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Chapter II1.7

X-ray free-electron-lasers

Eduard Prat

Paul Scherrer Institute, Villigen, Switzerland

X-ray free-electron laser (FEL) facilities are unique tools providing extremely brilliant X-rays that
allow the observation of matter on the scale of atomic processes. In this chapter we will qualitatively
explain some fundamental concepts related to undulator and FEL radiation and we will describe
the X-ray FEL facilities, including the typical layout, some basic concepts about electron beam
dynamics and properties, and current facilities.

X-ray free-electron lasers (FELs) are unique instruments to observe matter on spatial and time scales of
atomic processes. They can address fundamental research questions across the disciplines of physics,
chemistry, materials and life sciences. The figure of merit of many X-ray experiments and therefore
used to compare different radiation sources is the brilliance or spectral brightness. The peak brilliance
is defined as the number of photons emitted by the source per unit of time into a unit of solid angle,
per unit of emitting surface, and into a unit bandwidth of frequencies around the central one. The unit
for peak brilliance is [photons / s / mm? / mrad® / 0.1% (BW)]. Figure II1.7.1 shows the historical
evolution of peak brilliance for X-rays. X-ray FELs are the most brilliant sources: they provide peak
brilliances much higher than synchrotron facilities (e.g., about 10 orders of magnitude higher than third-
generation synchrotrons). This is thanks to the increased pulse energies, shorter pulse durations, and

lower bandwidths.

Here, we will first qualitatively describe some basic concepts about undulator radiation and the
FEL process. Afterwards we will explain X-ray FEL facilities, namely the standard layout, some fun-
damental concepts related to electron beam dynamics and properties, and a list of the current facilities
presently in operation around the globe. The chapter is based on the seminar on FELs given at the JUAS
and has been inspired by the proceedings of the lectures on Synchrotron light circular machines and
FELs given at the course Introduction to Accelerator Physics at the CERN Accelerator School [1]. We

recommend Refs. [2-5] for further and deeper reading.

IIL.7.1 Basic FEL physics principles
II1.7.1.1 Undulator radiation

Undulators are devices which consist of a periodic structure of dipole magnets with alternating polarity.
The undulator is defined by the number of periods or bending magnets /N and by the undulator period

Au, the latter with typical values of a few centimeters. Figure I11.7.2 shows a sketch of an undulator and
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Fig. I11.7.1: Evolution of peak brilliance of X-ray sources. Image taken from Ref. [6].

its working principle. The on-axis magnetic field of a standard planar undulator is non-zero only in the
vertical (horizontal) direction, assuming the motion of the electron beam is in the horizontal (vertical)

plane, and it can be expressed as
B, = Bycosky,z (I11.7.1)

where By is the peak magnetic field, k, = 27/, is the wave number of the undulator, and z is the
longitudinal coordinate along the undulator. The undulator field is normally described by the undulator

parameter K:
B
K= TZC]: , (I11.7.2)
u

where e is the electron charge, m is the electron rest mass, and c is the speed of light. K is dimensionless

and has typical values around 1. In practical units it can be expressed as K =~ 0.93 By(T)\,(cm).

I11.7.1.1.1 Motion in the undulator

The motion of an electron traveling through an undulator is defined by the Lorentz force: F = e(V x E)
Here, ¥ is the velocity of the electron, which is dominant in the longitudinal direction z and can be

approximated as v, = (,c. Assuming that the magnetic field B is dominant in the vertical plane vy, the
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Fig. I11.7.2: Sketch of an undulator and its working principle. 1: magnets with alternating polarity, 2:
the yellow line indicates the electron beam trajectory entering from the upper left; 3: the orange cones
show the synchrotron radiation produced in the forward direction. Image from Bastian Holst [7].

force will be dominant in the horizontal direction x (see Eq. I11.7.1):
F, = e(—v,By) = —ecf.Bycoskyz . (I11.7.3)

We know that the force is the derivative of the momentum over time, so we can write, considering that

72 = 1/(1 — (%) is constant (since the energy is conserved during motion under the influence of a
magnetic field) that
dps: s
Fr=—= 11.7.4
x = g T yme ( )

From the two previous equations we can derive, after some algebra, the transverse and longitudinal

motion of the electrons in the undulator:

K
Be = ——sinkyz, (IIL7.5)
v
1+K2/2 K? K2
ﬁz =1- T + 47,72 COS(QkuZ) == <BZ> + 7472 COS(2]€UZ) s (III76)

where (f3,) is the average longitudinal velocity over one undulator period relative to the speed of light.
We observe that the longitudinal wiggle has twice the period than the transverse one. In the rest frame of

the undulator, this results in an electron trajectory with a characteristic 8 shape.

