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In the last couple of years, free electron lasers (FELs) have been a remarkable success as fourth generation light
sources all over the world. Operating in the SASE mode, they produce laser-like radiation in a broad wavelength
range. Especially in the soft and hard X-ray ranges, these light sources open unique and completely new fields in
physics and allow a vast range of applications in most scientific fields. This article gives an overview of the principles
of FELs and the SASE process, discusses technological challenges and solutions, and presents an outlook for future

developments.
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1. Introduction

Free electron lasers (FELS) were proposed by Madey
in 1971 [1]. It took until 1976 for the first obser-
vation of stimulated emission of radiation by rela-
tivistic electrons to be reported [2]. The experiment
was conducted at the W. W. Hansen High Energy
Physics Laboratory (HEPL) using an electron beam
from the Stanford University superconducting accel-
erator. The radiation with a wavelength of 10.6 um
was produced in a helical undulator.

In 1977, the same group succeeded for the first
time in operating an FEL oscillator [3]. A wavelength
of 3.4 pum was achieved with an average power of
0.36 W.

Since then, many other facilities have been con-
structed and operated as storage-ring- or linac-based
FELs, from the THz frequency range and microme-
ter wavelength range down to the visible and near-
UV. Some of them were built as energy recovery
linacs.

With the establishment of the principles of self-
amplified spontaneous emission (SASE), where the
amplification process starts from spontaneous radia-
tion in a long undulator, the path to wavelengths
in VUV, soft, and hard X-rays was opened. The
SASE process was first described by Saldin and
Kondratenko [4], and theoretically explored in the
early 1980s by many groups [5-11].
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Recent advances in high-brightness electron
sources, precise magnetic undulator devices, and
bunch compression techniques have made it possible
to construct and experimentally confirm operation of
X-ray FELs based on the SASE principles.

These facilities provide femtosecond short FEL
pulses with a peak brilliance exceeding 103° photons/
(smrad? mm? 0.1% bw) (Fig. 1).

The scientific potential of X-ray lasers is over-
whelming and led to the realization of major large
facilities all over the world: LCLS, located at SLAC,
USA [12] (in operation); XFEL, located at SPring-8,
Japan [13]; and the European XFEL, located at
DESY, Germany [14] (both under construction).
Pilot facilities were constructed and operated with
great success: FLASH at DESY [15] and SCSS at
SPring-8 [13]. Many other projects aiming for X-rays
are in the planning phase or have been proposed,
like FERMI at Elettra, Italy [16]; the SwissFEL at
PSI, Switzerland [17]; or the New Light Source (NLS)
proposal in the UK [18].

A list of FELs worldwide can be found in [19]. It
includes FELs in the long wavelength range (pm to
mm), which are not discussed here in detail.

In 1985, a high-gain free electron amplifier
with high extraction efficiency was operated at
the Electron Laser Facility (ELF) at the Lawrence
Livermore Laboratory [20]. Exponential gain and
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Fig. 1. Peak brilliance of soft and hard X-ray FELs compared
to some third generation light sources. Examples of experi-
mental data of FLASH (blue dots) and LCLS (green dots) are
included. Lines are estimates from calculations.

saturation was achieved at a wavelength in the
microwave range with a frequency of 34.6 GHz.

In 1997, the SASE amplification process was for
the first time demonstrated at a wavelength of 16 ym
at the UCLA Saturnus linac [21], and at 15 pum at
the Advanced Free-Electron Laser (AFEL) linac of
the Los Alamos National Laboratory [22]. Later on,
using the UCLA-Kurchatov undulator from the Sat-
urnus experiment, a gain larger than 10° at a wave-
length of 12 pm was achieved at AFEL [23].

In September 2000, saturation in the visible
(530nm) and the UV (390nm) of an SASE FEL
was demonstrated at the low energy undulator test
line LEUTL at the Argonne National Laboratory
(ANL) [24].

Many experiments followed in the visible and the
near-UV range; see for instance [25-27].

In February 2000, a group at the TESLA Test
Facility (TTF) at DESY demonstrated lasing at
109nm, and in September 2001 saturation in the
VUV at 98 nm with the TTF1 FEL [28-30].

In 2003 and 2004, the TTF1 FEL was substan-
tially upgraded to the FEL user facility FLASH.

Since August 2005, FLASH has operated as
a user facility and provided coherent, femtosecond
short laser pulses in the EUV and soft X-ray wave-
length range between 47 and 6.9nm (fundamen-
tal) [31-33]. Recently, it has been upgraded to a
beam energy of 1.2 GeV and has demonstrated lasing
at a wavelength of 4.45nm [34].

The facility is hosting many international groups
exploiting the unique aspects of this source in
projects ranging from atomic physics through mate-
rials science to biology [35].

In June 2006, the SCSS prototype accelerator for
the XFEL at SPring-8 achieved its first lasing using
the SASE process at a wavelength of 49nm [36], and
saturation between 50 and 60 nm shortly after [37].
Since October 2007, this facility has also served user
experiments.

The first SASE FEL producing hard X-rays is
the Linac Coherent Light Source (LSLC) at SLAC.
In April 2009, lasing and saturation at a wavelength
of 0.15nm was demonstrated [38]. Since September
2009, LCLS has been run as a user facility providing
the worldwide shortest FEL wavelength with about
2-10'2 photons per pulse and pulse duration in the
range of 70-100fs (FWHM) [39].

In order to make these facilities a reality, major
technological challenges and theoretical problems
needed to be addressed and solved. Most important
was the required excellent quality of the electron
beam in terms of transverse emittance, peak current,
and energy spread. New electron sources needed to
be developed in order to achieve the required normal-
ized transverse emittance below 1um for 0.1-1nC
bunch charge. For this, most facilities have cho-
sen the RF-gun-based photoinjector. As an exam-
ple, FLASH and LCLS are using L-band and S-band
RF guns respectively, reaching the emittance goal of
~ 1 um (normalized) [40, 41].

To obtain high peak currents in the order of sev-
eral kA, novel bunch compression schemes have been
developed. It turned out that space charge and bunch
instabilities due to coherent radiation strongly affect
the beam quality during and after compression. After
many theoretical studies and simulations, we now
start to understand the complicated dynamics of kA
type beams.

In order to experimentally measure these
effects, in both the transverse and the longitudi-
nal phase space, new experimental methods have
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been developed: sophisticated techniques to measure
small transverse emittance at the electron source,
and methods to measure bunch duration and lon-
gitudinal shape in the 10fs range.

In some cases, major developments of the drive
laser have been made: transverse and especially lon-
gitudinal shaping of the laser pulses. For the burst
mode FELs, high average power lasers together with
high efficiency cathodes are required. New types of
photocathodes with high quantum efficiency together
with a good lifetime and robustness needed to be
developed.

One facility showed, that also pulsed injectors
based on heated cathodes with thermionic elec-
tron emission together with an appropriate bunching
scheme can provide sufficient beam quality [42].

In the field of diagnostics of the FEL radiation,
many new developments have been made: for exam-
ple, the measurement of FEL radiation over several
orders of magnitude from the spontaneous radiation
to saturation. To monitor radiation properties during
experiments, absolutely calibrated devices to non-
destructively measure single pulse radiation energies
and wavelength spectra are a must nowadays.

Many articles and books have been published
on FELs. This article will follow the excellent
introduction to UV and soft X-ray FELs by
Schmiiser, Dohlus, and Rossbach [43]. A compre-
hensive overview of the physics of FELs can be
found in [44], or in articles in Vol. 6 of Laser Hand-
book [45, 46]. I would also like to draw the reader’s
attention to the recently published articles by Huang
and Kim [47] and by Barletta et al. [48] giving an
overview of recent developments and ideas on hard
X-ray FELs and novel seeding schemes.

