [314, 315].
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KAERI ENERGY RECOVERY FELS, KOREA

KAERI has developed three types of FELs since 1992: a millimetre wave driven by a 0.4 MeV elec-
trostatic accelerator [316], a compact FIR FEL driven by a 7 MeV microtron, and an infrared FEL with
average power of 1 kW driven by a 40 MeV superconducting accelerator [317]. The research is led by
Y. U. Jeong (24th FEL Prize in 2013).

5.4.1.6 FEL oscillator performance and limits

Figure 49 reports on the spectral range covered by several FEL oscillators in the visible and UV–VUV.
Reaching shorter and shorter wavelengths was getting difficult since the gain, that had to overcome
the mirror losses, was typically decreasing for equivalent beam parameters. Some new developments
were carried out for the UV dielectric multilayer mirrors [266–268] whereas the conditions of mirror
degradation became even worse [265]. The shortest wavelength was obtained on the ELETTRA FEL at
190 nm. The figure shows as well the output power, which is of course, larger for larger electron beam
energies, but which makes the obtention of a sufficient gain more difficult.

Fig. 49: Short wavelength FEL oscillators

Because of the oscillator configuration, the multi-pass in the optical resonator enables us to in-
crease the coherence of the FEL. Figure 50 displays the pulse duration versus wavelength for different
FEL oscillators. They are all operating close to the Fourier limit.

Fig. 50: Pulse duration versus wavelength for several FEL oscillators

Presently, thanks to the performance of Bragg reflectors such as diamond crystals in the X-ray,
X-ray FEL Oscillators (XFELO) driven by a CW superconducting linac or an Energy Recovery Linac
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(ERL) are under study [318–320]. Such an XFELO will be fully coherent, providing spectrally pure
X-ray pulses.

5.4.2 Coherent harmonic generation
Following the VUV radiation obtained on the ACO storage ring, coherent harmonic generation was
successfully continued on the Super-ACO storage ring FEL [321, 322]. At DUKE, the storage ring FEL
in OK-4 with its sufficiently powerful super-pulses enabled us to generate second, third, fourth, fifth,
and seventh coherent harmonics in the range from 37 to 135 nm [323]. The tuneability of the FEL
wavelength provided for natural wavelength tuneability of the harmonic radiation. Coherent harmonics
were also generated in ELETTRA [324]. At the UVSOR storage ring FEL, various features of the
coherent harmonics [325] were studied, such as the influence of the synchrotron sidebands [326], the
undulator, and injected laser helicity [327]. A test experiment was set-up in Sweden [328]. It used
a photoinjector, with two accelerating sections, in which the beam is recirculated to reach 375 MeV
and compressed in a dog-leg. The generation of circularly polarized coherent light pulses at 66 nm
by seeding at 263 nm in a first modulator (planar undulator of 30 × 48 mm, 13.2 mm gap, deflection
parameter of 3.52) and an APPLE-II type elliptical radiator (30 × 56 mm, 15.2 mm gap, deflection
parameters for horizontal, circular, and vertical polarizations of 4.20, 3.44, and 2.98). Coherent pulses
at higher harmonics in linear polarization have been produced up to the sixth order (44 nm), with 200 fs
pulse duration [329].

Self-induced coherent harmonic generation was also produced in MARK-III [272], and enabled us
to achieve radiation down to 36.5 nm [256]. The FEL was obtained simultaneously on the fundamental
and third harmonic at Los Alamos [330]. Harmonic lasing was also performed at the Jefferson Laboratory
FEL [331].

5.5 Exotic FELS
Variants of the FEL concept can be proposed by modifying the gain medium.

In the case of a gas-loaded FEL [332–334] with a gas of refractive index ng, the resonance condi-
tion is modified according to

±λr =
λu

2nγ2

(
1 +

K2
u

2

)
− λu(ng − 1). (81)

In such a case, tuneability can then be also adjusted with the gas pressure. For a given wavelength,
the required electron beam energy is smaller than in the case of a conventional FEL. Experiments were
carried out [335–338].

Radiation observed from electrons skimming over a diffraction grating was observed [339].

Cherenkov radiation can also be produced in dielectric loaded waveguides: a relativistic electron
beam passes at grazing incidence above the surface of a dielectric loaded waveguide and excites TM-like
surface waves. The longitudinal component of the evanescent electric field induced electron bunching,
leading to coherent emission [340, 341]. The synchronism condition for a single-slab geometry is given
by

λr =
2πdγ(ε− 1)

ε
(82)

with d the film thickness and ε the dielectric constant.

Cherenkov-based FEL radiation has been observed using a 2.5 MeV electron beam [297].

In a Smith–Purcell FEL [342–345] proposed by J. E. Walsh (1939–2000, 11th FEL Prize in 1998),
the radiation is emitted when an electron passes close to the surface of a grating of period λu. The
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wavelength of the emitted radiation depends on the radiation observed at the angle θ from the normal is:

λr = λu

(
1

β
− sin θ

)
. (83)

With a sufficiently high current, the electrons interact with the fields above the grating and get
bunched, so the Smith–Purcell radiation is enhanced [345]. This has been experimentally demonstrated
[346–348].

5.5.1 First user applications
First user applications were started [2, 349, 350] slightly more than 10 years after the first FEL oscil-
lation, so in fact rather rapidly. First FEL applications were conducted in the infrared on the Stanford
Superconducting Linear Accelerator [337, 351–354] with a strong impulse given by A. Schwettmann,
on MARK III FEL [355]. Human surgery had even started, thanks to the possibility to get the required
wavelength [356]. Different user activities were developed on CLIO [357–359], on FELIX [360], on
FELI [361], and on FELBE [362,363]. The Jefferson Lab. infrared FEL carried out various types of user
applications, such as vibrational modes in myoglobin [364], clusters [365] and industrial applications of
kW UV [366]. Imaging is carried out with mm range FEL in Russia [367] and Korea [368].

In the UV, user applications started on the Super-ACO FEL in France [369], first in biology
[356,370] in 1993 for the study of the time-resolved fluorescence of the coenzyne NADH (nicotinamide
adenine dinucleotide). Then, the FEL was coupled to the VUV synchrotron radiation produced in a beam
line to perform a pump-probe two-colour experiments [371], enabling us to excite the system with the
UV FEL and to probe the excited state with synchrotron radiation. It was first applied to surface photo-
voltage effects studies [372, 373]. User experiments were also carried out on various storage ring FELs,
such as DUKE [374], UVSOR [375, 376], ELETTRA [377].

Generation of short wavelength radiation on small accelerators coupled to a laser by Compton
backscattering is becoming attracting again nowadays in order to deliver X-rays in a compact installation.
Indeed, radiation generated by Compton backscattering was easily produced with the electron beam at
the origin of the FEL and the FEL itself. The two beams are already transversally overlapped and
synchronized, for the FEL generation (indeed, the FEL being itself a stimulated Compton backscattering
process). X-rays were generated on CLIO [378], then gamma-rays on UVSOR FEL [379], on the Super-
ACO FEL [232, 380, 381], and on the DUKE FEL [382, 383] which developed a unique gamma-ray
facility [384, 385].

These encouraging results in the early days of FELs let the community envision prospects for XUV
(Xray Ultra Violet range) FELs [386]. The high gain regime, for which theory was actively developed,
appeared to be quite suitable. First results were achieved in Livermore.

6 The high gain FEL
The study of the high gain FEL started rather early. After the small-signal low gain studies, consid-
erations for the strong-signal case were explored in order to understand saturation. Modelling moved
then towards a self-consistent theory, taking into account the evolution of both the electromagnetic field
and electronic distribution during the interaction [62]. The self-consistent theories were then naturally
applied to the high gain case.

6.1 Plasma type studies
The work by P. Sprangle et al. [64] was continued using a plasma approach in deriving the general FEL
dispersion relation and in applying it to both low and high gain limits [387]. Saturation was analysed
in terms of electron trapping in the space charge and ponderomotive potential and efficiencies were
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deduced. Scaling laws were found. A practical two stage case has been considered: a first radiation
generated in a first undulator (called a ‘magnetic pump’ in the paper) is reflected to act as a seed (called
‘pump’ in the paper) of wavelength 2 cm for the second pass of the electron beam in the undulator leading
to radiation at 190 µm in the second stage, for a 3 MeV energy. Further theoretical developments along
such lines were carried out [151, 388–390] including the role of collective effects of the space charge
[391].“The equations of the free-electron laser amplifier are generalized to include higher order modes.
The density and velocity fluctuations in the entering electron beam cause noise excitation in the amplifier.
The electron beam fluctuations have been studied extensively, both theoretically and experimentally, in
travelling wave tubes, and hence the well-tested formalism developed for this purpose is conveniently
applied to the present problem. It is found that the fluctuations put a severe constraint on the achievable
exponential gain in a proposed Raman-type free-electron laser operating at optical frequencies” [65].
The gain degradation has been investigated [392].

6.2 Instability type studies: emission of coherent radiation from a self-modulated electron beam
in an undulator

In Novosibirsk, at the Institute of Nuclear Physics of the former USSR Academy of Sciences, A. I. Saldin
(19th FEL Prize in 2006) and A. N. Kondratenko considered very early the possibility of producing
coherent radiation from a self-instability, without the use of an optical resonator [116–118]. The work
was first presented at the Russian Academy of Sciences [116], then in 1979 as a preprint of the Institute
of Nuclear Physics [117], and then in an international particle accelerator conference [118].

They considered a situation without an optical cavity and investigated the question of “radiative
instability of the beam in an undulator”. The required initial level of density oscillation for the instability
to occur could result from statistic density fluctuations. They said “For sufficient length of the undulator,
the resonant harmonics of density fluctuations become large enough during a pass that the modulated
beam radiates from a definite section of the undulator. Such a scheme may be used as an independent
source of coherent radiation or as an amplifier”. A first analysis of the self-modulation in the single
pass regime was first discussed by Kroll et al. [62] in a plasma physics context or by using high fre-
quency device models. The instability growth was analysed using methods applied for those of storage
rings, using canonical conjugate variables of the Hamiltonian describing the relative motion of electrons
with radiation, and particle density. It was found that in the case of a wide beam, the amplitude of the
modulation can grow exponentially and coherent power is calculated with Lg the characteristic length in
which the amplitude becomes e times larger. Conditions of applications of the results were examined.
Besides, “To reveal the effect of self-modulation, a knowledge of the initial level of the harmonics of
beam density is necessary. In a realistic situation, if the initial conditions are not prepared in a special
manner, there exists a continuous spectrum of fluctuations of density harmonics that arise from the fact
that there is a finite number of particles in the beam. Hence all the harmonics in a given band width
(∆K/K ∼ λu/(2πLg)) will become unstable and grow by a few times in the length Lg”. The evo-
lution of the width of the harmonics after the pass of a given length is analysed, and its corresponding
correlation length is estimated (of the order of Lg/(2γ‖).

The reduction down to shorter wavelengths has also been analysed [393] using the Russian ap-
proach. The possibility of using a high gain FEL amplifier to start from noise was first considered on
a storage ring to produce X-ray radiation. Examples were given for a 2.8 MeV energy, 100 A current,
50 µm rad emittance electron beam, helical undulator (λu = 20 mm, Bu = 0.3 T) leading to radiation
at 450 µm with a growth length of 14 cm, or for a 10.2 MeV energy, 30 kA current, 50 µm rad emittance
electron beam, helical undulator (λu = 60 mm,Bu = 0.1 T) leading to radiation at 100 µm with a growth
length of 22 cm. Also considered was the case of a 20.4 MeV energy, 14 kA current, 5 nm.rad emittance
electron beam in a storage ring, helical undulator (λu = 70 mm, Bu = 0.2 T, length of 15 m) leading to
radiation at 5 nm with a growth length of 2 m and an output peak power of the order of 1 TW. Conditions
are given for the energy spread (that should be less than 10−3) and angular spread (that should be less
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than 3× 10−5). These parameters are in fact not so different from the ones of the present LCLS (Linac
Coherent Light Source) X-ray FEL, as discussed later. Instead of a storage ring, a linear accelerator is
presently used on LCLS. It took also several decades to achieve, technologically speaking, the required
electron beam parameters.

This pioneering work indeed was considered for the first time to start from the spontaneous emis-
sion to amplify it in the high gain regime until saturation, in the case of an infrared FEL with a 10 MeV
electron beam [117, 118]. It is now usually called self-amplified spontaneous emission, in reference to
the amplified spontaneous emission in conventional lasers. Its sketch is shown in Fig. 51.

!

"

1

2  

!

"Fig. 51: FEL self-amplified spontaneous emission (SASE) configuration: the spontaneous emission emitted in the
beginning of the undulator is amplified in one single pass. Operation at short wavelengths requires high beam
energies for reaching the resonant wavelength, and thus long undulators (0.1–1 km for 0.1 nm) and high electron
beam density (small emittance and short bunches) for ensuring a sufficient gain.

6.3 Hamiltonian-type studies
The Hamiltonian description was also applied to the high gain case [93]. Using the Hamiltonian descrip-
tion in the moving frame [394], R. Bonifacio (1940–2016) et al. investigated cooperative and chaotic
transition (a kind of phase transition from a regime of small gain amplifier to that of a large gain ampli-
fier): “below this threshold value the electrons radiate weakly and almost independently whereas above
threshold the electrons strongly interact via the emitted radiation field. In the latter case the particles ex-
hibit strong self-bunching and give rise to cooperative emission of radiation” [395]. “The exact threshold
value wT of the coupling parameter is analytically obtained by investigating, for any number of electrons
N, the stability property of an initial condition with zero field excitation and totally unbunched electrons
(i.e. electrons uniformly spread over an optical wavelength)”. Results are compared to simulations. It is
pointed out that the transition can be stimulated by noise within the interaction volume.

The analysis was continued by the introduction of the notion of collective instability [396]. The
electrons communicate with each other through the radiation and the space charge field. Thus, they ‘self-
bunch’ on the scale of the radiation wavelength periods. The electrons have nearly the same phase and
emit collectively coherent synchrotron radiation. R. Bonifacio, C. Pellegrini (12th FEL Prize, in 1999)
and L. M. Narducci introduced the plasma frequency and the Pierce parameter. The exponential growth
is found as a solution for the cubic equation which has one real and two complex conjugate roots. The
instability condition could then be derived in terms of Pierce parameter and spectral detuning. The notion
of lethargy, the “time required for the initial pulse to build up” was also discussed. It is also found that
in the high gain case, the maximum growth is found for zero detuning. This regime is called the self-
amplified spontaneous emission (SASE) regime. SASE has been studied in detail [397,398], in particular
with issues regarding the transient behaviour of the system, using the Maxwell–Vlasov equations [399].
Effects of harmonics, space charge, and electron energy spread on the collective instability are discussed
[400]. The model covers both Compton and Raman regimes [401]. The regime of superradiance for a
high gain FEL was analysed [402]. Prospective SASE sources were designed [398]. The diagram block
in the SASE case is shown in Fig. 52. Semi-analytical models were developed [403, 404]. High gain
single-pass free electron laser dynamics and pulse propagation effects were also considered [405].
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Fig. 52: SASE diagram block with the process of collective instability arising from communication from the
neighbouring electrons.

6.4 One-dimensional high gain FEL modelling
6.4.1 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 longer be neglected. Thus, the FEL is treated via a set of coupled
equations [396, 398, 401]:

– the coupled pendulum equation, describing the phase space evolution of the particles under the
combined undulator magnetic field and electric field of the optical wave;

– the evolution of the optical field in the presence of an electronic density and current;
– the evolution of the bunching coupled to the longitudinal space charge forces, enabling us to eval-

uate the electronic density and current.

The electronic density and the current resulting from the electrons in the undulator are first evalu-
ated to treat the light wave evolution.

6.4.1.1 Radiation field evolution

The radiated field now depends on the longitudinal coordinate as

Ex(s, t) = Ex(s) exp [−i(ks− ct)]. (84)

Its evolution is ruled by the Maxwell equation

[ ∂2

∂s2
− 1

c2

∂2

∂t2

]
Ex(s, t) = µ0

∂jx
∂t

+
1

εo

∂ρ

∂x

with jx the average over the electron beam cross-section of the transverse electron peak current. In
one-dimensional FEL theory, the electronic density is assumed to be independent of x, so ∂ρ

∂x = 0. The
transverse current is mainly due to the electrons in the wiggler, and to a small extent to the radiation field.

The phase of Ex may vary with s, i.e. the FEL phase velocity, may differ slightly from that of a
plane electromagnetic wave at the speed of light c. Inserting the electric field expression in the Maxwell
equation, it becomes

[
2ikE′x(s) + E′′x(s)

]
exp [−i(ks− ct)] = µ0

∂jx
∂t

+
1

εo

∂ρ

∂x
. (85)

Under the slowly varying envelope approximation (SVEA) the electric field does not change much
over a few undulator periods even though its increase over the whole undulator length is large. The
change in one wavelength is even smaller, so is its first-order derivative. It can be written as |E′x(s)|λ�
|Ex(s)| and |E′x(s)| � k|Ex|. However, one should keep the first-order derivative in order to describe
the FEL growth as a function of the distance in the undulator. One can neglect the change of slope over
one undulator period λu, as |E′′x(s)|λ� |Ex(s)| and |E′′x(s)| � k|Ex|. The second-order derivative can

62

M. E. COUPRIE

256



be neglected. So, in the paraxial approximation, one has d
dt = c( ∂∂s + 1

ṽs
∂
∂t). The field evolution then

becomes

dEx(s)

dt
= −i

µo
2k

∂jx
∂t

exp [−i(ks− ct)]. (86)

6.4.1.2 Current sources

The current comes first from the displacement of the electron because of the undulator field. Then, a
bunching takes place and, if important, an electron can be affected by the neighbouring electrons due to
space charge forces.

The transverse current source due to the electron movement in the undulator is expressed using
the electron transverse velocity as

−→
j = ρe

−→v so jx = js
vx
vs
' js

Ku

γ
sin (kus) (87)

The field evolution becomes dEx(s)
dt = −iµoKu

2kγ
∂js
∂t exp [−i(ks− ct)] sin (kus). While the electrons and

the light wave interact, periodic density modulation (micro-bunching) is taking place, and the current can
be developed as a function of the ponderomotive phase ψ:

j̃ = j̃o + j̃1 exp (iψ) (88)

where the term exp (iψ) represents the bunching,

∂js
∂t

=
∂js
∂ψ

∂ψ

∂t
= −iωj̃1eiψ = −iωj̃1 exp (ik(s− ct) + ikus).

Combining the expression of the current and the electric field derivative terms, the field evolution
becomes

dEx(s)

dt
= −µocKu

2γ
j̃1 exp [ik(s− ct) + ikus] exp [−i(ks− ct)]e

(ikus) − c.c.
2

= −µocKu

4γ
j̃1[1+exp [i2kus]]

with c.c. meaning complex conjugate. As the complex field amplitude is slowly varying on the scale of
the wavelength λ, it can be driven by a current averaged longitudinally over several wavelengths. One
can thus average the transverse current longitudinally. The phase factor carries out two oscillations per
period and averages to zero. Thus, one gets

dEx(s)

dt
= −µocKu

4γ
j̃1[1 + exp [i2kus]]. (89)

Then, let’s consider the space charge term due to the longitudinal field. The electric field is created
by the modulation ρe of the charge density in the electron bunch, as illustrated in Fig. 53.

Fig. 53: Schematic representation of the slices of length λr along a bunched electron beam
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According to Maxwell’s equation, ∇.−→E = ρe(ψ,s)
εo

. Similarly to the current, one can develop the
electronic density as

ρe(ψ, s) = ρeo + ρ̃1 exp (iψ). (90)

It then becomes dEs
dt = ρ̃1

εo
exp (i[(k + ku)s− ωt]), so, the amplitude of the induced space charge

longitudinal field is

Es = −i
1

εo(k + ku)
ρ̃1 ≈ −i

µoc
2

εoω
j̃1. (91)

6.4.1.3 Energy change due to the field

In the low gain low field case (in neglecting the field variation over one undulator pass), one has

dη

ds
= − eElKu

2γ2moc2

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

sin (ξ + φ).

In the high field case with a bunched beam, one gets

dη

ds
= − eKu

2γ2moc2

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]

Re(Exe(iψ))− e

γrmoc2
Re(Ese

(iψ)).

The first term corresponds to the electron motion and the second one to the space charge contribu-
tion. One has

dη

ds
= − e

moc2γr
Re





Ku

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]
Ex

2γr
+ Es


 e(iψ)


 . (92)

Due to the bunching process, the electrons are grouped periodically in the electron bunch with a
spatial modulation equal to the wavelength λr and its harmonics of order n λrn, and the electron bunch
is described as a series of slices of length λr and number of electrons Nslice, which correspond to slices
of length 2π in the phase ψ representation. The shape function S(ψ) is given by

S(ψ) =
∑

j=1

Nsliceδ(ψ − ψj(t)), (93)

j being the current electron number. By developing in Fourier series, one gets

S(ψ) =
co
2

+ Re
( ∞∑

k=1

ck exp (ikψ)
)
, ck =

∫ 2π

0
S(ψ) exp (ikψ)dψ. (94)

In the case of the first harmonic, the current becomes

j1 = −ecne
2

Nslice

∑

j=1

Nslice exp (iψj). (95)

6.4.1.4 High signal set of equations

The FEL dynamics is now ruled by a set of coupled equations. The source current, depending on the
electron bunching, evolves as j1 = −ecne

2
Nslice

∑
j=1Nslice exp (iψj). The transverse electric field

evolution is ruled by the current source term, depending on the electrons in the undulator, as dEx(s)
dt =

−µocKu

4γ j̃1. The phase evolution is related to the energy exchange as
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dψj
ds

= 2kuηn, j = 1, . . . , Nslice. (96)

The energy exchange is governed by the current term due to the electron movement and to the
space charge induced electric field:

dη

ds
= − e

moc2γr
Re





Ku

[
Jn−1

2
(ξ)− Jn+1

2
(ξ)
]
Ex

2γr
+ Es


 e(iψ)


 . (97)

These equations are usually solved numerically. One can obtain however an analytic solution
under certain approximations.