II1.7.1.1.2 Resonance condition

Figure II1.7.3 shows a sketch useful to understand how to have constructive interference between the
radiation emitted by the same electron at different locations in the undulator. To achieve this constructive
interference, the electron must slip back by exactly one radiation wavelength A (or an integer multiple
of it) over one undulator period. In order to fulfill this condition, under an arbitrary emission direction
0, the radiation wavelength (or an integer multiple n of it) has to be exactly R,, — A\, cos 8, where R, is

the radius of the wavefront emitted by the electron one undulator period before.

The radius R,, can be obtained as R,, = ¢I’, where T is the time needed for the electron to move
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Fig. I11.7.3: Sketch to show the condition for constructive interference between photons emitted at dif-
ferent locations in the undulator. The blue line shows the trajectory of the electron within the undulator.
At point A the electron emits radiation in all directions. When the electron has moved by one undulator
period and it is at point B, the wavefront emitted from A has a radius of R,,. This wavefront is indicated
by the red circle, with the point A* indicating the emission in the direction 6. At that moment the electron
emits an identical wavefront from point B. After certain time (i.e., in the far field), the distance between
the two wavefronts in the direction 0 settles to a constant value indicated by the length of the green line
in the sketch. For a constructive interference between both wavefronts this distance has to be exactly the
radiation wavelength A (or an integer multiple n of it); i.e., nA = R,, — A\, cos 6. Image courtesy of Sven
Reiche.

by one undulator period; i.e.; T = (A, /({(/3;)c). From the expression of (5.) in Eq. II1.7.6, we have:

Ao 1

R =l = C<Bz>c - v K72
22

(I1L.7.7)

1+ K?/2
Moreover, for a small emission angle 6, we can write A, cos @ =~ X\, (1 — 62/2). If we put this together

with nA = R,, — A\, cos 6 we find the following condition:

Ay K?
= G (1 5+ 9272> . (I11.7.8)

In the forward direction (f = 0) we obtain the so-called resonance condition:

Au K?
= 14— . IIL.7.
AR 2ny? ( * 2 > ( %)

We observe that the wavelength increases with 62, i.e., it gets longer as we move away from the axis.
The resonance condition shows that the radiation wavelengths become shorter than the undulator period
by a factor proportional to 1/42. We can also observe that the radiation wavelength increases with the

magnetic field, parameterized by K.

An important implication of the resonance condition is that the undulator radiation wavelength

can be tuned: it can be controlled by either changing the electron beam energy (£, o ) or by varying
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the undulator parameters (the period A, or the magnetic field K'). As an example for the SwissFEL [8]
case and for the fundamental radiation (n = 1), an undulator period of 15 mm, a K-value of 1.2 and an

energy of 5.8 GeV gives a radiation wavelength of 0.1 nm.

I11.7.1.2 FEL radiation

The FEL is a circular runaway process consisting in a simultaneous growth of the radiation field, the
electron beam energy modulation, and the electron beam density modulation (also called microbunch-
ing). The FEL process starts with an initial radiation field, which in the standard FEL configuration
is associated to the spontaneous undulator radiation generated by the electron beam. This initial field
induces an energy modulation to the electron beam with a period equal to the radiation wavelength .
The energy modulation is then converted to density modulation within the radiation wavelength A. This
microbunching results in an increase of the emitted radiation due to an increased degree of coherence.

This, in turn, contributes again to enhance the energy modulation, and so on.

The transverse oscillation of the electrons within the undulator allows the coupling between the
electron beam and the co-propagating field. The energy transfer between an electron and the photon is
proportional to ¥ '\ E, where 7, is the transverse velocity of the electron and E is the radiation field. A
single electron will move either with or against the field line, losing or gaining energy with respect to
the photon depending on the sign of the product ' E. It can be demonstrated that, in the constructive
interference condition, i.e., when the resonance condition (Eq. I11.7.9) is fulfilled, the direction of energy
transfer remains constant over many undulator periods. For instance, after half an undulator period the
radiation field has slipped half a wavelength, both velocity and field have changed sign and the direction

of energy transfer stays the same.