2. The SASE Process

The SASE process introduces a high-gain amplifi-
cation starting from spontaneous undulator radia-
tion. In a long undulator system, the spontaneous
radiation acts as a seed initiating the amplification
process. An equivalent approach especially useful for
calculations is to start with a random electron dis-
tribution in the electron bunch. The current density
then contains a noise term which has a spectral com-
ponent within the FEL bandwidth. The narrow-band
spectral component acts as a seed for the ampli-
fication process. The amplified radiation features

full transverse coherence with a brightness several
orders of magnitude higher than spontaneous radia-
tion. The high brightness is mainly due to high gain
in the amplification process and due to the ultrashort
pulses generated, which are in the 10-100 fs range.

Besides the high brilliance and femtosecond
short pulses, another striking property of SASE
FELs is the tunability in wavelength down to hard
X-rays. With the SASE amplification process, the
generation of laser-like coherent radiation in the
angstrom wavelength range has been made possible.

FELs in the low-gain regime use oscillator
schemes to amplify the radiation. The oscillator can
be integrated into a storage ring. An example is the
FEL Elettra at the Sincrotrone Trieste. Elettra is
operating at wavelengths in the UV down to 190 nm
[49], where mirrors to form the resonating oscillator
cavity are readily available.

Due to the lack of suitable mirrors in a wide
range of wavelengths, especially in the VUV, soft and
hard X-ray regime, the oscillator scheme is not appli-
cable. Recently, possibilities of using Bragg reflectors
in an oscillator design for hard X-rays have been
under discussion [50, 51].

In the following, starting with an overview of
undulator radiation and high-gain amplification, the
SASE principle is described and electron beam prop-
erties required to successfully operate an SASE FEL
are derived.

3. Undulator Radiation

Electrons emit radiation in bending magnets of accel-
erators. In high-energy synchrotrons or storage rings,
this radiation also covers VUV wavelength, soft and
hard X-rays, and is therefore attractive for photon
science experiments.

3.1. Radiation from a bunch of

electrons

The relativistic electrons are accelerated toward the
center of the bend and emit synchrotron radiation
tangentially to the orbit. Normally all electrons emit
independently of each other, leading to incoherent
radiation with a continuous frequency spectrum from
zero to a little beyond the critical frequency v;

_ 3cy?

(1)
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where r is the radius of curvature of the bending
magnet, and -y is the Lorentz factor:

w

MeC?

(2)

W is the energy of the electron.® The radiated power
of a single electron is

’}/:

626 4
Psync = 7 (3)

As usual, ¢ is the speed of light in vacuum, e the
electron charge magnitude, and €, the permittivity
of free space; the convention of SI units is used.

In a bunch of N, electrons, where all electrons
radiate independently, the radiated power is propor-
tional to the square of the electron charge times the
number of electrons in that bunch:

Pincoh - NePsync X Neez. (4)

6me,r?

The electrons in a bunch start to emit coher-
ently for wavelengths As comparable to or larger than
the bunch length o,. We assume that the transverse
bunch size is sufficiently small as well.

For o, > ), the bunch containing N, elec-
trons acts like a single macroparticle with a charge
of Qp = —Nee. Since the radiated power is propor-
tional to the square of the particle charge [Eq. (3)],
the radiation is now emitted coherently with a power
proportional to Q7 = (Nee)? = No(Nee?), surpassing
the incoherent radiation of N, electrons by a factor
of Ng:

Pcoh - NePincoh' (5)

With N, being typically on the order of 106, the
increase in radiation power can be remarkably large.

In practice, typical electron bunch lengths are
on the order of millimeters or centimeters. The fre-
quency of coherent synchrotron radiation is usually
in the THz range. Since the spectrum of coherent
radiation is a function of the bunch length, it is used
in many facilities to estimate the longitudinal bunch
length or shape.

It turns out that the coherent part of the syn-
chrotron radiation is important for SASE FELs in
two aspects. Firstly, it is the base of the SASE prin-
ciple itself. As we will see later, the interaction of
the electron bunch with the undulator field leads to
the formation of microbunches which emit coherent

intense radiation. Secondly, the dynamics of the elec-
tron bunch during the compression phase is strongly
affected by the emission of coherent synchrotron
radiation in the magnetic chicane bends.

3.2. Radiation from undulators

Modern synchrotron radiation sources use undula-
tors to significantly improve the brilliance, compared
to simple synchrotron radiation from dipoles. A peri-
odic series of small bending magnets of alternating
polarity with a period A, the undulator period, are
placed along the electron beam path z such that
B(z) = B,cos(2mz/Ay). B, is the peak magnetic
field on the undulator axis. As illustrated in Fig. 2,
forced by the oscillating magnetic field, the electrons
move on a sinusoidal path, and the net deflection
vanishes. The amplitude of the oscillating path is
small, so that the light is allowed to interfere along
the undulator. The beauty of the undulator radiation
is that it not only appears in a small cone of ~ 1/7,
but also consists of narrow spectral lines with high
brilliance.

The wavelength of emitted undulator radiation
is usually derived using the Lorentz contraction of
the undulator period, considering the relativistic
Doppler shift, and taking into account details of the
sinusoidal trajectory [43]. The relativistic length con-
traction reduces the undulator period to Ae = Ay /7.

Electron source
and accelerator

Magnetic structure

Electron trap

/ Light beam

Experiment

Fig. 2. Sketch of an electron beam passing through an undu-
lator. Shown is a setup typical for an SASE FEL. In storage
rings, the undulator would be placed into the circulating elec-
tron beam. The sinelike trajectory is exaggerated for clarity.
(Source: DESY.)

W is used to denote the energy of a particle, since E is reserved for the electric field.
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The electrons moving along the planar undulator
oscillate with the frequency w, = 2mwcy/A\, and emit
radiation like an oscillating dipole. For an observer
looking against the electron beam, the relativistic
Doppler effect shifts the observed radiation to Ay =
Ae/27 = Au/27% The effects of the sinusoidal tra-
jectory are taken into account by introducing the
dimensionless undulator parameter K:

BoAu
K== (6)

2Tmec

B, is the peak magnetic field on the undulator axis.
Helical undulators have a slightly modified K param-
eter: Ko = \/§K.

This leads to the important formula for the fun-
damental wavelength of the radiation of a planar
undulator in the forward direction

A = Du <1+52). 1)

T 22 2

The electrons are slightly retarded with respect to
the light wave; however, the emitted radiation with
the wavelength Ag is just phase-matched with the
oscillation of the electrons in the undulator field.

Phase matching holds also for higher odd
harmonics:

Ap=—, n=135.... (8)

Narrow spikes in the spectral distributions are
formed. In the forward direction, even harmonics are
suppressed by destructive interference.

An important consequence of Eq. (7) is the
apparently unlimited tunability of the radiation by
simply choosing the electron beam energy W =
YMmec?.

To a certain extent, tuning is also possible by
changing the magnetic field strength B,. Many wig-
glers or undulators for long wavelengths, where tol-
erances are not too tight, use electromagnets. Here
the field strength is simply varied with the coil cur-
rent. Undulators with tight tolerances, high magnetic
fields, and short periods are usually built using per-
manent magnets. Here the field strength can be var-
ied by opening or closing the gap of the undulator
magnet arrangement. As the name suggests, fixed
gap undulators with permanent magnets like the
FLASH undulator cannot change their field strength.
Laterally tapered undulators, like the LCLS undula-
tor, have the possibility of tuning the K value by

laterally moving the undulator without the need to
install a technically demanding variable gap.

To give an example, the wavelength of the undu-
lator radiation of an undulator with a period of
25mm and an undulator parameter of K = 1
(B, = 0.43T) can be varied from 5nm for a beam
energy of 1GeV to 0.14nm for 6 GeV. This, how-
ever, also shows that with state-of-the-art undula-
tors, electron beam energies well above 1GeV are
required to obtain radiation in the soft-to-hard X-ray
regime.

As pointed out in [43], it can be shown that
the wavelength of the undulator radiation As in the
forward direction is equal to the light wavelength
Ar, yielding constant energy transfer between the
bunch and the amplified light. This is the reason why
the amplification process in an FEL can be seeded
by the spontaneous radiation itself. This is the basis
of the SASE process.