6.4.2 Evolution of the light wave in the high gain regime of FEL
6.4.2.1 The FEL cubic equation

In the case of a rather ‘small’ periodic density modulation, a normalized particle distribution function,
obeying the Vlasov equation, is defined. After mathematical manipulation [396, 402], one can show that
the radiation amplitude Ex satisfies

˙̈Ex
Γ3

+ 2i
η

ρFEL

Ëx
Γ2

+
[k2

p

Γ2
− η2

ρ2
FEL

]Ėx
Γ
− iEx = 0 (98)

ρFEL is the so-called Pierce parameter, or FEL parameter. It depends on the electron beam density
and energy and on the undulator characteristics (deflection parameter, Bessel function term, undulator
wavenumber):

ρFEL =
[Ku[JJ ]ωp

4ωu

]2/3
=

1

2γku

(µoe
2K2

u[JJ ]2kune

4mo

)1/3
, (99)

where Γ, the gain parameter, is proportional to the Pierce parameter,

Γ = 2kuρFEL, (100)

and kp, the space charge parameter, is given by kp =
ωp

cγ

√
2λ
λu

with ωp the plasma pulsation ωp =
√

4πe2ne
mo

. In the specific case of η = 0 (on resonance) and for kp = 0, i.e. for negligible space charge,
the cubic equation takes its simplest form, as

˙̈Ex
Γ3
− Γ3iEx = 0. (101)

Considering the electric field expressed as ≈ e(iκs), it becomes κ3 = iΓ3 with three solutions:

κ1 = −iΓ, κ2 = (i +
√

3)Γ/2, κ3 = (i−
√

3)Γ/2.

κ2 leads to an exponential growth of the electric field.

6.4.2.2 The FEL power growth and evolution of the light wave in the high gain regime

The power grows as

Ex(s) = Ex0 exp (s/Lgo), Lgo =
1√
3Γ

=
1√
3

( 4moγ
3

µoe2K2
u[JJ ]2kune

)1/3
. (102)
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The bunching factor B evolves similarly. It is noticeable that there is amplification at resonance,
this feature differs from the small signal gain case. At the beginning of the undulator, the three terms
of the cubic equation do contribute to the change in the field intensity and the exponential growth is not
dominant, the bunching takes place. This regime is called the ‘lethargy’. Solving the cubic equation
for a non-zero detuning (slightly off resonance) provides the dependence of the imaginary solution with
detuning, i.e. the gain bandwidth. It has a maximum for zero detuning and decreases for both positive
and negative detunings. From the analysis of the behaviour, one can deduce that the FEL bandwidth is
given by the Pierce parameter:

∆λ

λ
= ρFEL. (103)

Adopting the same type of evaluation as in the small signal gain case, one estimates that the
saturation power of the radiated field is the electron beam power multiplied by the gain bandwidth:

Psat = ρFELEIp, (104)

with E the electron beam energy and Ip the peak current. Since the radiation pulse duration is close to
that of the electron bunch, the Pierce parameter gives the efficiency of the FEL, i.e. the fraction of the
beam energy given to the radiation field. Typically, the saturation power is reached after roughly 20 gain
lengths, at the saturation length Ls.

Ls ≈ 20Lgo ≈
1√
3Γ

=
20λu

4π
√

3ρFEL

=
5λu

π
√

3ρFEL

. (105)

So the saturation can be achieved with Ns, given by

Ns =
Ls

λu
=

5

π
√

3ρFEL

. (106)

The FEL parameter defines the growth rate, measured in undulator periods.

The start-up comes from the spontaneous emission noise. It is followed by an exponential growth
due to a collective instability (self-organization of the electrons from a random initial state). When the
power saturates, there is a cyclic energy exchange between the electrons and the radiated field and a
consequent change of power which corresponds to rotations in phase space. Growth and bunching also
occur on the harmonics of the fundamental wavelength. The number of radiated coherent photons per
electron at saturation Ncoh.ph is given by Ncoh.ph ∼ ρFELE

Eph
, with Eph the photon energy. For photons of

10 keV with a beam of 15 GeV, a Pierce parameter of 0.001, at 10 keV, Ncoh.ph ∼ 1500!

6.4.2.3 The SASE spectral and temporal properties

The uncorrelated trains of radiation, which result from the interaction of electrons progressing jointly
with the previously emitted spontaneous radiation, lead to spiky longitudinal and temporal distributions,
apart from single spike operation for low charge short bunch regime [406, 407]. The emission usually
presents poor longitudinal coherence properties. There is some particularity of the temporal structure
of the SASE pulse. Because the photons move faster than the electrons, the radiation emitted by one
electron moves ahead and slips by one wavelength per undulator period, so for the total undulator length
by Nuλ. The analysis [402] of the effect of slippage for an electron bunch of finite length, when the
slippage effect cannot be neglected, shows that the interaction between the electrons is only effective
over a cooperation length, the slippage in one gain length. In a one-dimensional model the cooperation
length can be written as
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Lcoop =
λ

2
√

3ρFEL

. (107)

Since the initial noise varies along the bunch length, the output radiation pulse consists of a series
of spikes of random intensity separated by a distance proportional to the cooperation length [408]. In
the case of spontaneous radiation, the intensity along the pulse varies randomly in each wavelength. For
SASE at saturation, the interaction between electrons and their emitted radiation generates a number of
spikes of random intensity and duration proportional to the cooperation length. The number of spikes
in a pulse is given by the ratio of the bunch length to the cooperation length. The intensity in each
spike fluctuates from pulse to pulse. There is no correlation between the phases of different spikes. The
statistical distribution of the total intensity, summed over all spikes, is given by a gamma distribution
function [407]. The line width, in a SASE FEL, is inversely proportional to the spike length, and not to
the bunch length. The width is of the order of the FEL parameter. In consequence, a SASE radiation
pulse is not Fourier transform limited, except for the case of an electron bunch length shorter than the
cooperation length, when a single spike is produced. Examples of spikes are shown in Fig. 54.
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FIG. 1. Results of the numerical model: temporal structure
of the radiated pulse, [A[ vs zq, at the first saturation, for
three values of the electron bunch length, at z = 148~ and for
([be[ ) = 10:(a) Eb = 5E„(b) Eb = 208„and (c) lb = 508, .
The temporal scale is in units of zq = (z —vIIt)/E, .

out of the leading edge, (3). An asymptotic evaluation
of El. leads to the following approximated expression:
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where y = ~Ebz We n. ote that El, does not experience
an exponential growth with respect to S and that the
growth rate depends on the bunch length as ~Eh
In the short bunch limit it is possible to demonstrate

[8] that, at saturation, P~, = pPb, ~ grab/8, oc n,
This can be shown analytically from the superradiant
self-similar solution, described in Ref. [8], and by the
following intuitive argument: The average power can be
approximated by the product of the peak power, [A] oc

(Eb/l, ), and the width, Azq oc (E,/Ib) /, divided by the
scaled bunch length Eb/E„so that Er, —QEb/E, . From
(8), imposing that EL, = P, ,/pPb„/Eb/E, we can
see that the saturation length scales as z, gE,/Ib
In the long bunch case, after the usual steady-state sat-

uration (Ei, 1), Er, continues to increase (see Fig. 2),
due to the growth of the superradiant spikes emitted by
the electron bunch, up to a second saturation value. This
second saturation value scales, as in the short bunch case,
as n, , since the peak intensity of the spikes is propor-3/2

tional to n, and their time duration is proportional to
1/~n, [8].
We have used the 1D time dependent numerical model

previously employed for the study of superradiance in
the free-electron laser (see Ref. [10]), where the proper
slippage between the electron bunch and the radiation
pulse is taken into account. The electron beam is "sam-
pled" at each radiation wavelength, where the shot noise
in the electron phases is generated through a simple al-
gorithm. The simulation electrons are first spaced uni-
formly along the radiation wavelength; then their posi-
tion is perturbed by a small random amount, distributed
with a Gaussian probability of width 6 [11,12]. The pa-
rameter 6 is determined by the requirement on the initial
average bunching along the electron beam, ([be[ ). Im-
posing that ([be[ ) = 1/N~, the parameter 6 turns out
to be 6 = gn/Ng, where n is the number of simulation
electrons in each radiation wavelength.
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We consider the long pulse limit. In the time domain,
the noisy pattern of the electron bunching along the beam
leads to a superradiant spiking in the radiation pulse.
The initial irregular spiking, seeded by nonuniformities
on the scale of a radiation wavelength, cleans up and
tends to a more regular pattern, with the occurrence of
one spike every 2' cooperation lengths. Hence, due to
this "intrinsic distance" of the superradiant spikes, no
more than one spike can develop every 2vrf„as shown in
Fig. 1 for three different pulse lengths. The position of
the spikes, however, is random and depends strongly on
the initial noise pattern bo(zq). Each spike exhibits the
superradiant scaling of intensity as the square density of
the electron beam, as has been numerically tested. If the
pulse is shorter than or of the order of 27rE„only one
"clean" spike occurs, as can be seen in Figs. 1 and 3.
For small undulator lengths we have found that the

spectral bandwidth shrinks as 1/N, in agreement with
the undulator radiation spectrum width [13]. In the high-
gain region the envelope reaches the well known band-
width [3,5] Ak/k, = 2p, i.e., Ak = 2k, p = 1/f.„as
one expects from the Fourier transform of the temporal
structure described above. If Eg & 2vrE„ the spectrum is
composed by a single line, as shown in Fig. 3(a).
Only the smooth envelope has been the object of most

of the previous theories (see Refs. [3,5]), even if a prelim-
inary work on the frequency spiking for infinite electron
bunches can be found in Ref. [14). In order to model
correctly this spiking behavior, it is necessary to take
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average bunching along the electron beam, ([be[ ). Im-
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We consider the long pulse limit. In the time domain,
the noisy pattern of the electron bunching along the beam
leads to a superradiant spiking in the radiation pulse.
The initial irregular spiking, seeded by nonuniformities
on the scale of a radiation wavelength, cleans up and
tends to a more regular pattern, with the occurrence of
one spike every 2' cooperation lengths. Hence, due to
this "intrinsic distance" of the superradiant spikes, no
more than one spike can develop every 2vrf„as shown in
Fig. 1 for three different pulse lengths. The position of
the spikes, however, is random and depends strongly on
the initial noise pattern bo(zq). Each spike exhibits the
superradiant scaling of intensity as the square density of
the electron beam, as has been numerically tested. If the
pulse is shorter than or of the order of 27rE„only one
"clean" spike occurs, as can be seen in Figs. 1 and 3.
For small undulator lengths we have found that the

spectral bandwidth shrinks as 1/N, in agreement with
the undulator radiation spectrum width [13]. In the high-
gain region the envelope reaches the well known band-
width [3,5] Ak/k, = 2p, i.e., Ak = 2k, p = 1/f.„as
one expects from the Fourier transform of the temporal
structure described above. If Eg & 2vrE„ the spectrum is
composed by a single line, as shown in Fig. 3(a).
Only the smooth envelope has been the object of most

of the previous theories (see Refs. [3,5]), even if a prelim-
inary work on the frequency spiking for infinite electron
bunches can be found in Ref. [14). In order to model
correctly this spiking behavior, it is necessary to take

Fig. 54: SASE spikes for different bunch lengths. Temporal (up) and spectral (down) distributions, from [408]

On a single pass FEL, transverse coherence results from the electron beam emittance (which
should be of the order of the emitted wavelength) and from possible optical guiding. The optical guide
can arise from gain guiding (quadratic gain medium [45]) or from the contribution of a refractive in-
dex [409]. As a consequence, the undulator can even be longer than a few Rayleigh lengths!

6.5 Three-dimensional analysis
The role played by diffraction is analysed: exponentially growing modes, which have a profile indepen-
dent of the longitudinal coordinate, exist and a dimensionless parameter, which is proportional to the
radius of the electron beam and independent of the interaction length, determines whether diffraction is
important [410]. Then, the small-signal gain of the fundamental exponentially growing mode of the high
gain free electron laser is calculated, taking both diffraction and electron energy spread into account.
As the electron beam radius is reduced, the gain bandwidth increases by a large amount [411]. A two-
dimensional analysis using the properties of optical fibres shows that optical guiding can take place in a
free electron laser [409, 412, 413].

Three-dimensional analysis of coherent amplification and self-amplified spontaneous emission
in free electron lasers was carried out [414, 415] using the three-dimensional Maxwell–Klimontovich
equation. The Klimotovich distribution function takes into account the discreteness of the electrons.
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The radiation field, represented by a complex amplitude, which is the slowly varying part of the full
amplitude, satisfies Maxwell equation. Slowly varying and high- frequency components of the electronic
distribution are treated separately. It is found that transversally, optical guiding takes place for high
gain FEL [410, 411]. Electron correlation, transverse radiation profiles, spectral features, transverse
coherence, and intensity characteristics are analysed, as shown in Fig. 55. The results, which agree
with recent microwave experiments, are applied to proposed schemes for generation of short-wavelength
coherent radiation. Corrections terms (from the three-dimensional theory) can be introduced [416, 417].VOLUME 57, NUMBER 15 PHYSICAL REVIEW LETTERS 13 OcTQBER 1986

o~ = (9p/2n'J3N)' (8)
For momentum spread much larger than p, the eigen-
value p, is real and there is no exponential growth.
The total SASE power, obtained by integration over
the frequency, is

PSASE p Pbesm gse /Nic (9)
where Pb„ is the kinetic power in the beam (equal
to Eol/e, where I=beam current) and N„= nh. i(2m) ' 2/o. z is the number of electrons in one
coherence length.
From AF one obtains information on electron distri-

bution and correlation. For CA the single-particle dis-
tribution function develops a coherent modulation.
For SASE the modulation occurs in the two-particle
correlation function. The correlation, defined as the
excess probability of finding two particles compared
with the uncorrelated case, is modulated with the
periodicity of the radiation wavelength and extends to
a distance of one coherence length.
The slow variation of f with respect to z is deter-

mined by substitution of the solution of the linear
equations into Eq. (3)—a procedure known as the
quasilinear approximation in plasma physics. '2 From
the resulting nonlinear Fokker-Planck equation, one
finds that the average value of q must decrease so as
to conserve the total energy of the radiation-beam sys-
tem. In addition, the rms spread ~„ofq is found to
increase as o.~ =p2g, e'/Ni, . Since the growth rate be-

Recall that p, is the solution of the eigenvalue equation
(5), and is a function of bi . For the one-dimensional
case with zero momentum spread, the maximum value
of p, l is ( —', ) '~2 at b, i =0. More generally, let the max-
imum p, l of p, l occur at Ai =bi . The growth is
then maximum at a frequency given by cot (21+ I
+b,v~). In general b, v is found to be negative. The
behavior of the p, l about Ai determines the spectral
shape. In this way, one obtains the power spectrum,

dP, dP p Ep=e'S(Aalu/cu ) g„+gs

deal

dQJ 0

where r=8mpPpN, bcu=oi —co~, S(x) =exp( —x/
2o z~), and gz and gs are quantities of order unity. The
first term in Eq. (7) gives the power spectrum for CA,
and one finds the growth of the input power spectrum
(dP/dc')0 to be exponential. The power spectrum for
SASE is given by the second term, which exhibits the
same exponential growth, with the input replaced by
the effective noise power spectrum pE0/2rr, where Eo
is the average beam energy. The function S describes
the frequency dependence of the gain for CA, as well
as the spectral shape of the SASE radiation. In one
dimension, for zero momentum spread, one obtains
gz =gs= —,

' and the bandwidth
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FIG. 1. Schematic representation of SASE characteristics.

comes negligible when o „&)p, the exponential
growth will stop when the factor gse' becomes about
N„.'3 The power at saturation becomes, in view of Eq.
(9), about pPb„. For parameters considered here,
the saturation occurs at N = 1/p. In view of Eq. (8),
the bandwidth at saturation is cu/b, ru —N, which is the
same as the bandwidth of the spontaneous radiation
from an undulator with the same N
Figure 1 summarizes the characteristics of SASE at

different undulator periods N. For pN &( 1, the radi-
ation is an incoherent superposition of radiation from
individual electrons, and is referred to as the undulator
radiation. It is partially coherent transversely as a
result of finite electron-beam emittances. The band-
width is about 1/N. For larger N but with pN ( 1, the
FEL interaction causes modulation in the correlation
function of electrons, resulting in an enhanced radia-
tion intensity and coherence. Barring certain degen-
erate situations, the radiation amplitude is dominated
by a single mode which is exponentially growing and
fully coherent transversely. The relative bandwidth in
this exponentially growing regime is smaller than the
undulator radiation by a factor (pN)' 2. Finally, the
exponential growth stops when pN —1 as a result of
the increased momentum spread induced by the FEL
interaction.
Experimentally, SASE was measured in the mi-

crowave region at Lawrence Livermore National Lab-
oratory. ' For this experiment, the radiation is con-
fined in a waveguide, and therefore 1D theory is ap-
propriate. The data were compared with the prediction
given by Eq. (9) in the first paper of Ref. 4. The
agreement is encouraging.
A long undulator in a special bypass of an optimized

storage ring is a promising SASE source for broadly
tunable high-power radiation at short wavelengths. 3 In

1S73

Fig. 55: Schematic representation of SASE properties from the three-dimensional analysis by K. J. Kim in [414]

Semi-analytical models of SASE FEL based on the logistic FEL equation [404] are developed.
They include diffraction, beam quality and pulse propagation.

6.6 Conditions for SASE amplification
Conditions for SASE amplification are detailed below.

6.6.1 Emittance requirement
There should be a proper transverse matching (size, divergence) between the electron beam and the
photon beam along the undulator for insuring a proper interaction. It means that the emittance should
not be too large at short wavelength. The FEL gain increases with the beam current provided that

εn
γ
<

λ

4π
. (108)

High power short wavelength FELs require thus low emittance electron beams (much smaller than
100π mm mrad and peak currents of the order of 100 A.

6.6.2 Energy spread requirement
The electron beam should be rather ‘cold’, its energy spread should be smaller than the bandwidth, i.e.

σγ
γ
< ρFEL. (109)

6.6.3 Rayleigh length requirement
The radiation diffraction losses should be smaller than the FEL gain, i.e. the Rayleigh length should be
larger than the gain length:
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Zr > Lgo. (110)

For long undulators, intermediate focusing is then put between undulator segments.

Reviews of the free electron laser theory are presented in [124, 418]. Different numerical codes
can be used for FEL calculations, such as GINGER [419] by W. Fawley (25th FEL Prize in 2014),
GENESIS [420] written by S. Reiche (21st FEL Prize in 2010), PERSEO [421] by L. Giannessi (24th
FEL Prize in 2013), MEDUSA [422] by H. Freund, PUFFIN [423] by B. Mac Neil and L. T. Campbell,
TDA [424] by J. S. Wurtele etc.

6.7 High gain up-frequency conversion
6.7.1 High gain harmonic generation theory
As for the case of the low gain FEL, harmonic generation can take place, as schematized in Fig. 56.

Fig. 56: High gain harmonic generation

Three-dimensional analysis of harmonic generation in high gain free electron lasers has been car-
ried out [425] in the case of a planar undulator using the coupled Maxwell–Klimontovich equations that
take into account non-linear harmonic interactions. “Strong bunching at the fundamental wavelength can
drive substantial bunching and power levels at the harmonic frequencies”. “Each harmonic field is a sum
of a linear amplification term and a term driven by nonlinear harmonic interactions. After a certain stage
of exponential growth, the dominant nonlinear term is determined by interactions of the lower nonlinear
harmonics and the fundamental radiation. As a result, the gain length, transverse profile, and temporal
structure of the first few harmonics are eventually governed by those of the fundamental. Transversely
coherent third-harmonic radiation power is found to approach 1% of the fundamental power level for
current high-gain FEL projects” [425].

Non-linear harmonic generation in high gain free electron lasers [426] can also be treated semi-
analytically using a theoretical ansatz and fitting methods, providing “the most significant aspects of the
high-gain free-electron laser dynamics” [426]. Expressions are found for the growth of the laser power,
of the e-beam-induced energy spread, and of the higher-order non-linearly generated harmonics. They
are applied to treat pulse propagation and non-linear harmonic generation in free electron laser oscillators
[148], two harmonic undulators, and harmonic generation in high gain free electron lasers [427].

Different variants have been considered.

In the high gain harmonic-generation (HGHG) configuration [428–432], a small energy modula-
tion is imposed on the electron beam by its interaction with a seed laser in a first undulator (the modulator)
tuned to the seed frequency, it is then converted into a longitudinal density modulation thanks to a disper-
sive section (chicane) and in a second undulator (the radiator), which is tuned to the nth harmonic of the
seed frequency, the microbunched electron beam emits coherent radiation at the harmonic frequency of
the first one, which is then amplified in the radiator until saturation is reached. By some means, it recalls
the optical klystron scheme. The HGHG configuration is shown in Fig. 57, The seed signal should then
overshot the shot noise from the start-up SASE radiation.

In such a way, the higher-order harmonic components of the density modulation induced by the
FEL process are exploited in a ‘harmonic converter’ configuration, to multiply the frequency, and extend
the original spectral range of operation of the FEL. To be more efficient, it is combined to the ‘fresh
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Fig. 57: High gain harmonic generation: seeding is performed in two stages, the first stage is seeded with an
external laser, where a density modulation of the electron bunch takes place, whereas the second stage is seeded
by the FEL from the first stage while the undulator is set on a harmonic of the radiation from the first stage; and
the electron bunch radiates coherently after passing through a dispersive magnetic chicane.

bunch technique’ [433] where a proper delay is applied on the electron bunch with respect to the optical
path so that a ‘non-heated’ part of the electron bunch is used for the second stage.