The energy change of an electron with the longitudinal position in the undulator z can be calculated

as follows: J K E
dy _ —elK Eo sing (I11.7.10)
dz 2y  mc?

where f. is the so-called coupling factor (with values around 0.9 for a planar undulator), Ej is the initial
peak radiation field, and ¢ is the phase within one wavelength. From the above expression it is clear that
electrons with positive phase lose energy, while electrons with negative phases will gain energy. This

will cause an energy modulation of the electron beam.

Electrons gaining energy will move faster (d¢/dz > 0), while electrons losing energy will fall
back (d¢/dz < 0). For small energy deviations A~y the following expression can be derived:
Ay

a9 _ o , (IL7.11)
dz Y

where ;- corresponds to the Lorentz factor that fulfills the resonance condition (Eq. I11.7.9). Because of
this effect the electrons will move together, they will be packed in a small fraction of the wavelength. In

other words, the energy modulation will cause a density modulation or microbunching.

With the help of Fig. I11.7.4 we can understand how the energy modulation and microbunching are
generated. The radiation wavelength is normally much shorter than the bunch length, so at the beginning

the electrons are randomly spread out over all phases (see Fig. I111.7.4.1). Following Eq. I11.7.10 the

2061



II1.7.1. Basic FEL physics principles

1) Ay 2) Ay
%
—0000000000000—> —o2 .O. P )
0g®
3) Ay 4) Ay
o0
.... ¢
-o ® — O -o o— O
% o
e e
o0

Fig. II1.7.4: Longitudinal phase space of the electrons (symbolized with blue circles) at different stages:
1) no energy or density modulation, 2) initial energy modulation, 3) enhanced energy modulation and
initial density modulation, 4) enhanced density modulation (microbunching). See text for more details.
Image courtesy: Sven Reiche.

electrons will start to modulate in energy (Fig. 111.7.4.2). After being modulated in energy they start
to also modulate in density according to Eq. III.7.11 (Fig. I11.7.4.3) until the beam is highly bunched
(Fig. I11.7.4.4).

Figure II1.7.5 shows the generic FEL amplification process; i.e. how the FEL radiation power
evolves along the undulator line. The undulator length is displayed in units of gain length L, defined
as the required distance so that the power increases by a factor of e (in the exponential regime). We
distinguish different regimes. At the startup there is a lethargy where the power does not grow. This
corresponds to the time until some microbunching has been formed. After the lethargy there is the ampli-
fication regime in which the FEL power grows exponentially. The FEL process finishes with saturation.
At this stage the microcbunching has reached its maximum. Beyond saturation there is a continuous

exchange of energy between electron beam and radiation beam and the FEL power stays rather constant.

I11.7.1.2.1 FEL modes

The FEL can start either with the spontaneous undulator radiation generated by the electron beam or
with an external radiation field. The first case, which is the standard FEL configuration, is called Self-
Amplified Spontaneous Emission (SASE) FEL [9, 10]. The second case is referred to as seeded FEL.
Figure II1.7.6 shows a schematic layout of the SASE and seeded FEL options.

In SASE FELs, the electron beam travels through the undulator to generate the output radiation.
The FEL process starts with the broadband signal of the spontaneous radiation, also called shot noise.
SASE-FEL radiation is almost coherent in the transverse direction but not in the longitudinal one. Due

to the lack of full longitudinal coherence, the spectrum and time profile contain several modes or spikes
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Fig. I11.7.5: FEL power along the undulator. The vertical scale is logarithmic. Image courtesy: Sven
Reiche.
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Fig. I11.7.6: Schematic layouts of SASE and seeded-FEL modes. Image courtesy: Sven Reiche.

(a perfectly coherent pulse would only contain one mode in time and spectral domain). The FEL pulse
duration ¢, corresponds to the spike width in the spectrum 1/¢,, while the time duration of a single spike
in time profile ¢, corresponds to the width of the full spectrum 1/¢.. The bandwidth of the SASE-FEL
radiation is of the order of the Pierce parameter (see later), with typical values for X-ray FEL facilities
varying between 10~% and 1073, Most of the X-ray FEL facilities are based on the SASE mechanism

due to its simplicity and the technical complexity associated with seeded FELs.