4. The High-Gain FEL Process

The high-gain FEL process introduces a new fea-
ture compared to low-gain amplification: the elec-
tron bunch itself is bunched in a length scale of
the wavelength of the undulator radiation, making
it possible to emit coherent radiation orders of mag-
nitude more intense than spontaneous radiation. The
amplification process eventually leads to saturation
in a single pass through the undulator, which is also
an important phenomenon inherent in the high-gain
FEL process.

In the following, we will briefly discuss the high-
gain FEL process, and, in the next section, the SASE
process. We then derive important requirements for
the accelerator, the undulator system, and especially
on the electron bunch itself.

4.1. Coherent emission and
maicrobunching

As discussed in the previous section, coherent emis-
sion of radiation requires an electron bunch length
smaller than the wavelength g of the radiation. Pro-
ducing a bunch with N, = 10° electrons with a length
of for example 10 nm is obviously not feasible. Space
charge forces would quickly disrupt the bunch.
Only the process of microbunching during the
passage of the electron bunch through the undula-
tor field makes it possible to achieve nanometer-scale
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density modulation within the bunch itself. Elec-
trons transferring energy to the light wave will lose
momentum and thus travel a longer sinusoidal path
along the undulator, since

p = eBor, (9)

with the electron momentum p; 7 is the radius of cur-
vature of the circular path in the magnetic undulator
field B,. Due to the smaller radius of curvature, the
amplitude of the sinelike oscillation is larger. As a
consequence, these electrons fall behind those elec-
trons which gain energy from the light wave.

While the bunch is traveling along the undulator,
an initial weak microbunching leads to an increase
in emitted radiation. More and more energy is now
transferred to the light wave, which results in a grow-
ing modulation. This process is self-sustained and
leads to exponentially growing power of the emitted
light wave.

The process eventually leads to a concentration
of electrons in small longitudinal slices smaller than
the radiated wavelength. The distance of the slices is
just the undulator wavelength As from Eq. (7). This
is illustrated by a simulation of the microbunching
mechanism in Fig. 3. With full modulation, the pro-
cess eventually reaches saturation.

Because all electrons in a microbunch radiate
coherently and many microbunches radiate coher-
ently with respect to each other, the increase in radi-
ation power is with Eq. (5) on the order of the total
number of electrons in all microbunches within the

coherence length. The number of electrons N, can
be a large number, which explains the enormously
high single pass gain on the order of 10° or more.
Figure 4 shows as an example the measured radiation
energy at the SASE FEL of the TESLA Test Facil-
ity along the undulator at a wavelength of 98 nm [30].
The energy in the radiation pulse starts from spon-
taneous emission in the nJ level to almost 100 uJ at
saturation. This is a total gain of 10°.

In the following, we give an overview of the one-
dimensional FEL theory and discuss the relevant
parameters and results. A more complete overview
of the 1D theory can be found in many reviews, for
instance [43].

4.2. One-dimensional FEL theory

As explained in [43], the one-dimensional FEL theory
starts from the coupled pendulum equations. These
describe the phase space motion of the electrons in
the electric field of the light wave. A self-consistent
treatment of the high-gain FEL process includes also
the inhomogeneous wave equation for the electric
field of the light wave, and describes the evolution
of the density modulation along the bunch taking
longitudinal space charge forces into account.

The 1D theory neglects the dependences of the
bunch charge density and the electromagnetic fields
on the transverse coordinates. The electron bunch is
assumed to have a homogeneous charge distribution
with a sufficiently large radius. The bunch is assumed

ransverse beam slze Inmm

(a)

(c)

Fig. 3. Numerical simulation of microbunching. Particles within the bunch are plotted with respect to their transverse and lon-
gitudinal coordinates in the bunch; the latter is normalized to the wavelength A = Ag of the emitted radiation. The microbunching
develops when traveling along the undulator. The initially uniform distribution (a) develops a microbunching (b), which is fully
developed at the end of the undulator (c). The distance of the microbunches is equal to the emitted light wavelength As. (Courtesy

of Sven Reiche, PSI.)
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Fig. 4. Exponential growth of the SASE FEL radiation along
the undulator. The experimental data (dots) are measured
with the TTF FEL at a wavelength of 98 nm. The solid line is
from a simulation of the amplification process. The power gain
length is Lgo = 6745 cm, the FEL pulse energy at saturation
90 puJ. (Adapted from Refs. 30 and 95.)

to be very long, so that effects occurring at the head
or tail can be neglected. The peak current Iy of a
bunch with a homogeneous longitudinal charge dis-
tribution of N, electrons and a duration of T is thus
simply given by

(10)

The 1D theory is not sufficient to describe the
full physics of VUV and X-ray SASE FELs. How-
ever, it has analytic solutions and allows one to derive
some important parameters so as to understand the
principles of the SASE FEL process. Simulations
using a full 3D model and its consequences for the
bunch parameter tolerances will be discussed later.

4.2.1. Third-order equation

The 1D model leads to a set of coupled first-order
equations which describe the time evolution of the
ponderomotive phases and energy deviations of the
electrons, as well as the time evolution of the cur-
rent density and the amplitude of the radiated light
wave. We will not discuss these equations here and
will refer to the literature. An extensive discussion
can be found for example in [43]. This set of equa-
tions describes the basic features of the high-gain
FEL process, including exponential growth of radi-
ated power and saturation.

The coupled first-order equations can only be
solved numerically. Assuming a small modulation of
the current density, a linear third-order differential
equation for the electric field can be derived. This
equation has the advantage that it can be solved

analytically and that it introduces important param-
eters useful for understanding the basic physics of the
high-gain FEL process.

The third-order differential equation contains
the complex electric field amplitude E(z) as a func-
tion along the path length z:

B B k2 2 B
3+%ﬂ_?+_%01> E ie-o
I pre1 T T Prel T

(11)

The prime ' stands for the derivative of the complex
electric field E with respect to the longitudinal coor-
dinate z (E' = dE/dz),
W=
="
which is the relative energy deviation of the beam
from the resonance energy W..

Let us consider the case of seeding the FEL pro-
cess with a seed field with a wavelength A\s = A;. The
resonance energy W, = v,mec? is then derived from
the undulator equation (7):

Ar Au <1+K72>. (13)

T 272

n (12)

An electron beam with the energy W, will just radi-
ate with the wavelength ., which is equal to the
seed wavelength. The energy of the electrons may
deviate a little from the resonance energy W,, which
is accounted for by the energy deviation or detuning
parameter 7 defined in Eq. (12).

The third-order equation contains four impor-
tant parameters: the gain parameter I', the space
charge parameter k, (both with a dimension of an
inverse length), the dimensionless FEL or Pierce
parameter pg, and the power gain length Ly:

1/3
p o (THeKetne : (14)
2 Y3 me

2\, w
b=y 22, (15)

Au 1 Au
I Ly
Lgo = L = ; . Au )
V3D 4A7V3 pra
with the permeability of free space i, (SI units).

The electron density n. is defined as the number
of electrons per unit volume.

Pfel = r

(17)
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The parameter Kjj in Eq. (14) is the modified
undulator parameter taking the oscillatory coupling
between the beam and the light wave into account.
For a planar undulator one obtains

Kjy= K- (Jo(Y) = Ji(Y)). (18)

Jo and J; are Bessel functions of the first kind with
the argument Y = K?/(4 + 2K?). The correction is
small (Jy = 1 and J; = 0); for instance, for K = 1
the modified K is Kj5 = 0.91. For helical undulators,
Ky =K.

The gain parameter I' and the space charge
parameter k, depend on the beam properties and
the layout of the undulator.

The space charge parameter is expressed with
the plasma frequency w, in the relativistic electron

bunch:
nee?
— 19
P\ Sreome (19)

As an example, we take the FEL FLASH oper-
ating at 1 GeV and a wavelength of 6.5nm. Typical
electron beam parameters are a total bunch length
of 80fs, a bunch size of 80 um along the undulator
with a charge of 0.2nC leading to a peak current of
2.5kA. For the undulator we take K = 1.23 with a
period of A, = 27.3 mm. From the definitions above
we compute a gain parameter of I' = 0.75m~! and
a space charge parameter of k, = 0.1m~'. The FEL
parameter is pg; = 1.6 - 1073, and the power gain
length Lo = 0.77 m.