The HGHG can be put in cascade with a series of modulator/radiator undulators, enabling poten-
tially effective frequency conversion. L. H. Yu considered that “the cascading of several HGHG stages
(35) can provide a route for x-ray generation using current near-ultraviolet seed laser performance. In
this approach, the output of one HGHG stage provides the input seed to the next undulator. Each stage
is composed of a modulator, dispersion section, and radiator. Within a single stage, the frequency is
multiplied by a factor of 3 to 5. For each stage, the coherent radiation produced by the prebunched beam
in the radiator at the harmonic of the seed is many orders of magnitude higher in intensity than the SASE
generated. In a specific example (35), after cascading five HGHG stages, the frequency of the output is
a factor 5 × 5 × 5 × 4 × 3, i.e. 1500 times the frequency of the input seed to the first stage. Dispersion
sections are placed between stages to shift the radiation to fresh portions (36) of the electron bunch to
avoid the loss of gain due to the energy spread induced in the previous stage” [429]. Shot noise at the
different stages can then become an issue [434]. Schemes for reducing this shot noise are proposed [435].

In the harmonic cascade configuration (see Fig. 58), the wavelength ratio of the two stages is a
ratio of integers [436, 437].

Fig. 58: Harmonic cascade configuration: seeding is performed in two stages, the first stage is seeded with an
external laser, whereas the second stage is seeded by the FEL from the first stage while the undulator is set so that
the wavelength ratio of the two stages is a ratio of integers.

In particular seeding cases, the seeded FEL can become super-radiant [436], leading to further
pulse shortening and intensity increase. Depending on the respective electron bunch and slippage length,
complex spatio-temporal deformation of the amplified pulse can lead ultimately to a FEL pulse splitting
effect [438].

6.7.2 Echo enabled harmonic generation
In the echo enabled harmonic generation (EEHG) [439] scheme (see Fig. 59), two successive laser–
electron interactions are performed, using two undulators, in order to imprint a sheet-like structure in
phase space. As a result, higher-order harmonics can be obtained in an extraordinary efficient way.

Figure 60 shows the imprinted modulation applied in the echo scheme.

Schemes derived from EEHG, such as the triple mode chicane, open perspectives for very high
up-frequncecy conversion for short wavelength (nm) light of short duration at moderate cost [441]. The
echo concept can also be applied to storage ring based light sources [442]. EEHG opens the way to
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Fig. 59: FEL EEHG: a coherent source tuned on the resonant wavelength of the undulator applies a first energy
modulation, electrons move according to their energy in the chicane where a second energy modulation is applied,
imprinting a fine structure in phase space.

Fig. 60: 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 [440].

shorter wavelengths when operating on a high-order harmonics of the seed wavelength. Echo has no
equivalent in classical optics.

7 Single-pass short wavelength FEL experimental results
These encouraging results in the early FEL research let the community envision prospects for XUV
FELs [386] and soft X-ray FELs [443–445] to be installed on storage rings, the accelerators providing
the best performance at that time (energy spread of ∼ 0.1%, peak current of a few hundreds of ampere).

The high gain regime, for which theory was actively developed, appeared to be quite suitable. First,
high gain FEL experiments took place on oscillators, then experiments aiming at demonstration of SASE
at intermediate wavelengths were undertaken. However, the decrease in wavelength was accompanied by
an improvement of accelerator technology, enabling us to fulfil the requirements for SASE. The advent
of the photoinjector became really crucial for ensuring the development of FELs at shorter wavelengths.
In addition, the requirements in terms of linear accelerator performance for future colliders met the needs
of X-ray FELs, and the technological developments were fruitfully applied within the FEL community.
In particular, the high electron beam density also suited for getting a short gain length.

7.1 Towards VUV X-ray FELs?
7.1.1 Limits of storage ring driven FEL for short wavelength FELs
The electron beam quality is an essential contribution to the success of a given FEL. Indeed, the energy
spread should be sufficiently small to enable a proper bunching. At the end of the twentieth century,
the shortest FEL wavelength on an oscillator has been achieved on a storage ring FEL [263, 264]. How-
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ever, the electron beam recirculation is limiting the output power according to the Renieri limit, and
compatibility of the use of the storage ring with normal synchrotron radiation use became an issue.

7.1.2 Early development of photoinjectors
With respect to conventional thermoionic guns, photoinjectors [446, 447] in which a laser illuminated
photocathode is located directly in the high gradient accelerating cavity, can enable us to provide a high
quality electron beam. Compared to a thermionic gun, the current density can be very high so that
bunching is not necessary. The time structure can also be controlled by the laser beam, and matched
into the RF accelerators without degrading the emittance. The electrons produced on the photocathode
surface are quickly accelerated in a RF cavity in order to limit the emittance blow-up due to the space
charge force. Several laboratories have initiated the development of photoinjectors.

The first photocathode-driven electron beam enabling FEL was achieved at Stanford on the MARK
III linear accelerator [448]. The gun used a LaB6 cathode, illuminated by a tripled Nd:Yag laser, leading
to an energy spread of 0.8% and an horizontal (vertical) emittance of 8(4)π mm mrad.

At Los Alamos, the facility has been modified to target FEL oscillation in the visible. For this
purpose, the thermoionic gun was replaced by a photoinjector [449–452]. The pioneering work of the
Los Alamos team on photo-injectors was recognised by the FEL prize 2017 awarded to Bruce Carlsten
and Richard Sheffield (27th FEL prize 2017). The photoinjector (26 MeV/m at the CsK2Sb cathode at
1.3 GHz in the π/2 mode) produced 6 MeV, 300 A, 15 ps electron pulses at 22 MHz repetition rate. The
drive laser was a Nd-YLF laser at 527 nm with very low phase (< 1 ps) and amplitude (<1%) jitters.
Changing from the thermoionic gun to the photoinjector enabled to reduce the emittance by a factor of
4 and the energy spread by nearly a factor of two. Typically, the electron phase space density could
be larger by one order of magnitude. B. Carlsten proposed the idea of emittance compensation [453],
leading to a significant reduction of the normalized emittance with respect to usual thermoionic guns.

Another photoinjector was developed at Brookhaven National Laboratory (Center for Accelerator
Physics) [454]. In the frame of a SLAC/BNL, UCLA collaboration, a research and development (R&D)
effort was launched on the development of a photoinjector. A 4.5 MeV 1.5 cell standing wave RF
(2.856 GHz) photoinjector gun based on the Brookhaven design, using a copper cathode, was completed
at UCLA [455]. Driven by sub 2 ps pulses of UV (266 nm) light (up to 200 µJ/pulse) and powered by a
SLAC XK5 type klystron (24 MW, 4 µs), it could generate up to 3 nC charge. Accelerating gradients of
up to 100 MV/m were achieved. A 0.25 kA peak current (with 9 ps duration pulses) could be produced
with emittance in the 1− 10π mm mrad range.

A gun test facility at SLAC was then implemented with a 3 m S-band linac section [456] and the
design was improved. Four copies of the gun were fabricated.

The CANDELA photoinjector was also developed at Orsay [457].

The development of photoinjectors continued, and became crucial for single-pass FELs, because
it permitted to provide electron beams with higher performance.

7.1.3 Considerations for short wavelength single-pass FEL in the SASE regime
Because of the limited performance of mirrors in terms of reflectivity, short wavelength FEL are usually
operated in the so-called SASE set-up, where the spontaneous emission at the input of the FEL amplifier
is amplified, typically up to saturation in a single pass after a regime of exponential growth. In the
beginning of the twentieth century, several authors started to design X-ray FELs in the SASE regime
[458]. A workshop on prospects for a 1 Å FEL in Sag Harbor in 1990 [459] aiming at answering the
questions: “What are the prospects for a 1 Å Free-Electron Laser? Can we obtain electron sources bright
enough to get down to the 1 Å region ?” “To focus the workshop, the initial discussion by R. Palmer
defined three canonical 1 Å FEL cases as possible alternatives, i.e. with 1.6, 5, and 28 GeV electron
beam sources. Each is a loose optimization of conflicting requirements needed to achieve λ = 1 Å on
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the electron beam quality, brightness, peak current focusing properties and its incidence on the wiggler
period and total length.”

L. H. Yu [460] introduced the problematics as such: “The Free Electron Laser (FEL) holds great
promise as a tuneable source of coherent radiation. At the present, the shortest wavelength achieved by
a FEL is 2500 Å. However, as recent progress in the development of laser driven photocathode electron
guns has provided electron beams with lower and lower emittance and higher and higher current, it has
become clear that FEL’s with much shorter wavelength can be achieved. A FEL operating below 1000 Å
will yield important advances in fields such as photochemistry, atomic and molecular physics. A FEL
with wavelength of 30 Å will bring new era to the development of holography of living cells. And,
if a FEL with 1 A wavelength can be developed, its impact on solid physics, molecular biology, and
many other fields can hardly be exaggerated. Is it possible for a FEL to achieve 1 Å? What are the
difficulties and the challenges to the present technology to build a 1 Å FEL? What are the requirements
on electron beam quality and the wiggler magnets required to build a 1 A FEL? To lase at 1 Å, the FEL
must operate in the high gain regime. For oscillator configuration, aside from the difficulties associated
with the requirements on the mirrors which must stand high intensity 1 A radiation, we need high gain
to overcome the loss in the cavity mirrors. The difficulties with the mirrors make the single pass FEL a
more likely solution. For single pass configuration we also need high gain to minimize the total length
of the wiggler. To achieve high gain for 1 Å FEL, the electron beam must have high peak current, low
normalized emittance, and small energy spread. Strong focusing of the electron beam becomes necessary
for such a short wavelength. In order to achieve short gain length, the wiggler should have high magnetic
field on axis and short wiggler period. The requirements for a 1 Å FEL should be determined by the
gain calculation for these various system parameters. It is usually carried out by numerical simulations.
However, to explore the large parameter space for a possible FEL configuration, an analytical tool to
calculate the gain would be much more convenient than the simulation”. C. Pellegrini [461] concluded
with the following words “The FEL in the SASE regime offers an attractive route to an X-ray laser.
To make this laser a reality it is necessary to solve many problems; produce electron beams with very
high quality and refine the understanding of the physics of FELs. We also need to produce long, short-
period undulators with good field quality. To reach these goals we need an extensive experimental and
theoretical effort on electron guns, accelerators and FEL with a number of intermediate steps that will
take us from the present region of 240 nm and 1 W to 0.1–1 nm and 1 GW”. J. C. Golstein [462]
examined more particularly the undulator errors and concluded more generally as “All of the separate,
requirements on the electron beam and the wiggler for this sort of one- Angstrom SASE FEL amplifier
seem to substantially exceed achievements in existing devices. To achieve all of these requirements
simultaneously, as is required for this device, would appear to require many years of development”.
K. J. Kim examined emittance and current density achievable in RF photo-cathode guns, and investigated
the effect of space charge and RF curvature induced emittance growth.

The work in such a direction was continued during discussions held during fourth generation light
source workshops [463, 464].

7.2 Historical observations of high gain single-pass SASE FEL
7.2.1 SASE observations at long wavelength
The activity continued on storage rings [210,211] especially for the quest towards a short wavelength of
operation, since high quality electron beams were still being produced. In addition, the interplay between
the beam dynamics in the ring and the FEL interaction was of great interest.

Following theoretical development on high gain FEL, various experiments were carried out.

LIVERMORE NATIONAL LABORATORY, USA

Saturated high gain amplification has first been observed in the mm waves (34.6 GHz) in the mid eighties
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in a collaboration between Lawrence Livermore National Laboratory and Lawrence Berkeley Laboratory
(USA) [294]. The electron beam from the Electron Laser Facility (ELF) (Lawrence Livermore National
Laboratory) provided 6 kA, -3.3–3.8 MeV beam with a normalized emittance of 1500π mm mrad, which
goes through a slit, bringing to beam to a current of approximately 500 A with 15 ns pulses with a
normalized edge emittance of 470π mm mrad. The 3 m long wiggler of 98 mm period was composed of
specifically shaped solenoids with independent power supplies providing a peak field of 0.5 T surrounded
by a stainless-steel waveguide. The experiments were first carried out in the amplifier configuration
where saturation was observed, before moving to the SASE one, for which saturation was also achieved
after 2 or 3 m of undulator, depending on the experimental conditions. The power growth is shown in
Fig. 61.VOLUME 54, NUMBER 9 PHYSICAL REVIEW LETTERS 4 MARCH 1985

nal. A special diagnostic probe was constructed to
travel the length of the waveguide and provide real-
time imaging of the electron beam position. The reso-
lution of this probe is +0.5 cm. When this probe was
inserted into the wiggler, the magnetron was replaced
by a microwave attenuator and crystal detector (con-
figuration A of Fig. 1) so that any amplified noise
which was reflected off the moving probe could be
detected. By measuring the microwave power as a
function of probe position, we could determine the
small-signal gain of the FEL.
Output power of the FEL amplifier was measured ei-

ther by a vacuum laser calorimeter or calibrated crystal
detectors preceded by approximately 100 dB of at-
tenuation. When the calorimeter was used, the micro-
wave pulse shape could be monitored with a crystal
detector. All microwave elements (the magnetron and
the calorimeter or output window) were transit-time
isolated to prevent multiple passes of the microwave
signal through the interaction region.
The signal gain in the super-radiant mode (no

microwave input signal) was measured by means of
the arrangement illustrated in configuration A of Fig.
1, and the results of this experiment are given in Fig.
2. The beam energy was 3.6 MeV (y=8.1) and the
wiggler magnetic field was 4.8 kG. The microwave ra-
diation generated in the interaction region reflected off
the face of the beam probe and was monitored by a
crystal detector. Extracting the probe continuously
lengthened the interaction region. The results (Fig. 2)
indicate that the microwave signal grew at a rate of
13.4 dB/m for a beam current of 450 A.
We studied the amplifier gain by means of config-

uration B of Fig. 1 both as a function of wiggler mag-
netic field intensity and as a function of wiggler length.
In this part of the experiment, the beam energy was
3.3 MeV. The depedence of the gain on wiggler field
strength is shown in Fig. 3 for 1-, 2-, and 3-m-long,
constant-amplitude wigglers. The peak output power
of 80 MW achieved for both the 2- and 3-m-long
wigglers indicates that the amplifier saturated near the
2-m point. The gain curves for the 1- and 2-m
wigglers are relatively symmetric about the peak while
the gain curve for the 3-m-long wiggler shows a
marked asymmetry with a plateau on the long-
wavelength side of the curve. This asymmetry is also
shown in the simulations discussed below.
Near the magnetic field strength corresponding to

the peak output of a 1-m-long wiggler, we examined
the amplification as a function of wiggler length. The
results of this experiment are shown in Fig. 4. It is
clearly seen that the amplifier goes into saturation at
2.2 m; beyond this point, the amplified output power
first decreases and then near 3 m starts to increase
again. The gain as a function of wiggler length shows
an exponential gain of approximately 15.6 dB/m up to
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FIG. 2. Small-signal gain in the super-radiant mode as a

function of wiggler length.

saturation (L =2.2 m). This is in close agreement
with the small-signal gain measurement described
above. (Note that the small-signal gain is proportional
to 8„/y3/2, which is nearly the same in both cases. )
The linear theory best suited to the experiment has

been derived by linearization of the single-particle,
longitudinal (y-Q) equations of motion derived by
Kroll, Morton, and Rosenbluth. 8 The procedure is
identical to that of Bonifacio, Pelligrini, and Narducci,
with the addition of explicit betatron motion (i.e. ,
emittance effects) and an integration over the
waveguide. This version of the linear theory predicts a
very steep dependence of gain on the electron beam
emittance, and hence radius in the wiggler. The ob-
served exponential gain, after we account for fractional
coupling into the growing mode (launching losses),
corresponds to a maximum beam radius of approxi-
mately 8 mm. This beam radius is consistent with the
image seen on the axial probe.
The numerical simulations follow 4096 electrons in

a single ponderomotive potential well. The particles
undergo betatron oscillations in the transverse direc-

Fig. 61: Power growth in the Livermore–Berkeley experiment, figure taken from [294]

The extraction efficiency first reached 5% and then 34% by undulator tapering, leading to an
output signal of 1 GW [465]. This was also an experimental demonstration of the undulator tapering for
improving efficiency and it provided a very important result for the community. However, the radiation
being propagated in a waveguide, it did not provide a full test of the diffraction effects that can affect the
FEL, especially at shorter wavelengths, when the radiation is propagating in vacuum.

MASSACHUSETTS INSTITUTE OF TECHNOLOGY (MIT), USA

A superradiant emission (18 MW) at 640 µm with a 4% relative bandwidth has been observed with a
2 MeV 1 kA electron beam on the PULSERAD accelerator with a helical undulator (31.4 mm period)
[466]. It would correspond to an efficiency of 7%.

CENTRE D’ ETUDES SCIENTIFIQUES ET TECHNIQUES D’AQUITAINE (CESTA), BORDEAUX, FRANCE

Bunching has been demonstrated at CESTA (France) at 8 mm (35 GHz) with the LELIA induction
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linac [295] delivering a 1 kA electron beam at 2.2 MeV, leading after transport to 800 A [467], as
illustrated in Fig. 62. The 12 cm period 3.12 m long helical undulator was fed by a capacitor discharge
providing a peak field of 1.1 T [468]. Cherenkov radiation was produced and measured with a picosecond
streak camera. A 40 MW SASE has also been observed [469].

VOLUME 76, NUMBER 24 P HY S I CA L REV I EW LE T T ER S 10 JUNE 1996

The frequency f of the radiation being amplified may be
written as

f �
kwyz 2 vp�gzg1�2

2p�1 2 yz�c�
,

where vp , yz , gz , and c denote, respectively, the plasma
frequency, electron axial velocity in the wiggler, axial
Lorentz factor, and speed of light. The axial velocity yz is
given by yz �

p
y2

0 2 y2
� where y0 is the initial electron

velocity and y� is the perpendicular electron velocity
due to the wiggler field. For a helical wiggler in a one-
dimensional model, y� � Kc�g, where K � 93.4lwBw
is the dimensionless wiggler parameter (lw is in meters
and Bw in tesla). For amplification at 35 GHz with our
2.2 MeV electron beam, the appropriate wiggler field is
approximately 1.1 kG. The frequency of the output signal
was measured by mixing with the output of a variable
frequency local oscillator. Both the magnetron and the
FEL signals were observed to have the same frequency,
35.02 6 0.02 GHz.
The FEL gain and saturation length were computed with

the 3D FEL code SOLITUDE [17]. The calculation predicts
that saturation occurs at the seventeenth period. Our
measurements, using a kicker magnet to defect the electron
beam into the wall at different longitudinal positions, show
fair agreement with the code, although the power level
attained is somewhat less. Experimentally, saturation is
reached near the nineteenth period where the peak power
is 15 MW. Beyond this period we enter the nonlinear
regime of FEL operation, where computations suggest that
the quality of bunches will decrease. Since the bunching
parameter b is predicted to reach its maximum value just
before saturation, the wiggler was truncated at period 20.
The addition of four adiabatically decreasing exit periods
allows satisfactory beam extraction.

Given these promising FEL results, it was considered
feasible to perform a direct measurement of bunching.
First, we demonstrated that bunching occurs by carrying
out a simple EM measurement. At a distance of 7 cm
downstream from the wiggler exit, a 120 mm titanium foil
was placed at a 45± angle across the beam tube. This
foil completely deflects the incident microwave power, and
the electron beam, upon passing through the foil, enters a
region of the wave guide where no radiation field exists
from the FEL interaction. A bunched beamwill then create
a new low-power EM wave whose power and frequency
can be measured using the same diagnostic techniques
as explained before. In a preliminary exploration of
bunching carried out with a pulse-line diode to power the
FEL, we had measured the frequency of this signal to be
35 GHz [18]. This method, by virtue of its simplicity,
was extensively used both to optimize the extraction of
the bunched beam by varying the position and field of the
solenoid magnet, and to study the variation of bunching
as a function of axial distance. For the latter, we placed
a tungsten grid 30 cm behind the titanium foil in order to
reflect the signal emitted by the beam between the titanium
foil and the grid. Upon passing through the grid, the
beam regenerates radiation whose power is measured. A
reduction of about 80% of radiated power was observed,
indicating an important debunching. We attribute this to
the space-charge effects, which debunch the beam linearly
with distance.
Although this method is simple, it is not sufficiently

quantitative to characterize the bunched beam. There-
fore we have performed an optical measurement of the
bunching as well. We first used the gated camera to de-
termine the position and size of the beam at the point

FIG. 2. Example of optical bunching measurement for a sweep speed of 25 ps�mm at a position 27.5 cm after the wiggler exit:
(a) streak camera recording; (b) digitized intensity of (a) plotted vs time, and (c) frequency spectrum of (b).

4534
Fig. 62: Bunching observed on Cherenkov radiation observed with a streak camera (ARP) from the CESTA SASE
FEL experiment from [467]. Radiation observed on a narrow rectangular slit 10 mm wide and 0.3 mm high. The
slit was then displaced in time to provide a photographic record of the light intensity. Sweep speed of 25 ps/mm at
a position 27.5 cm after the wiggler exit: (a) streak camera recording; (b) digitized intensity of (a) plotted vs time,
and (c) frequency spectrum of (b).

7.2.2 SASE observation in the near infrared, visible and UV
The progress of the SASE observations is discussed.

INSTITUTE OF SCIENTIFIC AND INDUSTRIAL RESEARCH (ISIR), OSAKA UNIVERSITY, OSAKA,
JAPAN

An increase of undulator radiation intensity by 5–100 times has been observed using the 38 MeV electron
beam from a L-band linac (28 nC charge, 30 ps pulse length, 0.7 − −2.5% energy spread), a 2 m long
undulator (60 mm period) in the 20–40 µm spectral range, as shown in in Fig. 63 [470].
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Fig. 3. The dependence of the intensity of radiation on the charge of electrons in a bunch for wavelengths of (a) 20 and (b) 40 izm. 

trons takes place in each period of the coherent radia- 
tion, thus forming a bunch train, the total intensity of 
the radiation would be about 108-109 times that of the 
incoherent spontaneous emission at a charge of 28 nC, 
the maximum charge in the present experiments. The 
present results seem to show that bunching has been 
very weak and, accordingly, that the intensity of the 
radiation measured involves the spontaneous emission 
indicated by the dashed line shown in fig. 3 and the 
amplified radiation. 