In seeded FELs, the input of the undulator is not only the electron beam but also a seed signal,

which is amplified within the undulator. The power of the seed has to be larger than the shot noise power
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of the electron beam, otherwise the shot noise will be amplified. The output radiation will resemble the
characteristics of the seed. For example, if the seed has a single mode in spectrum and time, the output
radiation will also consist of a single mode. Seeding is used to improve the longitudinal coherence or to
reduce the bandwidth of SASE-FELs. Fully coherent pulses can be obtained with the seeded-FEL pro-
cess. There are various seeding methods. One possibility is to use the self-seeding mechanism [11, 12]:
first, standard SASE-FEL radiation is produced in a first undulator section, then a radiation monochro-
mator reduces the bandwidth of the SASE pulses, finally the monochromatic signal is used as a seed in
a second amplification stage. Another option is to employ external lasers. Here it is possible to seed di-
rectly with a high-harmonic generation source [13] or to use more complicated layouts with modulators
and chicanes such as in the high-gain harmonic generation [14] or the echo-enabled harmonic genera-
tion [15] schemes. Self-seeding has been proven to work for both soft and hard X-rays [16, 17], while
external seeding using the HGHG and EEHG schemes have reached wavelengths of few nanometers,
entering the soft X-ray regime [18, 19].

The peak brilliance shown in Fig. II1.7.1 is for SASE-FELs. Seeded-FELs have demonstrated
the possibility to reduce the bandwidth of SASE-FELs and therefore to increase the brilliance by an
additional factor of 10-100 [16, 17].
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Fig. I11.7.7: Simulated power profile (left) and spectrum normalized to maximum intensity (right) of a
SASE and a seeded FEL for a radiation wavelength of 0.1 nm.

Figure I11.7.7 shows a simulated power time profile and spectrum of a SASE and a seeded FEL
at saturation for a radiation wavelength of 0.1 nm. In the seeded case, we consider a fully coherent
initial field with a power of 1 MW. The rest of the simulation parameters are identical for both cases
and correspond to the SwissFEL case. The simulations have been done with the code Genesis [20].
As observed in the figure, the SASE FEL has a spiky structure with multiple modes in both time and
spectral domains, while the seeded FEL contains a single spike in both domains and the bandwidth is

much smaller than for the SASE case.
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111.7.1.2.2 FEL performance and electron beam requirements

The Pierce parameter p is a fundamental quantity to characterize the FEL process and performance:

1 fL.K\* I 8
= = — M1.7.12
- [(4kuat> 2IA] ’ (HL-7.12)

where I is the electron beam peak current, oy is the transverse electron beam size (0; = /0,0y), and

14 is the Alfvén current (= 17 kA). The Pierce parameter has typical values between 10~* and 103 for
X-ray FELs.

From 1D theory, the FEL power, the FEL gain length, and the relative bandwidth (in terms of
angular frequency w) can be obtained as [10]:

L = Au &
g 47r\/§p7 w

where P, is the power of the electron beam. A better FEL performance, i.e., higher powers and shorter

P = pP,, =2 (11L.7.13)

gain lengths, can be obtained for larger values of the Pierce parameter, although at the expense of a larger
bandwidth. Considering Eq. II1.7.12 this means that, besides aiming for larger undulator fields K (which
require higher electron beam energies for the same wavelength, see Eq. I11.7.9), the electron beam must

have large peak current and small transverse beam size.

Moreover, we have to consider that only electrons within the FEL bandwidth can contribute to the
FEL gain. Consequently, the relative energy spread of the electron beam needs to be smaller than the p

parameter for an efficient FEL amplification, i.e.:

T < p. (IL7.14)
vy

For X-rays, the relative energy spread must be smaller than 103

Finally, we have to consider effects related to the transverse emittance. The transverse emittance
of the electron beam is the area in the transverse phase-space u-u’, where u refers to either x or v,

occupied by the fraction of the beam distribution determined by its second-order moments. It can be
2

obtained as ¢, = \/020!2 — o2 ,,

h where o7, is the transverse divergence of the electron beam and o,/

its transverse coupling term. On the photon side, the radiation emittance of the fundamental mode of
the field is given by A/(4x) [21]. Electrons enclosed in this effective phase-space ellipse of the photons
will radiate coherently into the fundamental radiation mode. Electrons outside this ellipse will emit
into higher modes and will not contribute to the amplification of the fundamental mode. This sets the
following limit to the transverse emittance of the electron beam: &, < ﬁ. In FELs it is customary to
normalize the electron beam emittance with respect to the electron beam momentum p, resulting in the

normalized emittance €, ,, = mlcau ~ 7&,. Then, the above limit can be rewritten as

Enu <

A (IIL.7.15)
vy 4

This condition implies that, for the X-ray regime, normalized emittances at the micrometer level or below
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are required.