This example already indicates two main
requirements on the electron bunch in order to
achieve a suitable amplification gain: high peak cur-
rent in the kA range, and small beam sizes along the
undulator (< 100 pm) translating into a small trans-
verse beam emittance. Details will be discussed in
the next section.

4.2.2. Solutions to the third-order equation

For present-day linac-driven FELs, the space charge
parameter k, can be neglected compared to I' in
Eq. (11). We consider the special case of n = 0.
Let the FEL process be initiated by a monoener-
getic incident light wave with the amplitude Fj, and
the wavelength Ag, which defines the resonance wave-
length A;. In this case, the solution to Eq. (11) has

the form

i+V3 i—\/3 ;
E(z) = Aje BOTE 4 Ape 20T 4 Age T2, (20)

with the coefficients 41 = Ay = A3 = Ei, /3.
The two last terms exhibit an oscillation and a

damped oscillation, respectively. The first term, how-
ever, leads to exponentially rising radiation power
along the undulator, with the power gain length in
the exponent:

P(2) x exp(v/3T'2) = exp (Ligo) (21)

As shown with the blue dotted line in Fig. 5, the
exponential power rise only starts after a few gain
lengths Lgo. The radiation power stays almost con-
stant in the so-called lethargy regime. Initially, the
exponential growth competes with the damped oscil-
lation, but it quickly dominates.

It is also possible to show that the amplifica-
tion process according to the third-order equation
can be initiated by a density modulation in the elec-
tron bunch rather than a seeding light wave.

Also in this case, after 2-3 gain lengths, the
power rise approaches the exponential as given in

P W] T T T Py o |
- o ° -
[ ] [ ]
10° S
N seed |
108
B SASE N
108
1 1 1 1 1 1
0 5 10 15 20 25 30
z/ Lgo

Fig. 5. Exponential growth of the FEL radiation power along
the undulator. The curves show the result of a numerical inte-
gration of the coupled first-order equations, using a plane wave
seed electric field (blue) and initial current density modula-
tion due to random distributions of the electrons in the bunch
(SASE FEL, red). After a few gain lengths, the exponen-
tial growth starts. In the case of SASE, saturation occurs at
~20Lgo; the seed reduces the saturation length. The satura-
tion power in both cases is equal. The dots represent the ana-
lytical solution (20) of the third-order equation (11). (Courtesy
of Peter Schmiiser, DESY.)
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Eq. (21). Figure 5 shows a calculation of the expo-
nential gain started by a current density modulation
in the bunch (red line). For comparison, it also shows
the amplification initiated by a seeding field.

Considering the case of different frequencies w =
2mce/ A seeding the amplification process around the
resonance wy, one can understand the finite band-
width of the FEL radiation. In this case, the relative
energy deviation 7 is small but nonvanishing and is
expressed in terms of the seeding frequencies:

W — Wy

nw) =— R (22)

The gain curve g(z,7) is approximated by a Gaus-
sian with an exponentially growing amplitude o
exp(z/Lgo) and a z-depending width in the form
exp(—n*/207), with 0 = 9preiLgo /22

2
z —n?z
g(z,m) xexp | — | -exp| =—— |. 23)
( ) (Lgo) (gp%eng(J) (

With Eq. (22) we obtain the rms frequency band-
width of an SASE FEL [43] 0, = 2woy,:

P2 g L2 24

This expression is valid during the exponential
growth of the amplified radiation. From this equa-
tion, we obtain a bandwidth after 20 gain lengths of
0u/w ~ 1.5-1072 for a typical FEL parameter of
1.6-1072. The high-gain FEL acts as a narrow-band
amplifier.

As we will see later, saturation in the case of
SASE is reached after about 20 power gain lengths.
We can then approximate the frequency bandwidth
at the beginning of saturation with

% R pret for 2z~ 20Lg. (25)

In contrast to the coupled first-order equa-
tions, the third-order equation (11) is not suited for
describing a saturation process. However, some form
of saturation must occur, since the electrons are los-
ing energy while emitting FEL radiation.

As we will discuss later, it turns out that the FEL
efficiency, the ratio of the saturation power Ps,; to
the beam power B, is in the order of the FEL param-
eter pgl, independent of the initial seeding power:

Psa

Pb

However, in the initial lethargy and the expo-
nential amplification regime, the radiation power

L ~ pPfel- (26)

depends linearly on the seed power, reaching satu-
ration a couple of gain lengths earlier (large seed) or
later (small seed). This is illustrated in Fig. 5, com-
paring a numerical integration of the coupled first-
order equations for a seeded FEL (large seed) and
SASE (small seed).

5. Self-Amplified Spontaneous Emission

With the considerations above, it is straightforward
to include the startup of the amplification process in
a high-gain FEL by the spontaneous radiation itself.
In the first section of the undulator, the spontaneous
radiation is produced, which later on acts as a seed
for the amplification process. This is equivalent to
the model, which considers a stochastic density mod-
ulation within the electron bunch with a broad white
noise spectrum. The appropriate frequency compo-
nents within the bandwidth of the FEL amplifier
[Eq. (24)] are amplified in the remaining section of
the undulator.

In the 1D model described above, the third-order
equation (11) is now solved with a random current
density modulation in the electron bunch taking into
account the z-depending bandwidth Eq. (24). The
FEL power in the exponential gain regime up to sat-
uration is then approximately [43]

24,2
Pl = 2 | e (). )
The amplification process is very similar to the

case for seeding with an external seed source. Com-

paring the two, it is possible to estimate the required
seed power for external seeding, which needs to be
above the self-seed. An expression for the equiva-
lent seeding field Feqy induced by shot noise is given
in [43]:

tocKyy [ely =—
u = —V2 wa_ _9-
e 4 I m o 27r0g

(28)

I, is the peak current [Eq. (10)] and o}, the rms trans-
verse bunch size.

For the 500 MeV FLASH case (A = 25nm) and
typical parameters, this equivalent seeding field is
0.8MV/m. In the case of seeding by an external
source, this field has to be exceeded, which is a
demanding task, especially for shorter wavelengths.

Including the effect of saturation, for instance by
using the coupled first-order equations, the solution
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leads to the saturation length L [47]:

Au
Leat ~ P 47V/3Lgo = 21.8 Lyo. (29)
fel

This is a very general result which holds with a good
approximation within 10% or 20%: the saturation
length is about 20 power gain lengths. The same
approximation has been obtained in [62].

Several experiments have been carried out to
measure the gain along the undulator and to demon-
strate saturation; refer to the introduction for a brief
historical review. Figure 13 shows an example of
saturation achieved for a wavelength of 13nm at
FLASH. The simulation with the code FAST [54] fits
well the data. The power gain length obtained from
the gain curve is Ly = 1.25 £ 0.15m. The 1D power
gain length is calculated to be Lyo = 0.5 m, suggest-
ing rather large corrections, especially the effect of
an energy spread or energy chirp along the bunch.
Saturation is achieved after 21 gain lengths, in good
agreement with Eq. (29).

Perhaps the most striking example of a gain
curve measurement showing saturation is from
LCLS. Figure 6 shows the radiation power along
the undulator at a wavelength of 1.5A [38]. The
measured data are overlaid with a simulation by
the 3D code GENESIS [53]. The good agreement of
the simulation with the data of LCLS (Fig. 6) and
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Fig. 6. Radiation power along the undulator at a wavelength
of 1.5 A measured at LCLS (red points). To obtain the gain
curve, the amplification is sequentially switched off after each
undulator by kicking the beam. A GENESIS simulation is
overlaid (blue curve) using the beam parameters indicated.
From this measurement, a gain length of 3.3 m is obtained.
An image of the X-ray beam spot is shown in the inset (spot
size 140 um rms) (Reprinted from Refs. 39 and 97.)

FLASH (Fig. 13) shows that the SASE amplification
process is well understood and simulation tools are
well advanced.