The intensity of the incoherent spontaneous emis- 
sion can be calculated theoretically [4]. For the present 
experimental conditions the intensities calculated are 
1.1 x 10 -8 and 2.7 x 10 .9 J / (sr  nC) at wavelengths of 
20 and 40 ixm, respectively. From these values the 
powers of the amplified radiation at a charge of 28 nC 
can be evaluated to be 1.2 ! 10 6 and 7.6 x 10 .6 J / s r  
at 20 and 40 Ixm, respectively. The length of the light 
pulse has not been measured. This is expected to be 
narrower than the pulse length of an electron bunch 
because of the deformation of the pulse shape after 
the amplification and the slippage between the pulsed 
light and the electron bunch in the wiggler. Assuming 
the length of the light pulse to be 20 ps, the peak 
powers of the amlified part of the pulsed light obtained 
in the present experiments at a solid angle of detection 
of 10 .5 sr and a charge of 28 nC are estimated to be 
about 0.6 and 4 W at wavelengths of 20 and 40 I~m, 
respectively. 

The parameters for the present experiments have 
not been adopted to obtain the highest intensity of 
radiation. This will be achieved by choosing the param- 
eters of the wiggler and the electron beams. The ampli- 
fication of input lasers is effective to achieve high-power 
FEL amplifiers. 

The output radiation with short pulse-lengths is 
useful to analyze transient phenomena. Especially, the 

pulse-radiolysis method is applicable to such research 
by using the single-bunch electron beams together with 
the radiation. The characteristics of the radiation such 
as the spectrum, the pulse length and coherence should 
be investigated to develop the light sources. 

6. Summary 

Self-amplified spontaneous emission has been ob- 
served with the high-brightness single-bunch beams of 
the ISIR linac at wavelengths of 20 and 40 txm. The 
peak powers of the amplified radiation at a solid angle 
of detection of 10 -5 sr and a charge of electrons in a 
bunch of 28 nC have been estimated to be 0.6 and 4 W 
at wavelengths of 20 and 40 txm, respectively. 
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Fig. 63: Undulator radiation signal versus charge, solid line: spontaneous emission, from [470]
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SUNSHINE, STANFORD UNIVERSITY, STANFORD, JAPAN

Coherent, far-infrared undulator radiation from sub-picosecond electron pulses consistent with SASE
predictions with a gain length of 45.4 cm have been observed using electrons from the 16 MeV SUN-
SHINE S-band linac (350 ps) travelling in a 26 ×77 mm period permanent magnet undulator (K =
0.3–0.2) [471].

CLIO, ORSAY, FRANCE

SASE at start-up in the mid infrared (5–10 µm) has been observed on CLIO (France) [472] at the Labo-
ratoire d’ Utilisation du Rayonnement Electromagnétique as shown in Fig. 64.
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FIG. 1. Influence of the electron peak current (rf phase
tuning) on the spontaneous intensity (top curves) during the
electron macropulse. The bottom curves show the average
electron beam current.

slightly increased by the presence of the second undulator:
In this case the r parameter is maximized by a very
small electron beam size in the center of the first
undulator. Then r becomes almost negligible in the
second undulator, due to the divergence of the beam
following a very small focus.
The spectrum of the SASE has been measured for vari-

ous intensities of SASE, by acting on the rf phase. A
spectrum is displayed on Fig. 3 for the case corresponding
to the beam adjustment of Fig. 2. It is taken at 5 mm, so
that we can use a sensitive InSb detector and measure
both the SE and SASE. The difference between these
two curves represents the amplification experienced by the
SE along the undulator: clearly a moderate amplification

FIG. 2. Intensity of SASE versus electron beam average
current. The curves A and B correspond, respectively, to
2N � 38 and N � 19 periods undulators. Curve C is two
times the curve B.

FIG. 3. Spectra of the emission with and without SASE and
their difference at l � 5 mm, with the FEL adjustment.

appears which is located at a slightly longer wavelength
than the central wavelength of the SE. This wavelength
shift �Dl�l � 1.4%� is close to the theoretical value
of 1

2N expected at moderate FEL gain. In Fig. 4, we
have displayed the spectra obtained with the best beam
adjustment, taken at 10 mm, where the detector (HgCdTe)
is not sensitive enough to measure the SE: When
SASE increases, the spectrum linewidth increases and the
central wavelength shifts toward large values. The larger
spectrum, corresponding to the larger SASE intensity, is
displaced by 15% (at 11.5 mm), and has a linewidth of
23%, much larger than the SE one (its theoretical value is
2.6% but it is measured to be about 7% due to the electron
beam divergence). The resonance wavelength shift would
be explained either by an angular error of 8 mrd or by a

FIG. 4. Spectra of SASE for various SASE intensities (vary-
ing the linac peak current) for the best beam tuning at l �
10 mm.

2126

Fig. 64: Undulator radiation signal for (A) two undulator segments, i.e. 38 periods, (B) one undulator segment,
i.e. 19 periods, (C) twice the intensity for one undulator segment, from [472].

A 50 MeV 3 GHz linear accelerator was providing a peak current of 100 A with an emittance of
150π mm mrad to two planar undulators of 19 × 50.4 mm period. Up to 500% gain has been measured,
with a Pierce parameter of 1.9 × 10−3. The growth in (A) is clearly non-linear, as an evidence of the
SASE regime, and it differs from (B) corresponding to coherent synchrotron radiation for an equivalent
number of undulator periods. SASE spectra were compared to spontaneous emission ones and present “a
noisy intensity from bunch to bunch, with about 100% fluctuations”, corresponding to the “spiky regime
of the SASE which is, intrinsically, not a stable process” [472].

BNL, LONG ISLAND, USA

SASE was then achieved at 1064 and 633 nm, using a 61 8.8 mm period pulsed electromagnet Mas-
sachusetts Institute of Technology (MIT) micro-undulator with a peak field of 0.45 T [473]. The electron
beam is produced at the Accelerator Test Facility at BNL using a photocathode RF gun: a single mi-
cropulse at 34 MeV with a variable charge of 01 nC and less than 5 ps full width at half maximum bunch
length is used. Undulator radiation at 1064 nm is amplified from 2 to 6 times with respect to the sponta-
neous emission. SASE gain at a wavelength of 633 nm at a beam energy of 48 MeV was also observed,
as illustrated in Fig. 65.

Then, SASE high gain and intensity fluctuations have been measured at 16 µm using a photo-
cathode RF gun, a half-cell linear SATURNUS accelerator at Brookhaven National Laboratory with an
emittance of 8–10π mm mrad, an energy spread of 0.08–0.14%, a transport line and an undulator from
the Kurchatov Institute (40 × 15 mm period, 0.75 T field) leading to a Pierce parameter of 1 × 10−2.
One should note at this point the significant reduction of the electron beam emittance thanks to the RF
photoinjector. First statistical analysis of SASE radiation was performed [474].
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high quantum efficiency of the magnesium photocathode
used is also important, although the measured distribution is
not well explained by present theory of pulse evolution in a
rf gun. Several parameters contributing to the high peak cur-
rent are not easily measured directly or controlled; therefore,
day to day variations in current were observed. This made it
necessary to measure the longitudinal pulse distribution at
least once during every run.

B. Optical measurements

The charge dependence of emissions from the wiggler in
a 25 nm bandwidth around 1064 nm and an opening of 1.0
�10�3 rad �half-angle� about the central axis of the wiggler
is shown in Fig. 4. The straight line represents the expected
spontaneous emission dependence, as extrapolated from the
low charge points, if variation of the beam distribution, such
as energy spread and emittance, are not included. A detailed
discussion of such dependence will be presented elsewhere
�16�.
When the beam pulse charge is varied, one may expect

some variation of beam parameters �such as emittance� that
affect the radiation spectrum or directionality. This raises the
possibility that the resulting alteration of line shape could
cause radiation at wavelengths or directions that fall outside
of the bandwidth of the optical filter or the acceptance of the
optical system. The FWHM of the spontaneous wiggler ra-
diation emitted along the axis of the FEL is 1/Nw�1.6%.
The filter linewidth accepts radiation having a somewhat
larger range of wavelengths �2.4%�. Taking the emittance
observed (�N�2.4 mm mrad) at the maximum charge and a
beam radius of 0.3 mm, we find the expected emittance in-
homogeneous broadening of the spontaneous line falls well
within the 1/Nw bandwidth; this is true for the energy spread
(�E/E�0.3%�1/4Nw�0.4%) and variation as well. The
same conclusions apply to radiation that falls within the cone
of light that can be detected by the optical system since the
half-width angle of the radiation cone that can be accepted
corresponds to a bandwidth that is nearly the same as the
actual filter bandwidth. Thus the expected contributions of
the inhomogeneous effects on the radiation linewidth and

angular divergence are less than the 1/Nw bandwidth that the
optical system is designed to accept, for the full range of
bunch charge variation. If the beam charge is reduced, then
the inhomogeneous effects become even less. Line-
narrowing effects with increasing SASE gain will be ac-
cepted by the optical system. Our conclusion is that as the
bunch charge is varied, the optical system records the correct
mixture of axially directed spontaneous and SASE FEL ra-
diation.
Concerning variation of the gain with the slit size, the

increase in both energy spread and horizontal emittance as
the slit opening is increased would only reduce the SASE
gain. Thus a correction attempting to take into account the
beam quality change associated with the slit scan will only
serve to enhance our observed gain. Therefore, the signal
enhancement beyond the �linear� spontaneous emission de-
pendence on charge cannot be attributed to changes in the
beam parameters.
Previous experiments �e.g., Ref. �9�� have seen signals

from coherent spontaneous emission. We have strong evi-
dence that our signal was not due to coherent spontaneous
emission. One test used transition radiation from the pellicle
near the wiggler. The transition radiation charge dependence,
shown in Fig. 5, is measured using the same photodiode and
interference filter as the wiggler emission, but with a collec-
tion angle large enough to include all the transition radiation.
The charge was varied, as in the SASE studies, using the
collimating slit. For transition radiation, the emission de-
pends linearly on charge. The form factor governing the con-
tribution from coherent transition radiation involves the same
Fourier components of the electron beam distribution as does
the form factor for coherent enhancement of spontaneous
emission. Therefore, any coherent enhancement of the wig-
gler emission that scales with the square of the number of
electrons should also be evident in the transition radiation
measurement. The lack of this behavior demonstrates that the
observed enhancement of spontaneous emission is not re-
lated to coherent enhancement. In addition, an electron beam
structure on the micrometer scale is unlikely. This is sup-
ported by slice measurement of the wiggler emission shown
in Fig. 3. Again using the time slice technique and transport-

FIG. 4. Charge dependence of wiggler emission at 1064 nm.
The solid line is a fit to the spontaneous emission at low charge
�optical emission before SASE sets in�. Each point is an indepen-
dent measurement pair of optical energy and beam charge. The
scatter of the points results from the startup mechanism of SASE
�see the text�.

FIG. 5. Charge dependence of transition radiation at 1064 nm.
The transition radiation is linear with charge. This is evidence
against coherent emission due to micro-bunching and for SASE as
the mechanism for the enhancement of optical emission from the
wiggler at high charge at the wavelength of interest.

6096 57M. BABZIEN et al.

Fig. 65: Undulator radiation signal versus charge, solid line: spontaneous emission, from [473]

LOS ALAMOS NATIONAL LABORATORY, LOS ALAMOS, USA

The Los Alamos high brightness photoinjector integrated into a L-band linac 1.3 GHz at 17 MeV coupled
to a 20 mm period 2 m long undulator generating a 0.7 T magnetic field and tapering [475] enabled high
gain SASE 15 µm [476]. The pionnering work was recognised by the FEL prize award to Bruce Carlsten,
Dinh Nguyen and Richard Sheffield for application of RF photo-injector to first high gain SASE FEL
in 2017, as one of the keys for the success of present X-ray FELs. Then five orders of magnitude of
amplification and saturation in the mid-infrared have been achieved in the frame of a UCLA, L. Alamos,
Stanford, Kurchatov collaboration [474]. The experiment has been performed on the Advanced Free
Electron Laser (AFEL) linac at the Los Alamos National Laboratory with a CsTe2 photocathode at the
Los Alamos National Laboratory (18 MeV, 0.25%) with the Kurchatov undulator. It led to more than
five orders of magnitude amplification at 12 µm [477], as shown in Fig. 66.
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FIG. 2. Electron beam wiggle-plane trajectory through the
undulator as predicted by the pulsed wire measurements.

intensity is plotted versus average micropulse charge in
Fig. 3. The measured gain was critically dependent on the
electron beam alignment, focusing, and drive laser-rf
phase and shows no evidence of the Q2 dependence in-
dicative of coherent spontaneous emission.
For the beam parameters given in Table I, the Rayleigh

range is less than the gain length and the slippage is
comparable to the bunch length, so we must include
slippage [13] and diffraction effects (gain guiding), as
well as the charge dependence of the beam radius and
bunch length. Because no simple analytic model takes all
of these effects into account, we use the code GINGER [14]
to evaluate the theoretical FEL intensity. The GINGER
simulations are done with spot sizes and pulse lengths
obtained from the fits to the data shown in Fig. 1. As
we have measured only the energy spread for a charge of
2 nC, we use this value of 0.25% for all the simulations
shown in Fig. 4. Using the data for spot size and pulse
length, we have evaluated the FEL parameter r and

FIG. 3. Measured average FEL output energy (nJ) per mi-
cropulse for different electron beam micropulse charges (nC).
The data are for single rf macropulses, representing an average
of 780 individual micropulses. The error in the energy mea-
surement is smaller than the data points—about 7%.

verified that it is always larger than 2.5 3 1023. Hence a
smaller value of the energy spread at lower charge should
not substantially modify the results shown in Fig. 4 [8,9].
GINGER simulates SASE, starting the FEL equations from
a noise in the initial longitudinal distribution. To avoid
doing several hundred runs to get average values for the
intensity, and since the gain length is independent of the
initial noise, the GINGER simulations in Fig. 4 have been
normalized to the 167A data point so that the predicted
growth rate can be compared with that observed.
From the GINGER results, we can evaluate the gain length

at any given charge. At 2.2 nC, GINGER gives a value for
the field gain length of 25 cm, much larger than the 1D
gain length, as we expect given the importance of diffrac-
tion. As an additional check, we may evaluate the gain by
comparing the measured value for the output intensity at
2.2 nC with the calculated spontaneous radiation intensity
[15] in one gain length. Evaluating the spontaneous radia-
tion for 2.2 nC within a solid angle Vc and a linewidth
1�Nu we obtain 1.6 pJ for the entire undulator and i0 �
1.6pj 3 �Lg�Lu� for the first gain length. Since in our
case diffraction is strong, it is a good approximation to as-
sume only one transverse mode is amplified. Evaluating
the coupling coefficient C [10] we obtain C � 0.3. Us-
ing the measured intensity i � �i0�9�C exp�2Lu�Lg� �
32 nJ at 2.2 nC and solving for the gain length, we ob-
tain a field gain length of 26 cm, consistent with GINGER.
For a field gain length of 25 cm and an undulator length
of 2 m we obtain a power gain of 3 3 105.
As discussed earlier, the output intensity of an indi-

vidual micropulse is a random quantity proportional to
the spontaneous radiation intensity, which is itself pro-
portional to the initial longitudinal electron bunching at
the output radiation wavelength. By using a high speed
(1 ns response time) liquid helium cooled Cu:Ge detector,
the intensity fluctuations of individual micropulses were

FIG. 4. Measured average FEL output energy (nJ) compared
to GINGER simulations for different electron beam peak currents.
The variation in beam density shown in Fig. 1 was also taken
into account in the simulations. The results of the GINGER
simulations have been normalized to the 167A data to allow
comparison of the predicted growth rate.

4869

Fig. 66: Undulator radiation signal versus current and comparison with theory, from [477]

This result showed that the high gain single-pass FEL potentialities at intermediate wavelengths
opened new perspectives. The electron beam micro-bunching at the exit of the SASE FEL was measured
by observing coherent transition radiation, presenting a narrowband frequency spectrum [478].

LEULT, ARGONNE, USA

SASE saturation was then achieved in 2000 at Argonne National Laboratory in the visible at 530 nm,
385 nm [479, 480]. The electron bunch from the Low-Energy Undulator Test Line (LEUTL) is initially
accelerated to 5 MeV (8π mm mrad emittance), then injected into the linear accelerator, and further
accelerated to the desired energy (up to a maximum of 650 MeV), and compressed to increase the peak
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current. Nine undulators 2.4 m long undulator segments (72 × 33 mm period, 1 T field, deflection
parameter of 3.1) are used. They are separated by 38 cm in order to insure a proper phase matching and
accommodate diagnostics, a quadrupole magnet, and steerers. An effective gain length of about 1.5 m
was first measured [479] while saturation was then observed [480] as shown in Fig. 67.

first undulator. The spread is due to both the
inherent statistical fluctuation of the SASE
process (i.e., the finite number of longitudinal
coherence lengths) and fluctuations in the
beam properties entering the undulator. Sta-
bility of the system was good, as evidenced
by the two indistinguishable measured data
points at 21.6 m. One was measured at the
beginning of the experiment, and the other
was measured at the end. Saturation of the
SASE process following the seventh undula-
tor (16.8 m) is apparent.

To achieve the observed saturation, we
compressed the electron bunch to maximize
the peak current. In this situation, the full
width at half maximum (FWHM) bunch
length (!140 "m) was then shorter than the
distance by which the radiation slips ahead of
the bunch before reaching saturation (!270
"m in seven undulators). Thus, radiation that
slips ahead of the electron bunch stops inter-
acting with the electrons and propagates in
free space. The FEL interaction is also very
nonuniform across the electron bunch length
because the trailing part of the electron bunch
experiences less radiation field than the lead-
ing part. As a result, the strong slippage effect
somewhat reduces the total gain, as well as
the saturation level. We simulated this slip-
page effect with the time-dependent FEL
code GINGER (29), using the beam parame-
ters listed in Table 1 (column A). Fifty inde-
pendent SASE runs were made by starting the
simulation from random shot noise, and the
results were averaged. The simulated radia-
tion pulse energy was normalized to the mea-
sured pulse energy following the second un-
dulator. This choice was made because the
simulated spectral bandwidth (roughly a few
percent and sufficient for SASE) is not suf-
ficient for fully simulating the spontaneous
emission following the first undulator. In this
short-pulse regime, the saturation level is
!2 # 105 times that of the pulse energy
measured after the first undulator. Very good
agreement is found between the experimental
data and the simulation. In particular, the gain
length (slope) and the location of saturation
(at 17 m) are correctly modeled. Table 1
(column A) also lists the calculated gain
length obtained from the theoretical interpo-
lating formula (27) and from the fit to the
experimental data.

To confirm that the energy roll-off seen
in Fig. 3A was due to saturation and not to,
e.g., defects in the undulators’ magnetic
fields or beam trajectory problems, we
deliberately detuned the electron beam (this
was done by increasing the bunch length
while maintaining the same charge and thus
decreasing the peak current) so as to obtain
exponential gain down the entire undulator
line without saturation (Fig. 3B). The rele-
vant beam parameters are found in column
B of Table 1. The longer bunch length

also insured that slippage effects were not
an issue and that a more direct comparison
of the theoretical intensities to those mea-
sured could be made. Stability over time
was checked as in Fig. 3A at the 21.6-m
data point. The two data points are nearly
indistinguishable.

A direct comparison of the experimental
and theoretical saturation power levels is hin-
dered because of the lack of an absolute mea-
surement of the radiation pulse energy and the
pulse length. Nevertheless, one can make an
indirect comparison based on the ratio of the
saturated pulse energy to the pulse energy

following the first undulator. Assuming the
pulse energy at station 1 is mostly spontane-
ous radiation, we find that the energy radiated
into a rms angular cone $%r/(2N1%u) is
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where N1 is the number of periods in one
undulator and *t is the rms bunch duration.
Because the local gain is the largest in re-
gions of highest local beam current, the ef-
fective radiation pulse length is narrowed

Fig. 3. Optical beam ener-
gy (time-integrated pow-
er) as a function of dis-
tance down the undulator,
under various electron
beam conditions. (A) Table
1, column A, 530-nm satu-
rated conditions. (B) Table
1, column B, 530-nm un-
saturated conditions. (C)
Table 1, column C, 385-nm
saturated conditions. For
the data shown, 100 imag-
es were taken at each di-
agnostic station and used
to generate the data
points. Images showing ev-
idence of camera satura-
tion were discarded. Plot-
ted are the 25th, 50th
(central diamond), and
75th integrated intensity
percentiles at each station,
with the 25th and 75th
connected as a solid line.
The solid curves represent
GINGER simulation results.

Table 1. Measured beam parameters, measured gain length, calculated gain lengths, and radiation mode
properties. Column A shows data from 530-nm saturated conditions, column B shows data from 530-nm
unsaturated conditions, and column C shows data from 385-nm saturated conditions.

Parameter A B C

Charge (nC) 0.30+ 0.02 0.33+ 0.007 0.30+ 0.02
rms bunch length (ps) 0.19+ 0.02 0.77+ 0.05 0.65+ 0.05
Peak current (A) 630+ 78 171+ 12 184+ 19
Normalized emittance () mm ! mrad) 8.5+ 0.9 8.5+ 1.1 7.1+ 0.5
rms energy spread (%) 0.4+ 0.1 0.2+ 0.1 0.1+ 0.1
Nominal radiation wavelength (nm) 530 530 385
Measured gain length (m) 0.97 1.4 0.76
Calculated gain length (m) 1.0 1.3 0.80
Calculated FWHM angular
divergence (mrad)

0.74 0.62 0.71

Measured FWHM angular
divergence (mrad)

0.55 to 1.1 0.76 to 1.2 0.71 to 1.2
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first undulator. The spread is due to both the
inherent statistical fluctuation of the SASE
process (i.e., the finite number of longitudinal
coherence lengths) and fluctuations in the
beam properties entering the undulator. Sta-
bility of the system was good, as evidenced
by the two indistinguishable measured data
points at 21.6 m. One was measured at the
beginning of the experiment, and the other
was measured at the end. Saturation of the
SASE process following the seventh undula-
tor (16.8 m) is apparent.