IIL7.2 X-ray FEL facilities

The FEL process requires electron beams with large peak currents, small beam sizes, emittances and
energy spreads. In other words, electron beams with high charge density in the 6D phase space are
required for FELs. For X-rays, the electron beam needs to have an energy at the GeV level, a peak
current at the kA level, a relative energy spread between 0.01 and 0.1%, normalized emittances at the
micrometer level or below, and transverse beam sizes of a few tens of micrometers or smaller. There are
currently no electron sources that can produce such bunches directly. Instead they have to be accelerated
and compressed. State-of-the-art X-ray FEL facilities employ linear accelerators to provide the drive
electron beam (circular accelerators are not capable of delivering the required electron beam properties,

in particular not the high peak current).

undulator
Bunch [
Bunch ;- expenrnental
compressor compressor stations
w = w0 w o ki
o undulator
injector < >
linac

Fig. I11.7.8: Sketch of a typical X-ray FEL facility.

I11.7.2.1 Layout

Figure I11.7.8 shows a schematic layout of a typical X-ray FEL. The facility can be separated into four
main sections: the injector, where the high-brightness electrons are produced at relatively low energy
and peak current; the linac, where the electrons are accelerated in RF sections and compressed in bunch
compressors; the undulators, where the FEL process takes place; and the experimental stations, where

the produced FEL radiation is used.

Most FELs use RF photoinjectors to generate high-brightness electron beams with energies of
several MeV and peak currents of the order of 10 A or higher. Electrons are released via the photo-
electric effect by a laser of a proper wavelength impinging on a photocathode mounted inside an RF
gun. The cathode material is normally copper, although certain facilities such as European XFEL and

SwissFEL operate with a cesium-telluride coating to profit from its higher quantum efficiency.

In the linac the electrons are accelerated to GeV energies and compressed to kA peak currents.
Bunch compression is normally achieved in two or more sections within the linac. The accelerating
frequency is in the GHz range. For instance, LCLS employs S-band technology (about 3 GHz) while
SACLA and SwissFEL use C-band frequency (about 6 GHz). Higher frequencies permit acceleration of
the beam over shorter distances and consequently result in a more compact linac. The linac can consist
of normal-conducting RF cavities (“warm” technology) or superconducting ones (“cold” technology).

In the latter case, many more pulses per second can be accelerated (e.g., 27 000 pulses per second at
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the European XFEL with superconducting RF compared to 100 pulses per second at SwissFEL with

normal-conducting RF).

The undulator beamline consists of several undulator modules, each of them with a length of a
few meters and a period of a few centimeters. The space between two undulator modules, typically
measuring around 1 m, is used for focusing the beam with quadrupole magnets as well as for diagnostic
purposes. At the hard X-ray beamline of SwissFEL, for example, the undulator consists of 13 units, each
of them with an undulator period of 15 mm, an undulator field parameter K tunable between 1 and 1.8,
and a total length of 4 m. The interundulator section occupies 0.75 m. X-ray FEL facilities run one or

several undulator beamlines, each of them serving multiple experimental stations.
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Fig. I11.7.9: Principle of bunch compression. Top: trajectories of electrons with different energies
(0p, indicates relative energy variation) through a magnetic chicane of four dipole magnets. Center:

longitudinal phase-space of the electron beam at the entrance (left) and the exit of the magnetic chicane.
Bottom: current profile at the entrance (left) and exit (right) of the chicane. Image taken from [22].

II1.7.2.2 Electron beam properties and dynamics

In linac-based X-ray FELs, which are single-pass machines, the electron beam properties are defined at
the electron source, i.e., the RF photoinjector. The normalized emittances would ideally be preserved
through the linac according to Liouville’s theorem. However, Liouville’s theorem will not be fulfilled
and the beam emittances will be increased in the presence of some deteriorating stochastic effects such as
nonlinear space-charge forces or emission of coherent synchrotron radiation. The main goal in designing

and operating an FEL facility is to produce a high-brightness electron beam at the injector, accelerate it
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and compress it in the linac while preserving its quality as much as possible.

The RF photoinjector produces electron beams with typical energies between 5 and 10 MeV, peak
currents in the range 10-20 A, low normalized emittances (micrometer or below) and energy spreads at
the level of a few keV. In the case of SwissFEL, the achieved injector parameters are a beam energy of
7.1 MeV, a peak current of 20 A, a normalized emittance of around 200 nm, and an energy spread of
around 10 keV.