From the LCLS gain curve, a power gain length
of Ly = 3.3m is obtained. With the data given in
[38], the 1D power gain length is calculated to be
Lgo = 2.3m, showing large corrections to the 1D
model. Saturation is obtained at approximately z =
60m hence after 18 gain lengths. This is again in
good agreement with Eq. (29).

A more realistic picture of the high-gain ampli-
fication process is usually obtained using full 3D
simulation codes like GINGER [52], GENESIS [53],
or FAST [54]. Many aspects neglected by the 1D
model are taken into account: for instance, the trans-
verse extension and diffraction of the light wave, and
important electron bunch parameters like emittance,
energy spread, and short bunch length.

6. Statistical Properties of SASE
Radiation

The stochastic nature of the shot noise radiation self-
seeding the amplification process is responsible for
the intrinsic fluctuation of the energy and wavelength
spectra of the amplified FEL radiation.

Figure 7 shows an example of single shot spectra
measured at FLASH. The single shot spectra vary
in center wavelength and shape. The bold curve is
an averaged spectrum over 300 shots. The average
spectrum is well reproduced by a 3D simulation.

Intensity (arb. units)
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Fig. 7. Measured single shot spectra at FLASH. The bold
line shows an averaged spectrum over 300 shots. The spectra
are obtained in saturation at a single pulse energy of 40 uJ.
The circles indicate a simulation of the averaged spectrum
with the 3D code FAST [54]. (Adapted from Ref. 32.)
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The single shot spectra mostly show a single
spike; sometimes, two or three spikes are visible.
Because the spectrum is simply a Fourier transform
of the temporal structure, the temporal profile of the
radiation pulses also consists mostly of a single spike.
From time to time, also in the temporal profile, two
or more spikes appear.

6.1. Coherence time and pulse duration

An important quantity in this context is the coher-
ence time. This is the time over which a correlation
in the radiation field exists.

Following the approach of Saldin et al. [67] and
Schmiiser et al. [43], the coherence time can be calcu-
lated from the first-order correlation function using
the solution of the radiation field including a finite
bandwidth o, (z) [Eqgs. (23) and (24)]:

VT T A
O'w<Z) B 3\/§Wspfel LgO. (30)

For FLASH, lasing with 13.7nm in saturation,
the coherence time is estimated with experimental
data using Eq. (30): 7eon = 4.2+ 0.5fs [32].

A direct measurement of the coherence time has
been carried out at FLASH with a split-and-delay
autocorrelation experiment. The coherence time at

Tcoh (Z) -

24nm derived from the single shot interference pat-
tern is Teon = 5.11fs (rms) [65].

The same group used the autocorrelator together
with two-photon double ionization of He as a nonlin-
ear medium to measure the temporal length of the
FEL pulse. Figure 8 shows the time-resolved yield of
double ionized He [65]. From a fit to the data, a pulse
duration of 74 = 29 4+ 5 fs has been derived. The plot
also shows (as a dashed line) the spike structure of
the FEL pulse in the time domain.

Another measurement of the pulse duration at
FLASH at a wavelength of 13.5nm yielded an rms
pulse duration of 75 = 15 £ 3fs [66]. This time a
streak camera technique with THz radiation from the
FLASH THz undulator was used. Also, this experi-
ment observed from time to time spikes in the time
domain.

6.2. Statistical mode analysis

The spikes that appear in the frequency domain obvi-
ously have their origin in wave packets that are sep-
arated in time.
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Fig. 8. Time-resolved double ionization of He (dots). The
solid line is a Gaussian fit to the data with a width of 39 fs
FWHM. This yields a pulse duration of 7 = 29 + 5fs. The
dashed line represents a three-pulse structure with temporal
separations of the side peaks by 12 and 40fs with an added
chirp of 50fs2. (Reprinted from Refs. 65 and 98.)

Because the pulse duration is longer than the
coherence time, more than one wave packet may exist
in the pulse. The average number of wave packets or
spikes within the spectra is

Ts

M=

— (31)

Since the SASE FEL radiation has random
amplitudes and phases in time and space, it can be
described using statistical optics. During the expo-
nential growth, the radiation pulse energy is fluctu-
ating according to a gamma distribution p(W) [67]:

p(W) = r%) (<VV;>>M1 e (M)
(32)

W is the energy of the individual pulse, and (W)
the average energy of all SASE pulses considered
in the measurement. I'(AM) is the gamma function
with the argument M. M is the inverse of the squared
normalized variance of the energy o ,:

(W — (W))?)

= (33)

1 2
M = UW,n

The parameter M corresponds to the number of
transverse and longitudinal optical modes, which is
in fact identical to the number of longitudinal modes
or spikes in the wavelength spectra, since the radia-
tion close to saturation is transversely coherent.
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Fig. 9. Histograms of the probability distribution of the mea-
sured single pulse energies of several hundred pulses for dif-
ferent settings of the electron bunch length. The SASE pulses
are observed at FLASH at high gain, but still in the exponen-
tial regime, just before saturation. The wavelength is 97 nm.
The upper plot is for a machine setting with short electron
bunches; the lower plot is for long bunches. The solid curves
represent gamma distributions according to Eq. (32), yield-
ing a mode number M = 2.6 for short and M = 6 for long
bunches. M is calculated from the standard deviation of each
distribution. The gamma distribution is not a fit; it is directly
calculated from the data and normalized to the total energy
of the data histogram. (Adapted from Refs. 30 and 95.)

As an example for the validity of this approach,
Fig. 9 shows two distributions of the pulse energy
of several hundred FEL pulses measured at FLASH
with a wavelength of 97nm for different electron
pulse durations [30]. The mode number is calculated
from the standard deviation of the energy distribu-
tion according to Eq. (33). The solid line overlaid
on the energy distribution histogram is directly cal-
culated from the data according to Eq. (32), not a
fit. The calculated gamma distribution is normalized
to the total energy of the histogram (sum over all
bins). For long electron bunches, the mode number
is M = 6.0; for short bunches, M = 2.6.

This result agrees remarkably well with the
measurement of the spectra for the long and the
short electron pulse case, as shown in Fig. 11.
The number of spikes in the spectra corresponds
to the mode number calculated from the energy
distribution.

Convincing is also the change in the distribution
when a single longitudinal mode is selected with a
narrow-band monochromator. With only one mode
present, the distribution approaches a negative expo-
nential with the mode number M = 1, calculated
from the normalized standard deviation of the mea-
sured energy distribution (Fig. 10).

6.3. Transverse coherence

Similar to optical lasers, the fundamental Gaussian
transverse mode has its highest intensity near the
beam axis, while all other high-order modes have a
larger transverse extent. Therefore, during the ampli-
fication process, the fundamental mode exhibits a
larger amplification and will win the mode competi-
tion. Approaching saturation, the fundamental mode
dominates and the radiation will have a high degree
of transverse coherence. Measurements at FLASH
at a wavelength of 13.7nm with a double-slit sys-
tems show an almost-full transverse coherence [68].
The double-slit measurement demonstrates that the
degree of coherence is similar for the horizontal and
the vertical direction, and that the coherence length
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Fig. 10. Histograms of the probability distribution of the
measured single pulse energies of several hundred pulses. The
radiation pulses have passed a narrow-band monochroma-
tor. The curve shows the gamma distribution according to
Eq. (32). As expected for monochromatic radiation, the distri-
bution is a negative exponential and yields M = 1. (Adapted
from Refs. 30 and 95.)
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Fig. 11. Spectra measured at FLASH with short (top) and
long (bottom) electron bunches. The number of spikes corre-
sponds well to the mode number calculated from the standard
deviation of the energy fluctuations, as shown in Fig. 9. The
average number of spikes obtained from the statistical analysis
is 2.6 in the short pulse case (upper plot), and 6 in the long
pulse case (lower plot). (Adapted from Refs. 30 and 95.)

scale is about 300415 pum at a distance of 20 m down-
stream of the undulator (Fig. 12).

It is worth mentioning that, in deep saturation,
higher modes gain in energy with respect to the fun-
damental mode, with the consequence of a reduced
transverse coherence. A more detailed discussion can
be found in [69].