To achieve the observed saturation, we
compressed the electron bunch to maximize
the peak current. In this situation, the full
width at half maximum (FWHM) bunch
length (!140 "m) was then shorter than the
distance by which the radiation slips ahead of
the bunch before reaching saturation (!270
"m in seven undulators). Thus, radiation that
slips ahead of the electron bunch stops inter-
acting with the electrons and propagates in
free space. The FEL interaction is also very
nonuniform across the electron bunch length
because the trailing part of the electron bunch
experiences less radiation field than the lead-
ing part. As a result, the strong slippage effect
somewhat reduces the total gain, as well as
the saturation level. We simulated this slip-
page effect with the time-dependent FEL
code GINGER (29), using the beam parame-
ters listed in Table 1 (column A). Fifty inde-
pendent SASE runs were made by starting the
simulation from random shot noise, and the
results were averaged. The simulated radia-
tion pulse energy was normalized to the mea-
sured pulse energy following the second un-
dulator. This choice was made because the
simulated spectral bandwidth (roughly a few
percent and sufficient for SASE) is not suf-
ficient for fully simulating the spontaneous
emission following the first undulator. In this
short-pulse regime, the saturation level is
!2 # 105 times that of the pulse energy
measured after the first undulator. Very good
agreement is found between the experimental
data and the simulation. In particular, the gain
length (slope) and the location of saturation
(at 17 m) are correctly modeled. Table 1
(column A) also lists the calculated gain
length obtained from the theoretical interpo-
lating formula (27) and from the fit to the
experimental data.

To confirm that the energy roll-off seen
in Fig. 3A was due to saturation and not to,
e.g., defects in the undulators’ magnetic
fields or beam trajectory problems, we
deliberately detuned the electron beam (this
was done by increasing the bunch length
while maintaining the same charge and thus
decreasing the peak current) so as to obtain
exponential gain down the entire undulator
line without saturation (Fig. 3B). The rele-
vant beam parameters are found in column
B of Table 1. The longer bunch length

also insured that slippage effects were not
an issue and that a more direct comparison
of the theoretical intensities to those mea-
sured could be made. Stability over time
was checked as in Fig. 3A at the 21.6-m
data point. The two data points are nearly
indistinguishable.

A direct comparison of the experimental
and theoretical saturation power levels is hin-
dered because of the lack of an absolute mea-
surement of the radiation pulse energy and the
pulse length. Nevertheless, one can make an
indirect comparison based on the ratio of the
saturated pulse energy to the pulse energy

following the first undulator. Assuming the
pulse energy at station 1 is mostly spontane-
ous radiation, we find that the energy radiated
into a rms angular cone $%r/(2N1%u) is
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where N1 is the number of periods in one
undulator and *t is the rms bunch duration.
Because the local gain is the largest in re-
gions of highest local beam current, the ef-
fective radiation pulse length is narrowed

Fig. 3. Optical beam ener-
gy (time-integrated pow-
er) as a function of dis-
tance down the undulator,
under various electron
beam conditions. (A) Table
1, column A, 530-nm satu-
rated conditions. (B) Table
1, column B, 530-nm un-
saturated conditions. (C)
Table 1, column C, 385-nm
saturated conditions. For
the data shown, 100 imag-
es were taken at each di-
agnostic station and used
to generate the data
points. Images showing ev-
idence of camera satura-
tion were discarded. Plot-
ted are the 25th, 50th
(central diamond), and
75th integrated intensity
percentiles at each station,
with the 25th and 75th
connected as a solid line.
The solid curves represent
GINGER simulation results.

Table 1. Measured beam parameters, measured gain length, calculated gain lengths, and radiation mode
properties. Column A shows data from 530-nm saturated conditions, column B shows data from 530-nm
unsaturated conditions, and column C shows data from 385-nm saturated conditions.

Parameter A B C

Charge (nC) 0.30+ 0.02 0.33+ 0.007 0.30+ 0.02
rms bunch length (ps) 0.19+ 0.02 0.77+ 0.05 0.65+ 0.05
Peak current (A) 630+ 78 171+ 12 184+ 19
Normalized emittance () mm ! mrad) 8.5+ 0.9 8.5+ 1.1 7.1+ 0.5
rms energy spread (%) 0.4+ 0.1 0.2+ 0.1 0.1+ 0.1
Nominal radiation wavelength (nm) 530 530 385
Measured gain length (m) 0.97 1.4 0.76
Calculated gain length (m) 1.0 1.3 0.80
Calculated FWHM angular
divergence (mrad)

0.74 0.62 0.71

Measured FWHM angular
divergence (mrad)

0.55 to 1.1 0.76 to 1.2 0.71 to 1.2
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first undulator. The spread is due to both the
inherent statistical fluctuation of the SASE
process (i.e., the finite number of longitudinal
coherence lengths) and fluctuations in the
beam properties entering the undulator. Sta-
bility of the system was good, as evidenced
by the two indistinguishable measured data
points at 21.6 m. One was measured at the
beginning of the experiment, and the other
was measured at the end. Saturation of the
SASE process following the seventh undula-
tor (16.8 m) is apparent.

To achieve the observed saturation, we
compressed the electron bunch to maximize
the peak current. In this situation, the full
width at half maximum (FWHM) bunch
length (!140 "m) was then shorter than the
distance by which the radiation slips ahead of
the bunch before reaching saturation (!270
"m in seven undulators). Thus, radiation that
slips ahead of the electron bunch stops inter-
acting with the electrons and propagates in
free space. The FEL interaction is also very
nonuniform across the electron bunch length
because the trailing part of the electron bunch
experiences less radiation field than the lead-
ing part. As a result, the strong slippage effect
somewhat reduces the total gain, as well as
the saturation level. We simulated this slip-
page effect with the time-dependent FEL
code GINGER (29), using the beam parame-
ters listed in Table 1 (column A). Fifty inde-
pendent SASE runs were made by starting the
simulation from random shot noise, and the
results were averaged. The simulated radia-
tion pulse energy was normalized to the mea-
sured pulse energy following the second un-
dulator. This choice was made because the
simulated spectral bandwidth (roughly a few
percent and sufficient for SASE) is not suf-
ficient for fully simulating the spontaneous
emission following the first undulator. In this
short-pulse regime, the saturation level is
!2 # 105 times that of the pulse energy
measured after the first undulator. Very good
agreement is found between the experimental
data and the simulation. In particular, the gain
length (slope) and the location of saturation
(at 17 m) are correctly modeled. Table 1
(column A) also lists the calculated gain
length obtained from the theoretical interpo-
lating formula (27) and from the fit to the
experimental data.

To confirm that the energy roll-off seen
in Fig. 3A was due to saturation and not to,
e.g., defects in the undulators’ magnetic
fields or beam trajectory problems, we
deliberately detuned the electron beam (this
was done by increasing the bunch length
while maintaining the same charge and thus
decreasing the peak current) so as to obtain
exponential gain down the entire undulator
line without saturation (Fig. 3B). The rele-
vant beam parameters are found in column
B of Table 1. The longer bunch length

also insured that slippage effects were not
an issue and that a more direct comparison
of the theoretical intensities to those mea-
sured could be made. Stability over time
was checked as in Fig. 3A at the 21.6-m
data point. The two data points are nearly
indistinguishable.

A direct comparison of the experimental
and theoretical saturation power levels is hin-
dered because of the lack of an absolute mea-
surement of the radiation pulse energy and the
pulse length. Nevertheless, one can make an
indirect comparison based on the ratio of the
saturated pulse energy to the pulse energy

following the first undulator. Assuming the
pulse energy at station 1 is mostly spontane-
ous radiation, we find that the energy radiated
into a rms angular cone $%r/(2N1%u) is
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where N1 is the number of periods in one
undulator and *t is the rms bunch duration.
Because the local gain is the largest in re-
gions of highest local beam current, the ef-
fective radiation pulse length is narrowed

Fig. 3. Optical beam ener-
gy (time-integrated pow-
er) as a function of dis-
tance down the undulator,
under various electron
beam conditions. (A) Table
1, column A, 530-nm satu-
rated conditions. (B) Table
1, column B, 530-nm un-
saturated conditions. (C)
Table 1, column C, 385-nm
saturated conditions. For
the data shown, 100 imag-
es were taken at each di-
agnostic station and used
to generate the data
points. Images showing ev-
idence of camera satura-
tion were discarded. Plot-
ted are the 25th, 50th
(central diamond), and
75th integrated intensity
percentiles at each station,
with the 25th and 75th
connected as a solid line.
The solid curves represent
GINGER simulation results.

Table 1. Measured beam parameters, measured gain length, calculated gain lengths, and radiation mode
properties. Column A shows data from 530-nm saturated conditions, column B shows data from 530-nm
unsaturated conditions, and column C shows data from 385-nm saturated conditions.

Parameter A B C

Charge (nC) 0.30+ 0.02 0.33+ 0.007 0.30+ 0.02
rms bunch length (ps) 0.19+ 0.02 0.77+ 0.05 0.65+ 0.05
Peak current (A) 630+ 78 171+ 12 184+ 19
Normalized emittance () mm ! mrad) 8.5+ 0.9 8.5+ 1.1 7.1+ 0.5
rms energy spread (%) 0.4+ 0.1 0.2+ 0.1 0.1+ 0.1
Nominal radiation wavelength (nm) 530 530 385
Measured gain length (m) 0.97 1.4 0.76
Calculated gain length (m) 1.0 1.3 0.80
Calculated FWHM angular
divergence (mrad)

0.74 0.62 0.71

Measured FWHM angular
divergence (mrad)

0.55 to 1.1 0.76 to 1.2 0.71 to 1.2
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first undulator. The spread is due to both the
inherent statistical fluctuation of the SASE
process (i.e., the finite number of longitudinal
coherence lengths) and fluctuations in the
beam properties entering the undulator. Sta-
bility of the system was good, as evidenced
by the two indistinguishable measured data
points at 21.6 m. One was measured at the
beginning of the experiment, and the other
was measured at the end. Saturation of the
SASE process following the seventh undula-
tor (16.8 m) is apparent.

To achieve the observed saturation, we
compressed the electron bunch to maximize
the peak current. In this situation, the full
width at half maximum (FWHM) bunch
length (!140 "m) was then shorter than the
distance by which the radiation slips ahead of
the bunch before reaching saturation (!270
"m in seven undulators). Thus, radiation that
slips ahead of the electron bunch stops inter-
acting with the electrons and propagates in
free space. The FEL interaction is also very
nonuniform across the electron bunch length
because the trailing part of the electron bunch
experiences less radiation field than the lead-
ing part. As a result, the strong slippage effect
somewhat reduces the total gain, as well as
the saturation level. We simulated this slip-
page effect with the time-dependent FEL
code GINGER (29), using the beam parame-
ters listed in Table 1 (column A). Fifty inde-
pendent SASE runs were made by starting the
simulation from random shot noise, and the
results were averaged. The simulated radia-
tion pulse energy was normalized to the mea-
sured pulse energy following the second un-
dulator. This choice was made because the
simulated spectral bandwidth (roughly a few
percent and sufficient for SASE) is not suf-
ficient for fully simulating the spontaneous
emission following the first undulator. In this
short-pulse regime, the saturation level is
!2 # 105 times that of the pulse energy
measured after the first undulator. Very good
agreement is found between the experimental
data and the simulation. In particular, the gain
length (slope) and the location of saturation
(at 17 m) are correctly modeled. Table 1
(column A) also lists the calculated gain
length obtained from the theoretical interpo-
lating formula (27) and from the fit to the
experimental data.

To confirm that the energy roll-off seen
in Fig. 3A was due to saturation and not to,
e.g., defects in the undulators’ magnetic
fields or beam trajectory problems, we
deliberately detuned the electron beam (this
was done by increasing the bunch length
while maintaining the same charge and thus
decreasing the peak current) so as to obtain
exponential gain down the entire undulator
line without saturation (Fig. 3B). The rele-
vant beam parameters are found in column
B of Table 1. The longer bunch length

also insured that slippage effects were not
an issue and that a more direct comparison
of the theoretical intensities to those mea-
sured could be made. Stability over time
was checked as in Fig. 3A at the 21.6-m
data point. The two data points are nearly
indistinguishable.

A direct comparison of the experimental
and theoretical saturation power levels is hin-
dered because of the lack of an absolute mea-
surement of the radiation pulse energy and the
pulse length. Nevertheless, one can make an
indirect comparison based on the ratio of the
saturated pulse energy to the pulse energy

following the first undulator. Assuming the
pulse energy at station 1 is mostly spontane-
ous radiation, we find that the energy radiated
into a rms angular cone $%r/(2N1%u) is
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where N1 is the number of periods in one
undulator and *t is the rms bunch duration.
Because the local gain is the largest in re-
gions of highest local beam current, the ef-
fective radiation pulse length is narrowed

Fig. 3. Optical beam ener-
gy (time-integrated pow-
er) as a function of dis-
tance down the undulator,
under various electron
beam conditions. (A) Table
1, column A, 530-nm satu-
rated conditions. (B) Table
1, column B, 530-nm un-
saturated conditions. (C)
Table 1, column C, 385-nm
saturated conditions. For
the data shown, 100 imag-
es were taken at each di-
agnostic station and used
to generate the data
points. Images showing ev-
idence of camera satura-
tion were discarded. Plot-
ted are the 25th, 50th
(central diamond), and
75th integrated intensity
percentiles at each station,
with the 25th and 75th
connected as a solid line.
The solid curves represent
GINGER simulation results.

Table 1. Measured beam parameters, measured gain length, calculated gain lengths, and radiation mode
properties. Column A shows data from 530-nm saturated conditions, column B shows data from 530-nm
unsaturated conditions, and column C shows data from 385-nm saturated conditions.

Parameter A B C

Charge (nC) 0.30+ 0.02 0.33+ 0.007 0.30+ 0.02
rms bunch length (ps) 0.19+ 0.02 0.77+ 0.05 0.65+ 0.05
Peak current (A) 630+ 78 171+ 12 184+ 19
Normalized emittance () mm ! mrad) 8.5+ 0.9 8.5+ 1.1 7.1+ 0.5
rms energy spread (%) 0.4+ 0.1 0.2+ 0.1 0.1+ 0.1
Nominal radiation wavelength (nm) 530 530 385
Measured gain length (m) 0.97 1.4 0.76
Calculated gain length (m) 1.0 1.3 0.80
Calculated FWHM angular
divergence (mrad)

0.74 0.62 0.71

Measured FWHM angular
divergence (mrad)

0.55 to 1.1 0.76 to 1.2 0.71 to 1.2
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530 nm 385 nm

Fig. 67: SASE versus undulator length at 530 and 385 nm, from [480]

VISA, BNL-SLAC-LLNL-UCLA, USA

Saturation has been observed on the VISA (Visible to Infrared SASE Amplifier) experiment on the
Accelerator Test Facility (ATF) at Brookhaven National Laboratory [481, 482]. The electron beam from
an S-band, 1.6 cell photocathode RF gun is accelerated to 72 MeV (200 A peak current, 2π mm mrad
emittance, 0.17% energy spread) and sent into the 4 m long VISA planar undulator (18 mm period,
6 mm gap) [481]. Non-linear harmonic radiation of 845 nm at 423 nm and 281 nm was observed using
the VISA SASE FEL at saturation [481], as shown in Fig. 68. The measured non-linear harmonic gain
lengths decreased with harmonic number, as expected. Both the second and third non-linear harmonics
energies are about 1% of the fundamental energy. This result was the first observation of non-linear
harmonic SASE FEL radiation which demonstrated its potentialities to produce coherent, femtosecond
X-rays.
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expected for future short wavelength SASE FELs driven
by high-brightness electron beams.

The nonlinear harmonics as a function of distance for
the three lowest SASE FEL modes were measured using
factory-calibrated Molectron joulemeters. Two bandpass
filters were placed before the joulemeter for each harmonic
measurement. Each filter attenuates the fundamental signal
by at least a factor of 1000; thus combining two filters leads
to 6 orders of magnitude attenuation outside of the pass-
band. Figure 2 shows a log-linear plot for fundamental,
2nd and 3rd harmonics vs distance along the second half
of the 4-m VISA undulator. The deviation of the last two
points from exponential growth for the fundamental mode
demonstrates SASE saturation. The fundamental satura-
tion length is about 3.8 m.

A fundamental gain length of Lg ! 19 cm is obtained
from Fig. 2. To obtain the harmonic gain lengths, Lg,2
and Lg,3, the data in the linear harmonic region are ex-
cluded. The 2nd harmonic gain length is measured to be
Lg,2 ! 9.8 cm. Because of the limited number of diagnos-
tic pop-ins, only two points for the nonlinear 3rd harmonic
regime could be used to estimate the gain length. Multiple
measurements resulted in a 6-cm average growth rate,
which is consistent with the gain length relation quoted
in Eq. (3) below. Figure 2 shows the nonlinear harmonic
radiation grows faster compared to the fundamental. Our
measurements confirm nonlinear harmonic generation the-
ory [8–10], in which the gain length decreases with the
harmonic number, n.

Lg,n !
Lg

n
. (3)

Finally, the energy for each mode was measured down-
stream of the undulator. Table II shows the nonlinear har-
monic energies measured at the end of the undulator and

FIG. 2. Energy vs distance for the fundamental, 2nd and 3rd
harmonics. The gain lengths for these are 19, 9.8, and 6.0 cm,
respectively.

the harmonic energy as a percentage of the fundamental.
It can be seen from Table II that not only is there signifi-
cant UV (281 nm, 3rd harmonic) energy, but there is also
comparable energy in the green (423 nm, 2nd harmonic).
The relatively large amount of 2nd harmonic energy from
a planar undulator is due to the low electron beam energy
used in this experiment. The 2nd and 3rd nonlinear har-
monic energies are related by [30]

E2 ! E3

µ
K

gkusx

∂2µ
K2

K3

∂2µ
b2

b3

∂2

, (4)

where K ! 1.28 is the undulator parameter, g is the beam
energy, ku is the undulator wave number, sx is the rms
beam size, and bn are the harmonic bunching parameters.
Kn are the coupling coefficients [30]:

Kn ! K"21#"n21#$2%J"n21#$2"nj# 2 J"n11#$2"nj#& ,

n ! 1, 3, 5, . . . , (5)

Kn ! K"21#"n22#$2%JØn$2"nj#&, n ! 2, 4, 6, . . . ,

where j ! K2$"4 1 2K2# and J"nj# is the Bessel
function.

Using the parameters in Table I, GENESIS [31] simula-
tions produce harmonic bunching parameters of b2 ! 0.47
and b3 ! 0.28 near saturation. Inserting the GENESIS re-
sults into Eqs. (4) and (5), NHG theory predicts that the
3rd and 2nd harmonic energies should be 1% and 1.6%
of the fundamental, respectively. The measured 3rd and
2nd harmonics are 0.8% and 1.8% (Table II) of the funda-
mental, with the ratio E2$E3 ! 2.3.

The slight discrepancy between the measured and cal-
culated energy ratio could arise from two sources: First,
for each harmonic measurement, the signal passes through
two narrow band filters. The errors in calibrating the trans-
mission coefficient for such filters is one possible source,
especially for the 3rd harmonic where each filter attenuates
the desired signal by 80%. Second, the VISA beam profile
monitors have a resolution no better than 15 mm. An er-
ror in spot size measurements of this order could account
for the remainder of the discrepancy described above since
the energy ratio given in Eq. (4) strongly depends on the
ratio of the wiggle amplitude to the transverse spot size,
K$gku:sx.

The on-axis radiation is dominated by the odd harmon-
ics for a planar undulator. If the off-axis radiation is col-
lected, the even harmonic is observed to be quite significant
and comparable to the odd harmonic for the VISA FEL.

TABLE II. Measured harmonic energy for fundamental, 2nd
and 3rd harmonics.

Mode n 1 2 3
Wavelength (nm) lf 845 423 281
Energy (mJ) En 52 0.93 0.40
% of fundamental energy En

E1
3 100 1.8 0.77

204801-3 204801-3

Fig. 68: Energy growth on the first, second, and third harmonics on the VISA experiment, from [481]

7.2.3 SASE observation in the VUV-soft X-ray
In the same years, a major step was achieved with the observation of SASE radiation in the VUV spectral
range. The test facilities were then used as a source for scientific applications. Indeed, the pioneering
users had also to learn about these new sources with their high peak power, spiky structure, pulse to pulse
jitter, and short pulses.
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FLASH, HAMBURG, GERMANY

B. Wiik, director of DESY (Deutsches Elektronen-Synchrotron), after a sabbatical at SLAC in 1992,
considered, with G. Materlik, the possibility to build a short wavelength FEL using the TESLA accel-
erator, developed for the future collider. Indeed, the electron beam requirements were similar. A first
Review Committee was set in 1995 and gave a positive feedback on the FEL proposal. TTF (TESLA
Test Facility) was built in 1997 to test the superconducting technology for the planned linear collider
TESLA, which has been replaced by the International Linear Collider. J. Schnieder reported about this
time as: “Based on the good experience with superconducting technology at the large hadron lepton
collider HERA at DESY and the need for high luminosity at the linear collider, the challenge was ac-
cepted to realize the accelerator in superconducting RF technology in a large international effort. The
so-called TESLA collaboration was founded, which by the end of 2002 included 50 institutions from
12 countries. The ambitious goal was to increase the gradient of the accelerator by a factor of 5 and to
reduce the cost of the cryomodules by a factor of 5, which has now been achieved” [483]. The FEL on
TESTA-TTF [484, 485] was seen as a test-bench for the technology and physics for a future European
XFEL project. The first design considered a 1 GeV electron beam with an emittance of 2π mm mrad,
a peak current of 2 kA, a relative energy spread of 0.1%, a 25 m effective undulator length (27.3 mm
period, 12 mm gap, 0.5 T field) for generating a FEL at 6.4 nm with a 3 GW saturation power, up to
7200 pulses can be present in the 800 µm long macropulse, at 10 Hz repetition rate thanks to the choice
of a superconducting linear accelerator. Later, the TTF-FEL was renamed FLASH (free electron laser in
Hamburg).