The emittance of the source is determined by three different components: intrinsic emittance of
the cathode (mostly depending on the laser size at the cathode), space-charge forces, and RF field effects
in the gun. The gun gradient is set as high as possible with available technology. In the SwissFEL
example, the maximum RF field is 100 MV/m, resulting in the energy of 7.1 MeV at the gun exit quoted
earlier. The gun is equipped with a solenoid magnet used to focus the electron beam. The laser spot
size and the field generated by the gun solenoid are optimized to counteract the contributions of the
intrinsic emittance (smaller for smaller spot size) and space charge (smaller for larger spot size) to the

final emittance. This procedure is often referred to as emittance compensation [23].

Bunch compression follows a principle similar to FEL microbunching and is a two-stage process:
First, the accelerating phases of some RF structures are tuned to imprint an energy chirp along the elec-
tron beam (i.e., a strong correlation between the energy and the longitudinal coordinate of the electrons
along the bunch). Second, the beam is transported through a magnetic chicane, typically consisting of
four bending magnets. Thanks to the energy dependence of the path along the chicane, the electron beam

is compressed after the chicane. Figure I11.7.9 illustrates how bunch compression works.

Bunch compression should be performed at suitable beam energies and currents to avoid beams
with too high charge density, which would deteriorate the electron beam quality (in particular the emit-
tance). Bunch compression is normally achieved in two or three stages along the linac. The first bunch
compressor is typically at an energy of a few hundreds of MeV (300 MeV in the SwissFEL case) and
the second or third when the energy already exceeds 1 GeV (2.1 GeV at SwissFEL). Each stage com-
presses the beam by a factor of around 10, resulting in a total bunch compression factor of around 100.
At SwissFEL, the beam is compressed in the first bunch compressor to increase the peak current from
20 A to about 150 A, while the second bunch compressor further compresses the bunch to its final peak
current of 2-3 KA.

In general, high charge densities give rise to strong electromagnetic fields generated by the elec-
tron bunches, which in turn affect the electrons within a bunch. Examples of such interactions include

coherent synchrotron radiation in bunch compression chicanes, wakefields, and space-charge forces.

I11.7.2.3 X-ray FEL projects around the world

The first FEL facility to reach wavelengths in the soft X-ray regime was FLASH at DESY (Germany)
in 2007 [24]. Thanks to its superconducting RF technology, FLASH operates with repetition rates at
the MHz level. In 2009, the Linac Coherent Light Source (LCLS) at SLAC (USA) was the first FEL
facility to produce radiation in the hard X-ray regime, with wavelengths at the angstrom level [25]. Two
years later, in 2011, SACLA at SPring-8 (Japan) came into operation, producing hard X-ray FEL light
with a much more compact accelerator than LCLS [26]. In 2013, FERMI at Elettra Sincrotrone Trieste
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Table II1.7.1: Start of operation and main parameters of the hard X-ray FEL facilities presently operating
worldwide [8,25-29].

Name Starting Energy Length Peak Normalized
operation year  (GeV) (m) current (kA) emittance (nm)

European XFEL (Germany) 2017 17.5 3400 5 < 600

LCLS (USA) 2009 14.3 3000 2.5-3.5 400

PAL XFEL (Korea) 2017 10 1100 2.5 550

SACLA (Japan) 2010 8.5 750 >3 1000

SwissFEL (Switzerland) 2018 5.8 740 2 200

(Italy) was the first fully seeded FEL going into operation delivering soft X-rays [18]. In the last few
years, three additional hard X-ray sources have started operation: PAL-XFEL at Pohang Accelerator
Laboratory (South Korea) [27], the European XFEL at DESY (Germany) [28], employing, like FLASH,
superconducting RF structures to run at MHz frequencies, and SwissFEL at PSI (Switzerland), the most
compact and cost-effective hard X-ray facility to date, driven by a high-brightness and relatively low-
energy electron beam [8]. Two more hard X-ray facilities are planned for the coming years: LCLS-II at
SLAC (USA) and SHINE at SINAP (China), both of them adopting superconducting RF technology to
be able to operate at MHz repetition rates. So far, all X-ray FEL facilities except FERMI are based on
the SASE mechanism. However, most of these facilities have the option to produce seeded radiation via
the self-seeding process [16, 17].

Table II1.7.1 lists the start of operation and the main parameters (electron beam energy, facility
length, electron beam current and normalized emittance) of the hard X-ray FEL facilities operating to
date [8,25-29]. The reported emittance values correspond to the core of the bunch (slice emittance) for

all facilities except SACLA, for which the emittance value refers to the full bunch (projected emittance).
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