7. Requirements for Electron Bunch
Parameters

For the realization of an FEL, the requirements for
electron beam parameters to achieve a reasonably
small gain length are of the utmost importance.

d=150 pm

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

d=300 um d=600 pm

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

[
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Fig. 12. Double-slit experiment at FLASH at a wavelength
of 13.7nm. (a) A typical image of the diffraction pattern with
vertical slits of 150 um separation. (b)—(d) Results of a fit
(solid lines) to experimental data (points) for different slit sep-
arations: d = 150 um (b), d = 300 pm (c), and d = 600 pm (d).
(Adapted from Refs. 68 and 99.)

Generally speaking, considering more realistic
beam parameters using a full 3D model, the real
gain length L, increases compared to the gain length
obtained with the 1D model: Ly > Lgg. The expected
gain length has important consequences for the lay-
out of the undulator system. Therefore, requirements
for electron beam properties must be carefully stud-
ied when designing an SASE FEL.

7.1. Beam current

To estimate the required electron density for a rea-
sonable gain length of Ly ~ 1m, we use Eq. (17)
together with Eq. (14) and assume typical undulator
parameters, beam size, and an energy of 1 GeV (see
Subsec. 4.2.1):

1
_ 6
Lgo=8.4-10"— o (34)
Using the expression of n, in terms of peak current
[Eq. (10)] and bunch rms size oy,
1 Iy

=Lt 35
" ec 2mot (35)

we obtain
1
Lgo '
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It is evident that for a power gain length on the order
of 1m, a peak current in the kA range is required.

It should be noted that, in practice, the electron
density n, is determined by the bunch or peak cur-
rent Iy, and to a lesser extent by the transverse beam
size oy,, which is typically in the range of 50-100 pm.

Let us discuss the effect of the space charge
parameter k, on the gain length. From Egs. (15) and
(19) we know that

kp o /Mg < \/Tp. (37)

Solving Eq. (11) taking the space charge parameter
kp into account leads to the conclusion that for

ky, <0.5T (38)

the increase in gain length is still moderate and on
the order of 10% [43].

Indeed, this is the case for X-ray FELs. For our
typical parameters, we obtain the expression

];—P ~ 0.04(Io[A])Y/S. (39)

Since the bunch current enters only with the power to
1/6, a ratio of k,/T" = 0.5 is obtained for unrealistic
high peak currents of 5 MA. Only for very low beam
energies of less than about 100 MeV we do need to
consider the effect of the space charge parameter. For
FLASH, k, = 0.14T, resulting in an increase of gain
length by 1% only.

7.2. Energy spread

Owing to the narrow bandwidth of the high-gain
FEL, an energy spread of the beam oy has a larger
effect on the gain length. Only if all electrons have
the same energy W) is the power gain length close
to the real gain length L,. Calculations show that
for ow /W: = 0.5pga, the gain length is already
increased by 25% [43]. This defines a reasonable
upper limit:

ow

< 0.5 prel- (40)

With a typical FEL parameter of pg; = 1.6 -
1073, the energy spread needs to be kept well below
1-1073.

An important consideration is a possible space-
charge-induced energy chirp dW/dt along the
bunch [55, 56]. The effect of the energy chirp on
the gain length starts to play a significant role when
the relative energy change dW/W acquired within

one coherence length 7., becomes comparable to the
FEL parameter:

Teoh AW Teon AW
— = — . Pfel. 41
a W < 0.5 prel (41)

As reported in [32], space charge effects induce

a considerable energy chirp on the lasing part of
the bunch at FLASH (A = 13.7nm). The param-
eter defined in Eq. (41) amounts to 1.5 pg, much
larger than the limit of 0.5 pge;. Indeed, the measured
power gain length is, with Ly = 1.254+0.15m, about
a factor of 2.5 higher than calculated from the 1D
theory. The large energy spread or chirp has also
the effect of increasing the width of the frequency
spectrum.

7.3. Emittance

Besides the requirements on peak current and energy
spread, achieving and maintaining an overlap of the
electron beam with the amplified radiation field in
long undulator sections is of the utmost importance.

7.3.1. Emittance definition

Important parameters in this context are the elec-
tron beam emittance € and its equivalent, the diffrac-
tion limit of the amplified radiation Ag/7m. For both,
the electron beam and the radiation, this quantity
is as usual defined by the product of the size and
divergence with an additional correlation term, if
required.

The emittance of an electron bunch is usually
defined in terms of measurable quantities, which is
also applicable in simulation codes [58]:

e = ﬁ%wx%@ —ana)?, (42)

with x being the Cartesian transverse horizontal
coordinate of the electron, and p, the momentum
component in the horizontal direction. An equiva-
lent equation holds for the vertical coordinate y. The
angular brackets define the second central moment of
the distributions. Note that p, is the average longi-
tudinal momentum of the electrons. The coordinate

z is in the direction of acceleration. The emittance
defined in this way is an rms emittance.

In the following, we always assume round beams
with equal transverse dimensions oy, = 0, = 0, and
use the indices x or b, representing both of the trans-
verse coordinates x and y.
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In experiments, the terms with transverse
momenta p, are often estimated by the measured
beam divergence, for instance /2 = ((p,/p.)?). The
rms beam size is 02 = (22).

The emittance as defined above is equivalent
to the Courant-Snyder invariant W = ~a? +
2azx’ + B, defined in [59]; «, (3, and 7 are the
Twiss parameters, ' = dx/dz, with z the direc-
tion of motion. The relation between emittance and
beam size in terms of the beta function ((z) is
given by

U?L-(Z) = €f:(2). (43)

As an example, a beam size of ¢, = 100 um with
a beta function f,(z) of 10m is achieved with an
emittance of € = 1 nm.

Equation (42) shows that the emittance is adia-
batically damped with the average longitudinal beam
momentum p,. Therefore, it is convenient to define
a normalized emittance €,:

€n = Pz x ~e. (44)
MeC

7.3.2. Beta function and gain length

A good overlap between electron beam and radiation
is usually obtained by adapting the electron beam
size and divergence to the size and divergence of the
radiation.

Usually, the principle of strong focusing [47, 57]
is applied: quadrupoles are placed between undulator
segments of suitable length to form for instance a
FODO lattice. Beta functions between 10 and 30 m
are realized. Typically, the lattice period is smaller
than the beta function. The electron beam optics also
takes into account the weak focusing in the vertical
direction of the undulator magnets.

The betatron oscillation has an effect on the las-
ing process. It introduces into the already-discussed
oscillation induced by the undulator field an addi-
tional transverse velocity component. For the FEL
process, this translates into an effective reduction of
the beam energy by dyegs = —v3¢/3: and, in addi-
tion, into an effective smearing of the beam energy
by et = ¥2€/Bx. We neglect the variation of the
beta function along the undulator and use an average
beta function: §(z) & Bay.

Adding both independent effects in quadrature
and using the condition for an acceptable energy

spread being 0.5 pre1, Eq. (40), we obtain the follow-
ing condition for the transverse beam emittance:

Bav .
2v/2y2

As an example, for an average beta function of 5m
along the undulator and a beam energy of 1GeV
with a typical FEL parameter of pg = 2 - 1073, we
obtain a normalized emittance limit of ¢, < 1.8 um.
Taking LCLS parameters [38], we obtain a limit of
€n < 0.3 um with G,y = 30m. (We use the calculated
FEL parameter pg; = 7.3 - 107%; the LCLS beam
energy is 13.6 GeV.)