A UV (7 ps pulses) laser-driven 1.5 cell RF gun at 1.3 GHz with a Cs2Te cathode delivers electrons
which are sent in superconducting TESLA-type accelerator modules for reaching a 1 GeV electron beam,
with a compression chicane in between before reaching fixed gap undulator segments (0.46 T magnetic
field). First experiments were carried out with 233 MeV electron beam (emittance of 6π mm mrad, a peak
current of 0.4 kA, a relative energy spread of 0.13%), enabling a gain of 3000 at 109 nm and studies of
statistical properties, as shown in Fig. 69 [486], in 2000 and then saturation [487] in 2001, i.e. 25 years
after the FEL invention. Tuneability in 80–120 nm range was demonstrated, and a very high degree of
photon beam transverse coherence was observed. This result competed the shortest wavelength achieved
on a FEL oscillator (on a storage ring).
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FIG. 3. Wavelength spectrum of the central radiation cone
(collimation angle 60.2 mrad), taken at maximum FEL gain.
The dotted line is the result of numerical simulation. The bunch
charge is 1 nC.

A characteristic feature of SASE FELs is the concen-
tration of radiation power into a cone much narrower than
that of wavelength integrated undulator radiation, whose
opening angle is on the order of 1!g. Measurements done
by moving the 0.5 mm iris horizontally together with the
photodiode confirm this expectation (see Fig. 4). To be
visible on this scale, the spontaneous intensity is amplified
by a factor of 30. The energy flux is 2 nJ!mm2 at the lo-
cation of the detector, and the on-axis flux per unit solid
angle is about 0.3 J!sr (assuming a source position at the
end of the undulator). This value was used as a reference
point for the numerical simulation of the SASE FEL with
the code FAST [26]. The longitudinal profile of the bunch
current was assumed to be Gaussian with an rms length of
0.25 mm. The transverse distribution of the beam current
density was also taken to be Gaussian. Calculations have
been performed for a Gaussian energy spread of 0.1% and
the normalized emittance ´n was varied in the simulations
between 2 and 10p mrad mm. Our calculations show that
in this range of parameters the value of the effective power
of shot noise Pin and coupling factor A " 0.1 [see Eq. (2)]
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FIG. 4. Horizontal intensity profile of SASE FEL and sponta-
neous undulator radiation #330$, measured with a photodiode
behind a 0.5 mm aperture in a distance of 12 m from the end
of the undulator. The dotted line is the result of numerical
simulation.

are nearly constant. A level of energy flux of 0.3 J!sr is
obtained at five field gain lengths Lg. With these parame-
ters the FEL gain can be estimated at G % 3 3 103 with
a factor of 3 uncertainty (i.e., 103 , G , 104) which is
mainly due to the imprecise knowledge of the longitudi-
nal beam profile. If we assume that the entire undulator
contributes to the FEL amplification process, we estimate
the normalized emittance ´n at 8p mrad mm, in reason-
able agreement with the measurements. This value of the
emittance was used for more detailed calculations of the
FEL characteristics. Figures 3 and 4 include typical theo-
retical spectral and angular distributions. In both cases the
experimental curves are wider than the simulation results.
A possible source of the widening is energy and orbit jitter,
since the experimental curves are the results of averaging
over many bunches.

It is essential to realize that the fluctuations seen in
Fig. 2 are not primarily due to unstable operation of the
accelerator but are inherent to the SASE process. Shot
noise in the electron beam causes fluctuations of the beam
density, which are random in time and space [27]. As a
result, the radiation produced by such a beam has random
amplitudes and phases in time and space, and can be de-
scribed in terms of statistical optics. In the linear regime
of a SASE FEL, the radiation pulse energy is expected to
fluctuate according to a gamma distribution p#E$ [28],

p#E$ !
MM

G#M$

µ
E

&E'

∂M21 1
&E'

exp
µ
2M

E
&E'

∂
, (3)

where &E' is the mean energy, G#M$ is the gamma function
with argument M, and M21 ! &&&#E 2 &E'$2'''!&E'2 is the
normalized variance of E. The parameter M corresponds
to the number of optical modes. Note that the same type
of statistics applies for completely chaotic polarized light,
in particular for spontaneous undulator radiation.

For our statistical measurements the signals from 3000
radiation pulses have been recorded, with the small iris
(0.5 mm diam) in front of the photodiode to guarantee that

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5
λ = 109 nm

M = 14.4
σ = 26%

P
ro

b
ab

ili
ty

, p
(E

/<
E

>)

E/<E>

FIG. 5. Probability distribution of SASE intensity. The rms
fluctuation yields a number of longitudinal modes M ! 14. The
solid curve is the gamma distribution for M ! 14.4. The bunch
charge is 1 nC.
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Fig. 69: SASE probability distribution, from [486]

With higher peak current, the GW level (close to 1 µJ energy) had been reached in the 95–105 nm
spectral range [488] with a gain length of 67 cm, leading to a cooperation length of 5 µm.

These results constitute a major step in the SASE history. First user experiments were started
quickly afterwards [489] and it became a user facility since summer 2005. Then, with some improve-
ments on the accelerator, the 32 nm wavelength was reached with GW level power, ultra-short pulses
(25 fs FWHM, and a high degree of transverse and longitudinal coherence [490] in 2006, at 13.7 nm
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with up to 170 mJ/pulse, 10 fs pulse duration, leading to peak powers of 10 GW [491]. With 700 pulses
per second, the average power reached 20 mW. Harmonics were also quite intense with one or two orders
of magnitude of power reduction (0.6% for the third (4.6 nm) and 0.03% and the fifth (2.75 nm) harmon-
ics) in the water window of interest for biological samples. With an upgrade of the linac enabling us to
reach 1 GeV, the spectral range was extended down to 6.5 nm [492]. Then a third harmonic RF cavity
for phase space linearization coupled to an energy increase up to 1.25 GeV led to FEL operation down
to 4.1 nm [493], i.e. in the water window on the fundamental wavelength.

Thanks to the high repetition rate of the superconducting linac, two FEL branches can be oper-
ated simultaneously, as shown in Fig. 70, with the development of FLASH-II branch with variable gap
undulators [494].

315 m

5 MeV 150 MeV 1250 MeV

Bunch Compressors

450 MeV

Accelerating StructuresRF Stations

Lasers
RF Gun

Soft X-ray 

UndulatorssFLASH

FEL Experiments

Photon 

DiagnosticsTHz
FLASH1

Fig. 70: Present FLASH layout from https://flash.desy.de/

While electron beam requirements from colliders and FEL met and considering the growing de-
mand of synchrotron radiation, DESY had developed further light sources with respect to high energy
physics after the shutdown of the accelerator HERA in 2007, with third generation light sources (PETRA
III a very low emittance ring, the synchrotron research lab HASYLAB), and FEL-based fourth genera-
tion ones (FLASH, European XFEL). The light sources became the most important facilities of DESY.
E. Saldin (19th FEL Prize in 2006), M. Yurkov (26th FEL Prize in 2015), E. Schneidmiller (26th FEL
Prize in 2015) for the theoretical solid basis of the project and J. Rossbach (19th FEL Prize in 2006)
for project lead brought a significant contribution to the success of FLASH. FLASH results made also
confident the scientific community about the development of even shorter wavelength FELs.

SCSS TEST ACCELERATOR, HARIMA, JAPAN

The idea to combine the high level expertise on high density electron beams generated by linear accel-
erators in C band technology associated with a specific thermoionic gun developed following the work
of T. Shintake (22nd FEL Prize in 2011), on in-vacuum undulators [495, 496] by the H. Kitamura group
and on use of X-ray synchrotron radiation at SPring-8 by T. Ishikawa et al. led to a draft of a compact
and low cost XFEL development concept in April 2000 [497]. R & D was launched on specific hardware
and led to the completion of an in-vacuum undulator with a shorter period and higher magnetic field in
2002, an electron gun and the achievement of a very low emittance in 2003 [498]. After a first RIKEN
symposium held in July 2003, a R&D group for XFEL was established in 2004. The SPring-8 SASE
Source XFEL project was included in January 2005 as an important research objective for future R & D
in the Ministry of Education, Culture, Sports, Science and Technology (MEXT) policy report on promot-
ing science and technology of light and photons. An international Review Committee (M. E. Couprie,
J. Galayda, J. Hastings, S. I. Kurokawa, W. Namkung, J. Schneider, chaired by K. J. Kim) underlined
the specificities of the project: “The SPring-8 Compact SASE Source (SCSS) is an innovative project for
generation and use of intense, coherent, short-pulse X-ray beams. Although its goals are similar to other
X-ray free-electron laser (FEL) projects in the USA and Europe, the SCSS is unique in its compactness
of design and in its co-location with the SPring-8, the world’s leading third-generation X-ray synchrotron
radiation facility” and underlined the more critical components or aspects of the project. Some choices
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were quite original, such as the use of thermo-ionic gun operating at 1450o C with a graphite heater in-
stead of a photoinjector (see Fig. 71), the C-band (5.7 GHz) accelerator technology enabling a 35 MeV/m
with high precision high purity oxygen-free copper structures, short period in-vacuum undulators.

Fig. 71: Thermoionic gun of SCSS Test Accelerator, with T. Shintake

In 2005, the construction of SCSS test accelerator at 250 MeV was launched, recognized by MEXT
as “critical technology of national importance” and a XFEL user group was established and an electron
beam was successfully transported at the end of the year. The key components such as the CeB6 electron
gun [499] with an ultra-low emittance 0.6π mm mrad, the C-band structures and power sources, leading
to an electron beam of 0.3 nC charge (0.3 kA), the in-vacuum undulators (600×15 mm period, maximum
deflection parameter of 1.5 with a 3 mm minimum gap), were successfully developed. In 2006, 49 nm
FEL radiation was obtained and then extended in the 60–40 nm spectral range with an energy of 30 mJ
[500, 501].

7.2.4 SASE observation in the X-ray
Reaching the SASE regime experimentally took one decade after the achievement of the VUV storage
ring FEL oscillator and typically 25 years after the SASE in the far infrared measured on the Livermore
experiment. The FEL in the X-ray in the 0.1 nm spectral region was indeed obtained at Stanford in 2009,
i.e. at the same place where the first FEL was successfully demonstrated in 1977, i.e. 32 years later.
Several X-ray FEL facilities followed.

7.2.4.1 The first observation of SASE radiation in the X-ray domain at Stanford

LCLS, STANFORD, USA

The first considerations to use the SLAC linac combined to a low emittance photoinjector goes back to
the fourth generation workshop held in 1992 [463], the consecutive FEL studies [502], and progress on
high peak current low emittance linear accelerators [503]. A study group was formed in 1992 by H.
Winick at SLAC to study FEL design, performance, and optimization, accelerator (gun, acceleration up
to 70 GeV) and associated beam transport, undulators, lay-out, and scientific applications. The targeted
spectral range was the water window. It lead to the study [502] for a 2–4 nm wavelength FEL using a 10
MeV, S-band photoinjector; part of the SLAC linac to accelerate the beam up to 10 GeV (at 7 GeV with
an emittance of 3π mm mrad, peak current of 2.5 kA, an energy spread of 0.04% (uncorrelated), 0.1%
(correlated); two longitudinal bunch compressors to increase the peak current and reduce the bunch
length to 0.16 ps; and an undulator (83 mm period, 0.78 T field) enabling a 4 nm FEL with 11 mJ
energy per pulse and a 60 m saturation length. The considered photoinjector was consisting of a 3.5 cell
π-mode standing wave 100 MV/m accelerating structure, with a metal photocathode illuminated by a
2 ps laser pulse, providing a 3π mm mrad emittance, 250AA peak current, 1.6 ps RMS pulse duration,
0.15% relative energy spread. “In April 1992, it was considered to submit a proposal for a 2 to 4 nm
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FEL to the US Department of Energy for construction starting in 1995, and development work to be
done between 1992 and 1995. The name LCLS, introduced by Winick, appears for the first time in
a memorandum dated June 13, 1992” [3]. Applications were discussed in the “Scientific applications
of short wavelengths coherent light sources” workshop (chairs: W. Spicer, J. Arthur, H. Winick, Oct.
1992) and concerns were expressed about the sample damage induced by the high intensity of such
a FEL. The working group studies were presented to a review committee (J. Bisognano, L. Elias, J.
Goldstein, B. Newnam, K. Robinson, A. Sessler, R. Sheffield, chair: I. Ben Zvi) that concluded that
“there is no physical principle saying that the device would not work” and R&D was recommended
(electron density via electron source emittance and longitudinal pulse compression, beam alignment in
the undulators at 20 µm). In 1994, the Department of Energy, upon the request for funding, asked for
a review by the National Research Council, which ended up with the recommendation from the ‘FEL
and other Advanced Coherent Light’ Committee [209] to continue the research and development towards
an X-ray FEL in order to improve the technology and thus to reduce the cost. A second workshop on
‘Scientific Applications of Coherent X-rays’ in 1994 (J. Arthur, G. Materlik, H. Winick) [504] pointed
out the advantage to use the SLAC linac and the existing building to limit the cost of X-ray FEL, and the
required R&D to reduce the wavelength from 4 nm to 0.15 nm. It envisioned the new paths that could
be opened by a X-ray FEL: “Such an x-ray laser should in fact lead to the same sort of revolutionary
developments in x-ray studies of matter that was produced in optical studies by the introduction of the
visible/UV laser”. The feasibility of accelerating and compressing electron beams for reaching high peak
currents (several 100 A) while keeping emittance constant was assessed [503]. A Conceptual Design
Report for a XFEL in the 0.15–1.5 nm range was completed [505], it was reviewed in 1997. The Basic
Energy Science of US Department of Energy [506] recognized as top priorities funding for LCLS R& D
in the frame of a national effort and the importance of the first SASE experimental results.

The LCLS design [398] considered the use of the existing SLAC accelerating sections, combined
to a photoinjector and undulators. The photoinjector was developed [507, 508] relying on preliminary
results obtained in the frame of the BNL/UCLA/SLAC collaboration. Funds were given following the
recommendations from a panel chaired by S. Leone, and the work has been distributed between different
laboratories: SLAC, UCLA, Livermore Nat. Lab., Argonne, Brookhaven, Los Alamos. A formal project
management structure has been established, with a Scientific Advisory Committee (co-chaired by J.
Stohr and G. Shenoy). A new Conceptual design report was issued in 2002 [509], and additional funds
were provided. A view of LCLS is shown in Fig. 72.

Fig. 72: View of LCLS, from portal.slac.stanford.edu/sites/lcls_public/Pages/Default.aspx

LCLS consists in a photoinjector, derived from the one of the BNL/SLAC/UCLA collaboration
(0.4π mm mrad emittance for 0.4 nC charge, or 0.15π mm mrad emittance for 0.02 nC, the SLAC accel-
erating sections leading to an electron beam of 13.6 GeV, 250 pC (respectively 20 pC) for 0.5π mm mrad
(respectively 0.14π mm mrad) normalized emittance, a relative energy spread of 0.01% and a 3 kA peak
current, thanks to two bunch compressors. A view is shown in Fig. 73. A laser heater is also implemented
to cure from microbunching instability [510].
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Fig. 73: View of LCLS, from portal.slac.stanford.edu/sites/lcls_public/Pages/Default.aspx

The fixed gap undulator 3.4 m long segments (30 mm period, 130 m total length) were built by
Argonne National Lab [511]. Some canting of the magnetic poles (5.5 mrad) was introduced so that the
resonant wavelength can be adjusted by a horizontal translation of the undulator segment. Beam position
monitor and focusing was installed between the undulator modules.

After the commissioning of the injector led by David Dowell (twentieth FEL Prize in 2009), SASE
radiation was achieved in April 2009 at 0.15 nm, very rapidly after sending the electron beam in the
undulators. Saturation was obtained without using the total number of undulator segments [512]. LCLS
was also adjusted with a lows charge and shorter electron bunches [513]. The commissioning of LCLS
was led by Paul Emma (twentieth FEL Prize in 2009), under the project management of John Galayda
(23rd FEL Prize in 2012). Beam based alignment was required [514]. Microbunching instability and
effect of the laser heater were also studied [515]. LCLS now operates in the 0.25–9.5 keV spectral range,
with a 120 Hz repetition rate, with several mJ and pulses as short as 5 fs.

The success of LCLS, the first tuneable X-ray FEL, was a major advance in FEL history. It opened
the way to explore new areas of matter investigation with such a high energy per pulse. There are now
six experimental stations.

7.2.4.2 The second observation of SASE radiation in the X-ray domain in Japan

SACLA, HARIMA, JAPAN

Following the success of the test facility SCSS Test Accelerator in 2006, a review working group con-
cluded that “the XFEL plan should be actively carried forward and the project should be started at an
early date”, and 2.3 billion yen was allocated for construction and research on use of the XFEL facility
by the government at the end of the year. XFEL Project Head Office was established in 2006, and the
project was jointly promoted by RIKEN and Japan Synchrotron Radiation Research Institute (JASRI).
The construction of the XFEL facility in Japan began in July 2009. In 2009, the accelerator and un-
dulator buildings were completed, the thermoionic gun operating at 1450oC with a graphite heater, the
acceleration tubes (see Fig. 74) were installed, undulators started, the experimental building was built in
2011. A fifth XFEL symposium was held in 2009.

The FEL was achieved on June 7, 2011. SASE is operated at SACLA down to 0.08 nm [516]. For
the final adjustments, the undulator segments have been aligned using the photon beam itself [517].

SACLA has also some specificities: it gathers XFEL and SPring-8 in such a way that radiation
from both light sources can be combined on a sample, or the electron beam from the linear accelerator
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Fig. 74: SACLA C-band linac

of SACLA can serve to inject the storage ring for short pulse operation as shown in Fig. 75.

Fig. 75: SACLA FEL top view from http://xfel.riken.jp/eng/. In the long building is installed SACLA with the
different FEL branches, whereas in the rear of the picture, one of the third generation storage ring beamlines, a very
intense laser, and SACLA photon beam can be coupled. The configuration also enables to use the linac electron
beam to inject in the storage ring for very short pulse synchrotron radiation production.

It is the only X-FEL not having a photoinjector, but a thermoionic gun. It is the first X-ray FEL to
have adopted the C-band accelerator technology and in-vacuum undulators (18 mm period).

SACLA now operates with two hard X-ray beamlines. In addition, SCSS Test Accelerator has
been moved, the electron beam energy has been raised and undulators have been added, providing an
additional soft X-ray beamline, presently open to users [518].

7.2.4.3 The next X-ray SASE FELs in the X-ray domain

PAL FEL, POHANG, KOREA

Pohang Accelerator Laboratory launched the study of a XFEL [519] in the beginning of the twentieth
century. Studies were carried out and reviewed. PAL-XFEL uses a 10 GeV S-band linac (0.4π mm mrad
emittance, 60 Hz), two series of undulators (for the hard X-ray line at 10 GeV: 20 segments of 26 mm
period, 0.81 T peak field, 8.3 mm minimum gap; and for the soft-ray beamline at 3.15 GeV: 20 segments
of 35 mm period, 1 T peak field, 9 mm minimum gap) [520] to cover the 0.1–4.5 nm spectral range. The
site of the facility is shown in Fig. 76.
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Fig. 76: PAL FEL site, from http://pal.postech.ac.kr/paleng/Menu.pal?method=menuView-
&pageMode=paleng&top=7&sub=5&sub2=0&sub3=0

The installation of the linac and undulator was completed in January 2016. After approval from
the Radiation Safety Control Agency, commissioning of the accelerator was started from a 135 MeV
injector on April 14, 2016: the first beam from the RF-gun [521] was achieved, and in 11 days, the beam
was accelerated up to 10 GeV and was transported 715 m away from the gun.

The electron beam was then sent at the entrance of the undulator lines, 794 m away from the gun.
The beam was compressed to 3 kA peak current. The first FEL was obtained at 0.5 nm on June 14.
Korea Bizwire made the following announcement on June 30, 2016: “Following the United States and
Japan, Korea became the third country to successfully produce an ‘x-ray free-electron laser’ (XFEL),
often referred to as the ‘dream light’. According to the Ministry of Science, ICT and Future Planning,
the POSTECH (Pohang University of Science and Technology) Pohang Accelerator Laboratory has suc-
ceeded in producing an XFEL with a wavelength of 0.5 nm. The lab started a trial run of the PAL-XFEL
on April 14. The laser was first observed in the early morning of June 14, and the facility was visited on
June 29 by an external verification committee to confirm the laser’s successful production” [522].

Saturation was achieved at 0.144 nm on 27 November 2016, with an energy per pulse of 132 µJ
for a 8 GeV electron beam and an undulator deflection parameter of 1.87, as shown in Fig. 77. The gain
length is 3.43 m. Undulator tapering applied for the last eight undulators led to a further increase of the
FEL intensity [523]. PAL-FEL has two hard X-ray beamlines and one soft X-ray one.

Fig. 77: X-ray FEL at PAL: X-ray spot and power saturation curve, from [523]

SWISSFEL, VILLIGEN, SWITZERLAND

SwissFEL is developed at Paul Scherrer Institute. Following the conceptual design report [525], the
construction started. A special care was dedicated to the preservation of nature, of the site of the Swiss
FEL facility (see lay-out displayed in Fig. 78.
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SwissFEL [526] consists of a very low emittance injector, C-band accelerating sections leading to
5.8 GeV for a 100 Hz repetition rate, and 15 mm period in-vacuum undulators [527], for two different
FEL beamlines: ARAMIS (0.1–0.7 nm) and ATHOS (0.7–7 nm). First, the injector was commissioned
[528]. Then, the full installation was completed. A first lasing was achieved in December 2, 2016 with a
377 MeV electron beam at 24 nm, in May 2017 at 4.1 nm [524] and in October 2017 at 1.2 nm [529].

Fig. 78: SwissFEL layout, from https://www.psi.ch/swissfel/

EUROPEAN FEL, HAMBURG, GERMANY

The European XFEL has a long history. It was already discussed here with the introduction of the
TESLA-TTF FEL. The German Federal Ministry of Education and Research granted permission to build
the XFEL in 2007 at a cost of 850 M euros, under the provision that it should be financed as a European
project. The FEL on TESTA-TTF [484, 485] was seen as a test-bench for the technology and physics of
the future European XFEL project. In 2004–2007 a ‘Science and Technology Issues’ group chaired by
F. Sette was created. 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, bringing financial and/or in-kind contributions.
The 3.4 km long X-ray free electron laser facility extends from Hamburg to the neighbouring town of
Schenefeld in the German federal state of Schleswig-Holstein. Technically, European XFEL [530] 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. 79.

Fig. 79: Sketch of the European X FEL facility, from [531]
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SASE 1 and SASE 2 cover 0.4–0.05 nm spectral range, with a 175 m undulator length, whereas
SASE 3 covers 4.7–0.4 nm spectral range, with a 105 m undulator length. Pulse duration will be shorter
than 100 fs. The flux reaches 1012 ph/s. 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 × 1033 ph/s/mm2/mrad2/0.1% BW).

Civil construction of the facility started in 2009, and 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 B euros. First electrons have been guided from the injector into
the first four 2 K superconducting accelerator modules at −271oC and compression chicane in January
2017 [531] in the cooled main accelerator, as presented in Fig. 80. First lasing was achieved on May 2nd
2017 at a moderate energy of 6.4 GeV at 0.9 nm [532], and after beam based alignment and systematic
tuning of the electron beam properties, at 0.2 nm on May 24nd 2017 with a energy of 1 mJ achieved
three days later.The SASE 1 beam was transported to the experimental hutch in June [533].

Fig. 80: 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 [531].

European XFEL is the next world’s brightest source of ultrashort X-ray pulses and will open up
new research opportunities for scientists and industrial users. Thanks to its ultrashort X-ray flashes, the
facility will enable scientists to map the atomic details of viruses, decipher the molecular composition
of cells, take three-dimensional images of the nanoworld, film chemical reactions, and study processes
such as those occurring deep inside planets.

LCLS-II, STANFORD, USA

LCLS-II [534] will move to the use of a 4 GeV superconducting accelerator technology, in the CW mode
of operation. It will provide a major jump in capability, moving from 120 pulses per second to 1 million
pulses per second. The electron beam properties will be of high quality: normalized slice emittance
of 0.45π mm mrad, slice energy spread of 0.12 × 10−4. The project will also incorporate variable gap
hybrid undulators to cover soft (0.2–1.3 keV, i.e. 0.95–6.2 nm) and hard (1–5 keV, i.e. 0.25–1.2 nm)
X-ray photons at up to MHz rates; hard X-ray above 25 keV (i.e. below 0.05 nm at 120 Hz), with
performance comparable to or exceeding that of the existing LCLS. The project is conducted in the
frame of a collaboration between SLAC, Fermilab, Jefferson Lab., Argonne, Cornell University.

SHANGHAI XFEL, SHANGHAI, CHINA

The construction on the Shanghai Coherent Light Facility (SCLF) for a high repetition rate X-ray Free
Electron Laser at Shanghai relying on a 8 GeV superconducting accelerator technology has been ap-
proved. The super- conducting electron accelerator, undulators and photon beamlines and endstations
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are all installed in 3.1 km under-ground tunnels. Using 3 phase-I undulator lines, the SCLF aims at
generating X-rays between 0.4 and 25 keV at rates up to 1MHz [535].

7.3 SASE properties
7.3.1 SASE longitudinal properties
The SASE emission starts from of the amplification on spontaneous emission and presents generally
spikes in the temporal and spectral distributions, because of non-correlated trains of pulses, resulting in
a partial longitudinal coherence. The SASE spectra observed on FLASH are shown in Fig. 81. They
illustrate the SASE fluctuations: the number of spikes (wave packets) M is typically 2.5, leading, in
using the value of the cooperation length, to FEL pulses of about 50 fs. It can be understood in terms of
statistical properties [536].VOLUME 88, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 2002

signal [9]. The latter quantity is roughly a fraction of spon-
taneous radiation emitted by the electron beam at one gain
length into the coherent angle. In our case, angular accep-
tance of the detector is 3 times larger than the coherent
angle. Next, the detector always measures spontaneous
radiation power emitted from the total undulator length.
Finally, only 10% of the bunch charge produces coherent
radiation (see Fig. 1). As a result, we come to the conclu-
sion that a measured gain of 104 corresponds to the FEL
gain of about 107 in terms of effective power of shot noise.

Each point in Fig. 2 represents the average over 100
bunches. The radiation pulse energy fluctuates from bunch
to bunch. The rms spread s is plotted in Fig. 2 versus the
active undulator length. For a length z , 5 m, the rms
fluctuation is on the order of 4% and mainly given by the
radiation detector. When the FEL radiation exceeds the
level of spontaneous emission, the rms energy spread in-
creases rapidly to more than 60%. It is essential to realize
that these fluctuations are inherent to the SASE process,
and not due to unstable operation of the accelerator. During
the experiment, we performed simultaneous measurements
of individual bunch charges and offsets at the undulator en-
trance, the most critical beam parameters influencing the
FEL process. In order to exclude machine fluctuations,
we performed selection of the pulses having fluctuations
of the charge less than 1% (rms) and orbit deviation less
than 50 mm (rms). After such a data selection, the mea-
sured fluctuations of the radiation energy in the bunch are
dominated by the statistical properties of the SASE FEL
radiation originating from shot noise in the electron beam
which causes fluctuations of the beam density, which are
random in time and space. The number of longitudinal
optical modes amplified by the FEL is thus a statistical
quantity [22]. If the average of this number (denoted M
in the following) is small, significant fluctuations of the
output energy are to be expected. Finally, a sharp drop in
the energy fluctuations is observed when the output power
approaches the saturation level. This observation is a clear
confirmation of the FEL saturation.

Spectral measurements are presented in Fig. 3. Single-
shot spectra were taken with a monochromator (0.2 nm
resolution) equipped with an intensified CCD camera [21].
The bold curve represents the spectrum averaged over
100 bunches. Typical single-shot spectra consist of ap-
proximately two spikes corresponding to the value of M
between 2 and 3 which is in agreement with fluctuation
measurements in the high-gain linear regime, giving the
value of M ! 2.5. Figure 4 shows the angular divergence
of the FEL radiation, obtained by scanning a 0.5 mm aper-
ture mounted in front of the detector.

The information contained in Figs. 2 and 3 is sufficient
to determine the SASE FEL parameters. We start with
an analysis of the measured power gain length and fluc-
tuations of the energy in the radiation pulse (see Fig. 2).
From the exponential part of the gain curve, the power
gain length is determined to be Lg ! 67 6 5 cm. For an
FEL amplifier operating in the high-gain linear regime (i.e.,

FIG. 3. Spectrum of the radiation (experimental results). The
thin curves are single-shot spectra. The bold curve represents
an averaged spectrum.

the exponential growth region), a parameter with a direct
physical interpretation can be derived from the rms energy
fluctuation s: M ! 1!s2 represents the number of spikes
(wave packets) in the radiation pulse. The present case
yields M " 2.5 (see Fig. 2). This allows us to estimate
the radiation pulse length as trad " MLc!c where the co-
operation length is Lc " 2lLg!lu " 5 mm. Using these
numbers, the duration of the radiation pulse is found to
be about 50 fs, which implies that the FEL radiation is
not generated by the whole electron bunch but only by its
sharp leading peak.

The FWHM width of the averaged spectrum #Dv$FWHM
is determined by the coherence length of the optical wave
packets. Thus, its combination with the number of modes
M provides an estimate of the radiation pulse length ac-
cording to [9] trad " 2M

p
p!#Dv$FWHM " 50 fs. The

pulse length may be independently obtained from the typi-
cal width Dv of the spikes in the single-shot spectra, using
the relation trad " 2p!Dv " 50 fs. It is well known that
the relative FWHM spectral width, #Dv!v$FWHM, corre-
sponds approximately to 2r, where r is the FEL parameter
[6]. From the averaged spectrum (see Fig. 3), one obtains

FIG. 4. Angular distribution of the radiation intensity at the
undulator exit. Circles: experimental results. Solid curve: nu-
merical simulations with the code FAST.

104802-3 104802-3

Fig. 81: SASE spectra, from [488]

There are particular cases where this spiky spectral and temporal structure of the SASE can be
handled, such as seeding, as developed in the next solution. Alternatively, the FEL can be operated in
a low-charge short electron bunches [537] as demonstrated in LCLS [513], or in combining an electron
beam energy chirp combined with an undulator taper [538], as shown in SPARC (Test facility in Italy)
[539]. Proper combinations of chicanes and undulator segments can enable to phase lock the radiation
[540].

Different schemes have been proposed and/or tested for achieving extremely short pulses [541–
551] with a selective amplification, modulation, phase locking of the radiation from different segments,
superradiance [552]. The partial FEL coherence can be taken into account in the pulse duration measure-
ment [553].

7.3.2 SASE transverse properties
Thanks to the rather low emittance of the electron beam and eventually to gain guiding, SASE FEL
presents generally a good transverse coherence [554] and a proper wavefront [555].

7.3.3 SASE polarization
The polarization of the FEL mainly results in the choice of the undulator. Whereas the majority of
the SASE FEL started with planar undulators leading to linear polarization, there is a recent trend to
provide more polarization flexibility for users. For example, LCLS recently operated with a DELTA
undulator [556] leading to hundreds of microjoules of circulator polarization in the 1–2.5 nm spectral
range [557].
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7.4 Seeding
7.4.1 External laser seeding
Following coherent harmonic generation carried out on low gain FEL, the idea of sending an external
laser tuned on the undulator fundamental wavelength was developed, in the so-called ‘seeding configu-
ration’ as shown in Fig. 82. The seed provides a sufficiently intense input field that generates an efficient
bunching even in a short undulator, leading to coherent emission of undulator radiation and of its higher-
order harmonics. The FEL may then operate as an amplifier of the initial seed, capable of increasing the
peak power of a light source to approximately the same saturation power level as for the SASE case. The
seed should overcome the initial shot noise.

!

"

1

2  

!

"

Fig. 82: FEL seeding: a coherent source tuned on the resonant wavelength of the undulator enables to perform
efficiently the energy exchange leading further to the density modulation

Concerning the temporal properties, seeding could somehow enable to manipulate the FEL prop-
erties. The temporal and spectral distributions of the pulse result from the seed and the FEL intrinsic
dynamics and could be modified by the interaction with an external laser. Seeding offers a good strat-
egy for suppressing the spikes inherent to the SASE process and thus for improving the longitudinal
coherence, and for reducing the intensity fluctuations, and jitter. In addition, since the electron bunch
modulation is controlled by the external laser source, the saturation length can become shorter, the cost
can be reduced [558]. Seeding can be used also to efficiently generate harmonics.

Experimentally, the electron beam and the seed should be synchronized, the radiation should over-
lap transversally and spectrally.

The progress of seeding on high gain single pass FELs is described below, starting with the use of
conventional lasers first in the mid infrared, then with that of high-order harmonics generated in gas for
a seed at shorter wavelength.

7.4.2 External conventional laser seeding

BNL FEL EXPERIMENT/NSLS DUV FEL, BNL, USA

The first experimental demonstration was carried out by L. H. Yu (16th FEL Prize in 2003) at
Brookhaven national Laboratory [429]. The set-up was composed of a 10.6 µm with a 0.5 MW seed
CO2 laser, a 40 MeV electron beam with 120 A peak current (6 ps FWHM, with 5π mm mrad and 0.6%
energy spread); a 0.76 m long first modulator (80 mm period, 0.16 T magnetic field), a 0.3 m long
dispersive section, and a 2 m long radiator (33 mm period, 0.47 T magnetic field). It led to the saturated,
amplified free electron laser second harmonic at 5.3 µm, as shown in Fig. 83.

The experimental results showed that the SASE output was multiplied by six orders of magnitude
in the HGHG spectrum. The measured FWHM HGHG bandwidth was of 20 nm, i.e. six times smaller
than the SASE one. The spectral bandwidth was significantly reduced by seeding, and longitudinal
coherence improved. A single shot HGHG shown in B shows a nice spectral profile, quite different from
the spiky SASE pulse.

Such a result has been a major contribution in 2000 for the FEL community, since the use of a
laser-seeded free electron laser enabled to produce amplified, longitudinally coherent, Fourier transform
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This investigation has experimentally
demonstrated the fundamental principles of
HGHG FEL operation. The HGHG ap-
proach offers an alternative and attractive
FEL scheme that combines the benefits of
the coherence properties of a laser with the
short-wavelength capabilities of an acceler-
ator-based light source. A future x-ray
HGHG FEL could use the best advances in
short-wavelength tabletop lasers as seeds
for amplifying and pushing toward shorter
wavelengths. We are examining a number
of different options for hard x-ray opera-
tion. For example, the cascading of several
HGHG stages (35) can provide a route for
x-ray generation using current near-ultravi-
olet seed laser performance. In this ap-
proach, the output of one HGHG stage
provides the input seed to the next. Each
stage is composed of a modulator, disper-
sion section, and radiator. Within a single
stage, the frequency is multiplied by a fac-
tor of 3 to 5. For each stage, the coherent

radiation produced by the prebunched beam
in the radiator at the harmonic of the seed is
many orders of magnitude higher in inten-
sity than the SASE generated. In a specific
example (35), after cascading five HGHG
stages, the frequency of the output is a
factor of 5 ! 5 ! 5 ! 4 ! 3 " 1500 times
the frequency of the input seed to the first
stage. Dispersion sections are placed be-
tween stages to shift the radiation to fresh
portions (36 ) of the electron bunch to avoid
the loss of gain due to the energy spread
induced in the previous stage.
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Fig. 3. Output spectrum. (A) Scanning multi-
pulse measurements of the output power spec-
trum for HGHG and SASE, on the experimental
apparatus illustrated in Fig. 2. The graph plots
power (in arbitrary units) against wavelength
(in nanometers). The HGHG FEL bandwidth is
one-sixth the SASE bandwidth. The SASE data
are multiplied by a factor of 106 to bring them
onto the same scale as the HGHG results. The
SASE amplifier could achieve the same power
level as the HGHG FEL if the radiator undulator
was made three times longer, but the SASE
bandwidth would still be larger than that of the
HGHG device. The solid line is a fit to the SASE
spectral line, and the dashed line is a fit to the
HGHG spectral line. (B) The HGHG single-shot
spectrum as recorded by a thermal imaging
camera placed at the exit plane of the spec-
trometer. The graph plots power (in arbitrary
units) against wavelength (in nanometers).
FWHM bandwidth is 15 nm.
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Fig. 83: High gain harmonic generation demonstration using a 800 nm laser, from [429]. A SASE point: an
average of 10 shots, HGHG points: single shots normalized to the total HGHG pulse energy. B: Single shot
HGHG pulse recorded with a thermal imaging camera at the exit plane of the spectrometer

limited output at the harmonic of the seed laser. “The experiment verifies the theoretical foundation for
the technique and prepares the way for the application of this technique in the vacuum ultraviolet region
of the spectrum, with the ultimate goal of extending the approach to provide an intense, highly coherent
source of hard x-rays” [429]. “The HGHG approach offers an alternative and attractive FEL scheme
that combines the benefits of the coherence properties of a laser with the short-wavelength capabilities
of an accelerator based light source. A future X-ray HGHG FEL could use the best advances in short-
wavelength tabletop lasers as seeds for amplifying and pushing toward shorter wavelengths” [429]. The
measurements were in good agreement with the theoretical expectations.

The next step in shorting the wavelength [559]. The beam (4 ps FWHM, with 4.7π mm mrad)
from the DUV FEL is produced with the BNL photoinjector where the cathode is illuminated at 266 nm,
accelerated with four SLAC accelerating section bringing the energy to 177 MeV, with a chicane between
the second and third accelerator module. The modulator was the same as for the previous experiment,
whereas the radiation was the 10 m long NISIUS undulator with 38.9 mm period, 0.31 T peak field (K =
1.13) with focusing in both planes thanks to canted poles. The seed was taken from the Ti–Sa laser at
800 nm with 30 MW used for the photoinjector. The seeded FEL spectrum is shown in Fig. 84 at 266 nm,
the third harmonic of the laser seed. It exhibits a nice line, of 0.1% bandwidth, as compared to the broad
spiky SASE spectra. The HGHG width is close to one single SASE spike. An estimate of the pulse
length of 0.9 ps was found, close to the 1 ps electron beam duration after compression. These results
provided evidence of the high temporal coherence in the HGHG output and significant improvement due
to the seeding, with respect to the SASE.

Figure 85 shows the output energy measured for different seed levels versus the wiggler length, by
kicking the electron beam at different locations in the undulator. A 0.8 m long gain length was found. The
total length of the NISIUS undulator was not sufficient for getting a saturated SASE whereas saturation
can be reached in the seeded configuration. Saturation was also more rapidly reached than in the SASE

90

M. E. COUPRIE

284



d =d! ! 8:7, the gain length was found to be 0.8 m.
NISUS was not engineered for DUV FEL operation,
thus its parameters are not ideal for this application. Its
period is longer and the electron transverse focusing is
weaker than optimum. Consequently, the 10 m NISUS
length and the 0.8 m gain length are inadequate to reach
SASE saturation. However, there is sufficient gain to
produce saturation in HGHG.

For Pin ! 30 MW, !! ! 0:5, and d =d! ! 3, the
single shot output spectrum of HGHG presented in
Fig. 3 shows a line width of 0.1% FWHM. The single
shot SASE spectrum with the seed laser turned off is
also presented in Fig. 3. The average spacing between
the SASE spectral spikes can be used to estimate the
SASE pulse length [21] as Tb ! "2=0:64c!" ! 0:9 ps,
which is close to the 1 ps electron bunch length. Notice
that the HGHG spectral width of Fig. 3 is very nearly
equal in width to a single spike in the SASE spectrum.
This is evidence of high temporal coherence in the HGHG
output.

A histogram of the shot-to-shot HGHG output pulse-
energy for a 30 MWseed obtained over a minute is shown
in Fig. 4, for a typical saturated output energy of 100 #J.
The rms energy fluctuation is only 7%, mostly due to shot-
to-shot fluctuations and drift in the electron beam. Since
the slippage of the laser pulse relative to the electron
bunch over the whole NISUS (256 periods long) is 256"
266 nm=c # 200 fs, which is 5 times smaller than the 1 ps
electron pulse length, the SASE fluctuation would be
1=

!!!

5
p

# 44% for an idealized electron beam.
Analysis.—The time-independent approximation as

used by the code TDA is valid, because the slippage is
much smaller than the electron bunch length. Further-
more, as a rough approximation, we neglect the detailed
time structure of the electron bunch.When the seed power
is low, as in the 1.8 MW data of Fig. 2(a), there is a
significant exponential growth along the radiator. From

the measured gain length of 0.8 m, we can analytically
estimate the electron beam parameters. Using a 300 A
current an analytical gain length calculation [22] indi-
cates that the slice emittance is below 3 #m, otherwise
the gain length would be longer than 0.8 m. Since the
measured slice emittance is between 2.5 and 3:5 #m, the
analytical solution also indicates that the local rms en-
ergy spread is smaller than the measured projected value
of 5" 10$4. If we assume the local rms energy spread to
be 1" 10$4 and the emittance to be 2:7 #m, the simula-
tion by a modified TDA code [7] reproduces the measured
gain length of 0.8 m and predicts the observed saturation
at the end of NISUS, as shown in Fig. 2. The Pierce
parameter [23] for this calculation is $ ! 3" 10$3.

The 266 nm HGHG radiation pulse length in the case
of the 1.8 MW seed was measured using an autocorrelator
to be 0.63 ps (FWHM), which is shorter than the 1 ps
electron bunch. The pulse shortening can be qualitatively
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Fig. 84: High gain harmonic generation demonstration using a 800 nm laser, from [559]

case, which makes the system more compact.

d =d! ! 8:7, the gain length was found to be 0.8 m.
NISUS was not engineered for DUV FEL operation,
thus its parameters are not ideal for this application. Its
period is longer and the electron transverse focusing is
weaker than optimum. Consequently, the 10 m NISUS
length and the 0.8 m gain length are inadequate to reach
SASE saturation. However, there is sufficient gain to
produce saturation in HGHG.

For Pin ! 30 MW, !! ! 0:5, and d =d! ! 3, the
single shot output spectrum of HGHG presented in
Fig. 3 shows a line width of 0.1% FWHM. The single
shot SASE spectrum with the seed laser turned off is
also presented in Fig. 3. The average spacing between
the SASE spectral spikes can be used to estimate the
SASE pulse length [21] as Tb ! "2=0:64c!" ! 0:9 ps,
which is close to the 1 ps electron bunch length. Notice
that the HGHG spectral width of Fig. 3 is very nearly
equal in width to a single spike in the SASE spectrum.
This is evidence of high temporal coherence in the HGHG
output.

A histogram of the shot-to-shot HGHG output pulse-
energy for a 30 MWseed obtained over a minute is shown
in Fig. 4, for a typical saturated output energy of 100 #J.
The rms energy fluctuation is only 7%, mostly due to shot-
to-shot fluctuations and drift in the electron beam. Since
the slippage of the laser pulse relative to the electron
bunch over the whole NISUS (256 periods long) is 256"
266 nm=c # 200 fs, which is 5 times smaller than the 1 ps
electron pulse length, the SASE fluctuation would be
1=

!!!
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# 44% for an idealized electron beam.
Analysis.—The time-independent approximation as

used by the code TDA is valid, because the slippage is
much smaller than the electron bunch length. Further-
more, as a rough approximation, we neglect the detailed
time structure of the electron bunch.When the seed power
is low, as in the 1.8 MW data of Fig. 2(a), there is a
significant exponential growth along the radiator. From

the measured gain length of 0.8 m, we can analytically
estimate the electron beam parameters. Using a 300 A
current an analytical gain length calculation [22] indi-
cates that the slice emittance is below 3 #m, otherwise
the gain length would be longer than 0.8 m. Since the
measured slice emittance is between 2.5 and 3:5 #m, the
analytical solution also indicates that the local rms en-
ergy spread is smaller than the measured projected value
of 5" 10$4. If we assume the local rms energy spread to
be 1" 10$4 and the emittance to be 2:7 #m, the simula-
tion by a modified TDA code [7] reproduces the measured
gain length of 0.8 m and predicts the observed saturation
at the end of NISUS, as shown in Fig. 2. The Pierce
parameter [23] for this calculation is $ ! 3" 10$3.