It is interesting to note that for the normalized
emittance €, the condition (45) can be expressed in
terms of the beam size o, and the FEL parameter

Prel Only:

€<

(45)

(46)

If we chose an average beam size along the undula-
tor of o, = 80 um, the normalized emittance limit
is 2.1 pm (preg = 0.002). Since the FEL parameter
scales with 1/+, the emittance limit scales with 1/,/y
and has only a weak dependence on the energy. This
makes it possible to adjust the condition for lasing by
choosing the appropriate beam size, eventually relax-
ing the requirements on the beam emittance of the
electron source. However, one has to consider that
large beam sizes reduce the electron density in the
bunch and thus increase the gain length since

1
LgO 0.8 \?’/—n_e . (47)

7.3.3. Diffraction of the light wave

To discuss the overlap of the electron beam with the
light wave, we need to take into account that for
a diffraction-limited laser beam, the product of the
Gaussian waist size w(z = 0) = wy = 2 0,0 and half-
angle divergence # with respect to the waist w(z —
00) is a constant given by the light wavelength A —

very similar to the electron beam emittance:
9’[1)0 = é (48)

7r

As an example, for a wavelength of 50 nm and
a laser beam waist size of 079 = 100 pum, its size is
doubled after 2.5 m. This length is also known as the
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Rayleigh length:

7rw(2) 471'020
A
As we know from a typical gain length of about
1m, the undulator often needs to be much longer
than the Rayleigh length of 2.5 m. This does not nec-
essarily mean that after a distance z > zg the light
wave expands much faster than the electron beam
and light is lost. We have to take into account that for
all positions along the undulator, the wave is expo-
nentially amplified and thus is freshly created along
the undulator with a waist wg of twice the electron
beam size o, until saturation is reached. This effect
is well known from conventional lasers and is often

2R (49)

called “gain guiding.”

Indeed, with a too-small Rayleigh length, pho-
tons will be lost during the amplification process.
This is taken into account in 3D simulations. See [60]
for a discussion on this subject.

The effect is not so dramatic for shorter wave-
lengths: for A = 5 nm, the Rayleigh length is already
25m for 0,9 = 100 ym. The length of the FLASH
undulator system is 27 m.

Gain guiding is beneficial for long undulator sys-
tems for X-ray FELs, since it permits slow deviations
of the electron beam orbit and facilitates undula-
tor positioning. The pointing of the FEL beam to
the experiments will be determined by the alignment
accuracy of the last undulator segments, and to a
lesser extent by the initial orbit of the electron beam.

To summarize, the loss due to diffraction effects
is small if the Rayleigh length is larger than the gain
length:

ZR > LgO . (50)

Fortunately, this condition is usually fulfilled, as
illustrated by the following example. For an emit-
tance of € < 0.9 nm fulfilling the criterion of Eq. (45),
the average beam size along the undulator is 70 pum.
We assume a beta function of 3,, = 5m, and a beam
energy of 1GeV. Taking the FLASH undulator, a
beam energy of 1 GeV would correspond to a laser
wavelength of 6.3nm. For a laser beam size equal
to the electron beam size, the Rayleigh length for
this wavelength is zg = 10 m, much longer than the
gain length of Lyo = 0.7m. Also, at LCLS [38], the
Rayleigh length of 37m (\; = 1.5A) is larger than
the 1D gain length of Lgo = 1.9m.

7.3.4. Qwerlap of the electron beam with the
light wave

A good criterion for a perfect overlap of electron and
laser beam motivated by a simple physical argument
is derived equaling the beam emittance (42) with the
equivalent laser beam emittance, the diffraction limit
of the radiation (48):

As
< o100 = 2% 1
e<oo i (51)

In contrast to the criterion for the normalized emit-
tance (46) derived from betatron oscillation of the
electron beam, the limit (51) now scales for a given
undulator with 1/:

Au K? 1
n < 1+ — —. 52
= 81y ( + ) x (52)

The scaling holds under the assumption that the
choice of undulator parameters does not change sig-
nificantly for different beam energies. This is usu-
ally the case for X-ray FELs. As an example, the
normalized emittance limit according to Eq. (52) is
€n < lpm for the case of lasing at 6.3nm with
1GeV at FLASH. The limit using LCLS parame-
ters from [38] is €, < 0.3 um (lasing at 1.5 A with
13.6 GeV).

7.4. Parametrization of the gain length

A simple analytically valid formula for the gain
length including all 3D effects does not exist. Based
on the exact solution and variational approximation
of 3D eigenmodes in high-gain FELs, Xie proposed
the following parametrization [61]:

Ly = Lgo(1 + A). (53)

The parameter A is determined by interpolating the
variational solutions. It contains three dimensionless
parameters expressing the dependence of the gain
length on the energy spread, on the emittance and
betatron oscillations of the electron beam, and on
the diffraction of the light wave — very similar to
the discussion above.

Employing FLASH parameters for lasing at
13.7nm from [32] (e, = 1.4 pum, o, = 80 um, Ly o =
0.52m), we can use the parametrization to estimate
the energy spread of the lasing spike, which is diffi-
cult to measure. An energy spread of 0.2% then leads
to a correction of A = 1.4, and to a 3D gain length of
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Fig. 13. Measured FEL pulse energy along the FLASH undu-

lator at a wavelength of 13.7nm [32]. For this measurement,

the electron beam is kicked off the optimal trajectory at var-

ious positions along the undulator to suppress lasing. The

measured energy includes the spontaneous radiation. From

this data, the power gain length is estimated to be Lgo =
1.25 £ 0.15 m. (Adapted from Refs. 32, 96.)

1.26 m — matching the measured power gain length
of Ly = 1.25m.

A quite different parametrization has been pro-
posed by Saldin et al. [62]. They evaluated an expres-
sion for the gain length which explicitly includes
beam and undulator parameters. Their formula is
not universal, but it provides a good accuracy that
is better than 5% in the parameter range of soft and
hard X-ray FELs. The power gain length is written
in the form

167 [Ia (ea)a)®C (14 K2/2)/3
VR R IE Ky

-(1+49),

(54)

with the Alfvén current Ia = dmeomec® /e = 17.1kA
and
5/4

2
5 —o62tA _& (ow /mec”)

o NN K30+ K227

2

(55)

This approximation is valid when the average
beta function is optimized to achieve the smallest
gain length for a given setup. The optimized beta
function can be expressed in terms of beam and
undulator parameters [62]:

Ix SN

ot = 11.2v2
Popt va Ip MKj;

(1488713, (56)

7.5. Saturation power

The parametrization by Kim and Xie [63] approxi-
mates the saturation power by

Leo\
Piar = 1.6 Poeam Pfel (L_g> y (57)
g

where Ppeam is the electron beam power:

YrMMe ?

Pream = Ip. (58)

(&

The bunch current Iy has been defined in Eq. (10)
as the total charge @Q = eN, divided by the bunch
duration T: Iy = eN,/T.

With typical parameters for FLASH, the FEL
efficiency Piat/Pheam is almost 0.1%. Since the beam
power is 2.5 TW, this approximation leads to a sat-
uration power of Py = 2.3 GW.

Figure 14 shows the dependence of the satura-
tion power on emittance, energy spread, and peak
current according to Eq. (57) using the parametriza-
tion of Xie, Eq. (53). Ouly one of the three parame-
ters is varied for each curve. For the emittance scan,
the average beam size in the undulator is kept con-
stant and the beta function is adapted accordingly.
This may lead to small beta functions for the larger
emittance values, which may not be realistic in prac-
tice. The peak current is varied by changing the
bunch length only, keeping the charge constant. The
plot in Fig. 14 gives an impression of the electron
beam properties required to drive a high-gain SASE
FEL to saturation with peak powers at the GW
level.
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Fig. 14. Saturation power as a function of normalized emit-
tance, relative energy spread, and peak current according
to the approximation (57) using the parametrization of Xie,
Eq. (53).
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8. Brilliance

One of the most striking and exciting properties of
SASE radiation is its extreme brilliance compared to
other light sources. Figure 1 shows the peak brilliance
of soft and hard X-ray FELs compared to some third
generation light sources with experimental data from
FLASH and LCLS included.

The brilliance is defined as the photons flux Npy,
within a certain spectral bandwidth dw/w per unit
area A and unit solid angle Q:

Ny 1
B = P 59
“dw AQ (59)
The unit of the brilliance is photons/(s mm? mrad?

0.1% bw). The notion “peak” refers to the bril-
liance of a single FEL pulse; in other words, Nph is
the number of photons per pulse duration T". Some-
times, the average brilliance is used. Here Nph is the
number of photons per unit time. This is useful for
multibunch FELSs or storage-ring-based light sources,
where many pulses per unit time are produced.