The 266 nm HGHG radiation pulse length in the case
of the 1.8 MW seed was measured using an autocorrelator
to be 0.63 ps (FWHM), which is shorter than the 1 ps
electron bunch. The pulse shortening can be qualitatively
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still have an order of magnitude lower brightness than the
HGHG, as calculated by the code GENESIS [20].
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Fig. 85: High gain harmonic generation demonstration using a 800 nm laser, from [559]

Together with the fundamental radiation at 266 nm (100 µJ), significant signal was found on the
second (0.1 µJ) and third (0.3 µJ) harmonics [560]. The harmonic radiation at 89 nm of the seeded
FEL was successfully used for a first scientific applications in molecular physics [561]. Tuneability is
achieved by applying a chirp on the electron beam [562].

A super-radiant seeded FEL was experimentally demonstrated at BNL [563].

SPARC TEST FACILITY, FRASCATI, ITALY

In Italy, a budget dedicated to FEL research has been implemented. Two proposals have been funded, the
SPARC FEL test facility, and the FERMI@ELETTRA seeded FEL facility. The SPARC FEL amplifier
[539, 564] is driven by a high brightness accelerator providing energies between 80 and 180 MeV and
an undulator composed by six modules of variable gap. A super-radiant seeded FEL was experimentally
demonstrated on SPARC up to the 11th order [565] and in the cascade configuration [566].
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7.4.3 External seeding with high-order harmonics generated in gas
Conventional lasers are limited in terms of the short wavelength they can provide, even though frequency
mixing schemes can be used. However, in the landscape of available light sources in the VUV and soft
X-ray [567, 568], Harmonic generation in gas (HHG) is one of the most promising methods to generate
radiation at short wavelengths in the vacuum and extreme ultraviolet region of the spectrum [569, 570],
and is currently in operation for user applications. The high-order harmonics result from the strong
non-linear polarization induced on rare-gas atoms, such as Ar, Xe, Ne, and He, by the focused intense
electromagnetic field of a pump laser. As the strength of the external electromagnetic field is comparable
to that of the internal static field of the atom in the interaction region close to laser focus, atoms ionize by
tunnelling of the outer electrons. The ejected free electrons, far from the core, are then accelerated in the
external laser field and gain kinetic energy, they can be driven back close to the core and be scattered or
recombine to the ground state emitting a burst of XUV photons every half-optical cycle. Correspondingly
in the spectral domain, the harmonic spectrum includes the odd harmonics of the fundamental laser
frequency. The characteristic distribution of intensities is almost constant for harmonic order in the
‘plateau’ region, where, depending on the generating gas, the conversion efficiency varies in the range
10−4–10−7. For higher orders, the conversion efficiency decreases rapidly, in the ‘cut-off’ region, which
is determined by the gas ionization and the ponderomotive energies. The lighter is the gas (i.e. the
higher is the ionization energy the higher is the cut-off energy). High-order harmonics are linearly
polarized sources from hundreds of nm to nm, of good temporal and spatial coherence, emitting very
short pulses (fs to as), at rather high repetition rate (up to a few kilohertz). The radiation spectrum is
completely tuneable in the VUV–XUV region. The harmonic radiation is emitted on the axis of the laser
propagation with a small divergence (1 to 10 mrad). Fraction of a microjoule of energy can be obtained
at wavelengths down to tens of nm [571]. It was then thought that HHG could suit for being considered
as a seed for a high gain FEL [111] for the ARC-EN-CIEL project in France, and on the SCSS Test
Accelerator [572] in the frame of a French–Japanese collaboration.

SCSS TEST ACCELERATOR, HARIMA, JAPAN

The HHG chamber has been prepared in France and sent to Japan, whereas an existing laser has been
upgraded with a delay line added for such an experiment. The HHG seeding chamber, with a Xe gas cell
was located inside the accelerator tunnel. A second chamber handled the transverse focus of the seed in
the first undulator. An injection chamber, containing a set of steering mirrors, was located in a magnetic
chicane. HHG seeding has been first performed on SCSS Test Accelerator at 160 nm [573]. The HHG
seed was strongly amplified in the first undulator segment and the unseeded signal was amplified by
three orders of magnitude. The saturation length was reduced by a factor of 2, making the system more
compact. The fundamental wavelength was accompanied by the non-linear harmonics (NLH) at 54 nm
and 32 nm [574]. Figure 86 shows that light up to the seventh harmonic of the FEL resonance can be
measured while in presence of the seed. The seventh harmonic could not be detected when the FEL
amplifier was operated with no seed, in SASE mode. A significant increase of the non linear harmonics
signal, as compared to the unseeded case, was also observed at the third and fifth harmonics, which
were amplified by factors 312 and 47 for the third (0.3 nJ at 53.55 nm) and for the fifth (12 pJ at 32.1
nm) respectively. Spectral narrowing was also observed at the harmonics (from 2.66% to 0.84% for
the third harmonic and 2.54% to 1.1% for the fifth harmonic). The seed level required to overcome the
shot-noise [571, 575] was studied.

The HHG layout was modified to use a SiC harmonic separator mirror, set at the Brewster angle
(69o), for the Ti–Sa pump laser. By introducing a pair of Pt-coated, nearly normal incidence mirrors,
both the collimation and the focusing of the HHG radiation were achieved. HHG seed FEL was then
obtained at 60 nm [576] with a seed energy of 2 nJ/pulse (i.e. 40 kW, with 50 fs pulse duration). The
pulse energy of the seeded FEL (1.3 µJ), was twice larger than in SASE mode (0.7 µJ) and 650 times
larger than the HHG seed level (2 nJ).
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Fig. 86: Non0linear harmonics of SCSS Test Accelerator FEL seed with HHG at 60 nm (a) fifth to seventh
harmonic image of the spectrometer. Comparison of SASE and seeded FEL harmonics of third order (b) and fifth
one (c), from [571].

The synchronization was then improved with electro-optical sampling [577, 578], leading to a
better hit rate. A few tens of microjoule could then be obtained [579] EUV-FEL.

SCSS test accelerator components have now been moved to SACLA for providing a HHG seeded
FEL in the soft X-ray region down to 3 nm, with additional accelerating sections and undulator modules.
It could then be combined with HGHG.

SPARC TEST FACILITY, FRASCATI, ITALY

With the flexibility of SPARC for the HGHG configuration, it appeared also to be a good candidate for
testing HHG seeding. It was performed in the frame of an Italian (ENEA, INFN)–French (CEA /syn-
chrotron SOLEIL) collaboration. The Ti–Sa laser delivering up to 2.5 mJ at 800 nm with a pulse duration
of about 120 fs was focused by a 2 m focal length lens to an in-vacuum cell, where a synchronized valve
injected Argon gas at 15 bar. Seeding at 160 nm was performed. Then, for a 50 nJ 266 nm seed, the
resonance can be set both on the fundamental and second harmonics. The six 2.1 m long undulator
segments could be independently tuned at the seed wavelength, operating as modulators, or at its second
harmonic, 133 nm, as radiators of a frequency-doubling cascade. A beam of 176 MeV with a 50–70 A
peak current with 0.9π mm mrad emittance was employed. Figure 87 shows the comparison between
the experimental data and the results of a statistical study made with 100 random shots, simulated by
GENESIS 1.3. An output energy of 1 mJ at 133 nm was obtained with four modulators and two radiators
at 133 nm. The estimated gain length in the modulator of 1.1 m was sufficient to increase the input seed
to a level close to saturation, and up to 4× 1012 photons were produced at 133 nm [580].

SFLASH, HAMBURG, GERMANY

The sFLASH seed laser system producing 800 nm, 50 mJ adjustable pulse length (down to 30 fs), con-
nected to the accelerator tunnel by a 7 m long tube, was sent to a gas filled capillary for the production
of the seed at 38 nm of 2 nJ, the 21st harmonic of the 800 nm Ti–Sa laser. The seed was sent in the ac-
celerator. The first undulator was located 5 meters after the point of injection into the tunnel. A proof of
the interaction and amplification of the seed, coupled to the electron bunch, was obtained on the first and
second harmonics at 38 nm and 19 nm [581]. This is the shortest wavelength where harmonics generated
in gas have been amplified in a single-pass FEL.

7.4.4 Seeded FEL facilities

FERMI, TRIESTE, ITALY

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

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

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

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

(a)

(b)

(c)

FIG. 6 (color online). Radiation power (solid line, a.u.) and
phase profiles (dotted line) on the left side, and e-beam phase
space (energy E vs phase z) in the highlighted region at the
end of the six undulator sections, on the right side.
(a) Configuration 5M=1R, (b) 4M=2R and (c) 3M=3R.
Simulation with PERSEO [33].

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

25 NOVEMBER 2011

224801-4

Fig. 87: HHG seeding at SPARC with 266 nm with (a) five modulators, one radiator, (b) four modulators, two
radiators, (c) three modulators, three radiators. Data averaged over 100 shots with one standard deviation error bar
and compared with GNESIS simulations. [580].

after the Italian initiative for FEL [582–585]. The electron bunches generated in a high-gradient photo-
cathode gun is accelerated by a normal conducting linear accelerator up to a beam energy of 1.2 GeV (1π
mm mrad emittance, 0.016% energy spread, 0.8 kA peak current) before reaching the two FEL branches
in the HGHG cascade configuration, in order to provide a good longitudinal coherence. It relies on the
two FEL branches, FEL 1 in the 100–20 nm via a single cascade harmonic generation, and FEL 2 in the
20–4 nm via a double cascade harmonic generation [586], as shown in Fig. 88. The seed laser is based on
an optical parametric amplifier continuously tuneable in the range 230–260 nm, delivering pulses of few
tens of microjoules [587, 588]. The modulators are planar undulators, and radiators are APPLE-II [589]
type undulators for providing adjustable polarization. For FEL 1, the modulator is a 3.03 m long un-
dulator of 160 mm period, providing a deflection parameter ranging between 3.9 to 4.9. The APPLE-II
type radiators are 2.34 m long with 65 mm period, from a deflection parameter ranging between 2.4 and
4. For FEL 2, the modulator of the first stage has 30 × 100 mm periods, the three first stage radiators
and second stage modulator have 44 × 55 mm periods in variable polarization, and the six second stage
radiators have 69 × 35 mm periods in variable polarization.
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Fig. 88: FERMI HGHG FEL lines

FERMI lasing was achieved in December 2010 on FEL1 and in May 2012 on FEL2 [587,588,590].
Tuneability can be achieved on the injection source coupled to a gap change or by applying a chirp
(frequency drift) both on the seed and on the electron bunch [591]. The combination of HGHG, fresh
bunch technique, and harmonic cascade has recently enabled an up-frequency conversion by a factor of
192 [592]. Two-colour operation was achieved both with the pulse splitting technique [593,594] or with
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a twin-pulse electron beam [595]. The polarization can be efficiently controlled thanks to the APPLE-II
type undulators [596]. FERMI results constitute a major step in the community with the control of the
temporal FEL distribution at short wavelength, and the flexibility in polarization.

There are different experimental stations for coherent diffraction imaging (DIPROI), absorption
and elastic scattering from materials under extreme conditions (EIS-TIMEX), gas phase and cluster spec-
troscopy (LDM) with additional facilities for inelastic and transient grating spectroscopy (EIS-TIMER),
and terahertz applications (TERAFERMI). Optical laser pulses are also available for pump-probe exper-
iments (SLU).

DALIAN FEL, DALIAN, CHINA

The project was started in early 2012 within a collaboration between Dalian Institute of Chemical Physics
(X. Yang), Shanghai Institute of Applied Source (Z. Zhao, D. Wang), from China Academy of Science.
The Dalian facility covers 50–150 nm (8–24 eV) in both HGHG and SASE modes [597]. The Dalian
FEL is sketched in Fig. 89.

Fig. 89: Dalian FEL sketch, from https://www.asianscientist.com/2017/01/topnews/brightest-vuv-free-electron-
laser/

The FEL has been commissioned in January 2017. A flux of 1.4 × 1014 ph/pulse was achieved
with undulator tapering [597]. Then, the performance of the Dalian FEL were achieved with pulses
ranging between 100 fs and 1 ps and an energy reaching 1 mJ [598]. lt be used to probe fuel combustion,
biomolecules behaviour in gases, and reactions process at solid–gas interfaces.

7.4.5 Echo demonstration

NLCTA TEST EXPERIMENT, STANFORD, USA

Experimentally demonstrated so far in the UV experiment on the Next Linear Collider Test Accelerator
at SLAC [599–601] with an up-frequency conversion up to the 75th harmonic and later on the 75th
harmonic [602]. It constitutes a breakthrough in up-frequency conversion from a conceptual point of
view, and in terms of compactness and pulse properties. Echo enables us to provide vortices [603, 604].

SHANGHAI FEL, SHANGHAI, CHINA

A first multipurpose test experiment SDUV-FEL was set in the Shanghai Jiading campus for FEL prin-
ciple studies, with an emphasis on seeding schemes. It uses an 148 MeV electron beam (0.2% energy
spread, 4–6π mm mrad emittance, 100–300 pC charge, 2–8 ps duration), a 10 µJ seed at 1.16–1.58 µm, a
modulator of 10 ×50 mm period (K = 2–3), a radiator of 80 × 40 mm period (K =0.9–2.5). Different
features of harmonic generation have been studied: local energy spread measurements thanks to coher-
ent harmonic generation [605], wide tuneability in the HGHG and cascaded HGHG configurations [606],
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phase-merging enhanced harmonic generation [607], phase space manipulation for seeding [608]. Po-
larization switching was tested [609]. Phase space linearization using corrugated chambers was demon-
strated [610]. Echo was also achieved on the SDUV-FEL [611].

The SDUV FEL was a test facility in view of the development of the Shanghai X-ray FEL (SXFEL)
in the main campus, a user facility in the soft X-ray (8.8 nm with 0.84 GeV with C-band accelerating
structures, 0.5 nC charge, below 0.15% energy spread, 2π mm mrad) with cascaded HGHG or echo con-
figurations to be extended to the hard X-ray (2 nm with 1.6 GeV with cascaded HGHG). The installation
is completed and the SXFEL is presently under commissioning [612].

7.4.6 FEL self-seeding
Seeding with the FEL itself is also an alternative [613]. Indeed, self-seeding suits better the hard X-
ray domain: a monochromator installed after the first undulator spectrally cleans the radiation before
the last amplification in the final undulator. Recently, self-seeding with the spectral cleaning of the
SASE radiation in a single crystal monochromator [614] appears to be very promising, as experimentally
demonstrated at LCLS [615, 616] and at SACLA [617].

7.5 Applications of X-ray FELs
The recent advent of tuneable coherent X-ray FELs (XFELs) [418,618] opened a new era for the investi-
gation of matter [619]. “It is worthwhile to recount that the first five years of LCLS operation generated
many unanticipated methods and discoveries. With many new next- generation x-ray FEL sources com-
ing online in the next five years, the advancement of science will only continue to accelerate” [619].
They enable us to decrypt the structure of biomolecules and cells [620–622], to provide novel insight in
the electronic structure of atoms and molecules [623–626], to observe non-equilibrium nuclear motion,
disordered media, and distorted crystal lattices, thanks to recent progress of fs spectroscopy [627], and
pump-probe techniques [628]. Detailed structural dynamics can be inferred from spectroscopic signa-
tures [629]. XFELs can also reveal chemical reactions movies. With new imaging techniques [630,631],
they are exceptional tools for the investigation of ultrafast evolution of the electronic structure and pro-
vide a deeper insight in the extreme states of matter [632].

8 Conclusion and prospects
Among the various light sources such as synchrotron radiation [633], high-order harmonics generated
in gas [567, 568], X-ray FELs are unique tuneable coherent light sources from far infrared to the X-ray
domain.

Figure 90 shows the evolution of the FEL wavelength versus years. After the first lasing in the
infrared in 1977, the second lasing in the visible in 1983, 2000 appeared to bring a transition where
VUV is reached both in the oscillator and SASE configurations [634]. Then, thanks to the development
of photoinjectors and more generally, to accelerator technology, the X-ray range was reached less than
10 years later, in 2009, 2011 with presently new facilities commissioned in 2016 and 2017, including the
European XFEL being a high repetition rate one.

The FEL spatial coherence is usually quite good: in the resonator configuration, it results from the
optical cavity for resonators and from the electron beam emittance on single pass systems, and possibly
from the seed with optical guiding in the high gain regime. Temporal Coherence is usually good, the
Fourier limit is reached in some cases (oscillators, seeding). Femtosecond pulses are possible (and there
are various schemes proposed schemes for reaching 100 attosecond pulses). Polarization results from
the undulator choice.

Major steps of FEL progress are recalled in Fig. 91.

Present developments are oriented in providing further advanced properties. The two-colour FEL
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Fig. 90: Achieved FEL wavelengths versus year for various configurations (oscillators, coherent harmonic gener-
ation, SASE, seeding).
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Fig. 91: Major FEL historical steps

concept can be applied to the X-ray domain in the SASE regime, either tuning the two series of undulators
at different wavelengths [635–637], the delay being adjusted by a chicane, or by using twin bunches at
different energies [638], enabling also operation in the self-seeded case. In the external seeding case, one
can take advantage of the pulse splitting effect [438] combined with chirp [593, 594], or apply a double
seeding [595,639]. Several strategies are investigated in the quest towards in attosecond pulses and high
peak power.

Another evolution trend is the search for compactness. Besides seeding and up-frequency con-
version, one considers implementing the FEL using a compact accelerator or undulator. In a Laser
Wakefield Accelerator (LWFA) [640], an intense laser pulse drives plasma density wakes to produce,
by charge separation, strong longitudinal electric fields, with accelerating gradient than can reach a 100
GV/m [641, 642]. Electrons have to be set at a proper phase with respect to the wake, to be efficiently
accelerated. LWFA can nowadays produce electron beams in the few hundreds of MeV to 1 GeV range
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with a typical current of a few kiloamperes with reasonable beam characteristics (relative energy spread
of the order of 1%, and a normalized emittance of the order of 1π mm mrad. This new accelerating
concept could thus be qualified by a FEL application [643, 644]. LWFA based undulator radiation has
been observed, even at short wavelengths [645–648]. The present LWFA electron beam properties are
not directly suited for enabling FEL amplification, and electron beam manipulation is required: the han-
dling of the divergence with strong permanent magnet quadrupoles, the reduction of the slice energy
spread by a demixing chicane [649, 650] where advantage can be taken from the introduced correlation
between the energy and the position to focus the slices can be focused in synchronization with the optical
wave advance, in the so-called supermatching scheme [651], or in using a transverse gradient undula-
tor [652] coming back to the old FEL times where large energy spread had to be managed [166]. Several
experiments are under way.

Fifty years after the laser discovery [653] and more than 30 years after the first FEL, the emergence
of several mJ X-ray lasers for users in the Angstrom range constitutes a major breakthrough. Higher
availability of X-ray pulses with stable energy, synchronized to an external pump laser, for jitter-free
optical pump/resonant X-ray probe experiments will enable us to step further. Besides, exploration of
future compact FELs has started. Present X-ray FELs enable us to pave the way towards unrevealed
properties of matter and dynamical processes.
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Appendices
This appendix gives the list of FEL Prize winners.

Table .1: FEL Prize winners

Year Town Country FEL Prize winners
1988 Jerusalem Israel FEL 10 John Madey
1989 Naples USA FEL11 William Colson
1990 Paris France FEL12 Todd Smith and Luis Elias
1991 Santa Fe USA FEL13 Phillip Sprangle and Nikolai Vinokurov
1992 Kobe Japan FEL14 Robert Phillips
1993 The Hague The Netherland FEL15 Roger Warren
1994 Stanford USA FEL16 Alberto Renieri and Giuseppe Dattoli
1995 New York USA FEL17 Richard Pantell and George Bekefi
1996 Rome Italy FEL18 Charles Brau
1997 Beijing China FEL 19 Kwang-Je Kim
1998 Williamsburg USA FEL 20 John Walsh
1999 Hamburg Germany FEL21 Claudio Pellegrini
2000 Durham USA FEL 22 Stephen V. Benson, Eisuke J. Minehara and George R. Neil
2001 Darmstadt Germany FEL 23 Michel Billardon, Marie-Emmanuelle Couprie

and Jean-Michel Ortega
2002 Argonne USA FEL24 H. Alan Schwettman and Alexander F.G. van der Meer
2003 Tsukuba Japan FEL25 Li-Hua Yu
2004 Trieste Italy FEL26 Hiroyuki Hama and Vladimir Livinenko
2005 Stanford USA FEL27 Avraham Gover
2006 Berlin Germany FEL28 Evgeni Saldin and Jorg Rosbach
2009 Liverpool Great Britain FEL29 Paul Emma and David Dowell
2010 Malmö Sweden FEL30 Sven Reiche
2011 Shanghai China FEL31 Tsumoru Shintake
2012 Nara Japan FEL32 John Galayda
2013 New York USA FEL33 Luca Giannessi and Young Uk Jeong
2014 Basel Switzerland FEL34 William Fawley and Zhirong Huang
2015 Daejeon Korea FEL35 Mikhail Yurkov and Evgeny Schneidmiller
2017 Santa-Fe USA FEL36 Bruce Carlsten, Dinh Nguyen and Richard Sheffield
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