The area and solid angle are defined as rms val-
ues. Assuming a symmetric beam, we obtain A =
27rcr}2) and 2 = 27m§. For a high-gain FEL, the radi-
ation has full transverse coherence, with the funda-
mental Gaussian mode dominating. Therefore, it is
justified to use the diffraction limit (48): opop =
A/4x. Including this in Eq. (59), one obtains

dNp, 1
Tdw (V2)%

The brilliance can be expressed in easily mea-
surable quantities — the energy of the photon pulse,
the wavelength, and the number of modes.

In the exponential gain regime and also close
to saturation, the spectrum has a Gaussian shape
leading to deph/dw = w]\'fph/\/%aw. Assuming a
random flat longitudinal charge distribution with a
total pulse duration T, we get Nph = Npu/T. The
brilliance now reads

Bfel = w (60)

wN, h 1
Bpog = —2— . 61
= BT /P o
Including the coherence time 7con = +/7/0, and

using Eq. (31), we can express the brilliance with
the number of modes M = T'/7con:

4v/2eNpn 1

N M
The number of photons is calculated by mea-
suring the energy of a single pulse Wy, with

Bge) = (62)

Npw = A/he Wpy. It is determined by applying the
statistical analysis discussed in Sec. 6. It is then sim-
ply the squared inverse normalized rms fluctuation
of the pulse energy M = 1/0f, , [Eq. (33)]. M now
also includes possible transverse modes, which have
initially been neglected.

Finally, we get a simple expression for the peak
brilliance for high-amplification FELs:

Bra = —~——2o2 (63)

9. The Electron Source

As discussed in more detail in the previous sec-
tions, the requirements on the electron bunches can
be summarized as follows: high peak current in the
kA range with a transverse normalized emittance of
around 1 pm, and an energy spread of 0.1% with an
energy in the GeV range.

Where the electron source is concerned, the
requirement on the emittance together with the
charge on the order of 1nC needed to achieve high
current densities is most challenging.

A technical solution is the RF gun introduced by
Fraser and Sheffield in 1986 [70]. The electrons are
produced in a strong accelerating field by a photo-
cathode driven with a suitable laser system. Rapid
acceleration reduces emittance growth, and laser-
induced emission allows the production of picosecond
short bunches from the source. This makes a classical
bunching section superfluous.

A typical RF gun consists of a half-cell followed
by one or more full cells. Guns have been built for
many RF frequencies, the most common being the
S-band (=~ 3 GHz) or L-band (1.3 GHz).

As an example, Fig. 15 shows a drawing of the
FLASH RF gun.

The photocathode is placed at the center of the
half-cell backplane. The drive laser power is adapted
to the quantum yield of the photocathode. Laser sys-
tems with mode-locking techniques are used to syn-
chronize the picosecond long laser pulses to the RF
field to better than 1° (in terms of the RF phase).

Photocathodes and laser systems are adapted
to the specific requirement of the facility. Single
shot FELs with a low repetition rate, like LCLS or
SPARC, use Cu cathodes. The low quantum effi-
ciency of Cu of ~107°---107% needs a powerful
laser system in the UV. However, single shot laser
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Fig. 15. Drawing of the FLASH RF gun. This is a 1.3 GHz
1 and 1/2-cell copper structure powered by a 5 MW klystron.
The RF pulse duration is 850 us, with a repetition rate of
10 Hz. The water-cooling system is designed to remove 50 kW
of heat. The photocathode is a thin layer of CsyTe. The laser
beam enters at a small angle. The focusing solenoid is placed at
the exit of the gun. An additional magnet close to the cathode
compensates for the remaining field of the solenoid to zero.
(Courtesy of M. Krasilnikov and E. Vogel, DESY.)

photo \
cathode \

systems meeting the requirements of RF guns are
commercially available.

For burst mode FELs like FLASH or the Euro-
pean XFEL, the situation is very different. The num-
ber of bunches per second is about a factor of 1000
larger than for today’s single shot FELs. Since the
average laser beam power of reasonable-sized laser
systems is limited to a couple of watts, a cathode
with a yield surpassing Cu by the same factor of
1000 is required.

FLASH uses a thin film of CsyTe deposited on a
Mo substrate. This type of cathode was introduced
at the CLIC Test facility in 1993 [71] and is used now
by many facilities around the world. The cathode is
robust, with a high quantum efficiency of > 5% [72].
Under good ultrahigh-vacuum conditions of less than
107 % mbar, the lifetime exceeds 100 days [73].

Suitable burst mode laser systems with an aver-
age power of a couple of watts have been built for
FLASH by the Max-Born Institute, Berlin [74].

9.1. Space charge forces

Due to strong space charge forces at small electron
energies, it is not possible to produce bunches with a
peak current exceeding 100 A directly at the source.
But even for relatively small charge densities, space

charge forces may induce growth of the projected
transverse emittance.

The radial force F, inside a cylindrical electron
bunch with N, electrons, a radius of r, and a length
Iy, is given by the expression [43]

N, e2 1
Fr<’l"> - e€ T

= —— 64
2meoly i 2’ (64)

with r < r,. The force has a defocusing effect and
thus increases the projected emittance. It is impor-
tant that the defocusing force is strongly reduced
with beam energy ~ 1/+2. Therefore, the beam must
be accelerated as rapidly as possible in order to mit-
igate this effect.

For a cylindrical bunch, the defocusing force is
linear with the radius (64). Carlsten proposed com-
pensating for the space-charge-induced emittance
growth by a simple solenoid lens with a field grow-
ing linear with r at a suitable distance and strength
between the RF gun and the acceleration section [75].

For Gaussian-shaped bunches, the expression
for the radial force (64) is quite different. The
space-charge-induced force is now highly nonlinear;
a simple compensation of the emittance growth is
not possible. Effort has been made to shape the
cathode laser beam in the transverse and the lon-
gitudinal dimension to obtain a cylindrical electron
distribution.

A detailed analysis shows that the emittance
growth is due to a misalignment of the phase
space ellipses of longitudinal slices of the electron
bunch [76]. The effect of the solenoid is to counter-
act this misalignment.

A measurement of the relative rotation of the
slice ellipses leading to emittance compensation has
been performed at BNL [77]. The experiment showed
that the phase space ellipses of longitudinal bunch
slices indeed rotate relative to each other as the
solenoid field is changed, and that they go through
near-alignment at a particular solenoid field.

This so-called emittance compensation tech-
nique has been analytically described using envelope
equations [78]. A particular solution is called the
“invariant envelope,” which can be used to optimize
the design of RF-gun-based photoinjectors.

An interesting result of the theoretical descrip-
tion is that in the space-charge-dominated regime
mismatches between the space-charge-correlated
forces and the external RF focusing gradient produce
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slice envelope oscillations. This results in oscillations
of the normalized emittance. In order to damp the
emittance oscillations, the beam has to be injected
into the accelerator or booster with a laminar enve-
lope waist. At the same time, the accelerating field
Facc has to be properly matched to the beam size,
energy, and peak current. This is described by the
matching condition

1| I
Face = — .
acc on \/ 2 IA’Y

(65)

The emittance oscillation has been experimentally
verified at the SPARC facility [79].

With these techniques in hand, several facilities
built RF-gun-based injectors and achieved normal-
ized emittances below 1 um for bunch charges in the
0.1-1nC range.

One remarkable example is the LCLS RF
gun [41]. The measured projected emittance for a
bunch charge of 250pC is ¢, = 0.7 um. The ini-
tial peak current is Iy = 30 A, with a bunch length
of 0.75mm (rms). At the photoinjector test stand
PITZ at DESY (Zeuthen site), a projected emittance
of e, = 0.9 um has been measured for a charge of
1nC [40], meeting the requirements for the European
XFEL.

As discussed above, a small projected emit-
tance is usually obtained with cylindrical electron
beam shapes. Even with the emittance compensa-
tion scheme applied, the emittance of a Gaussian-
shaped electron bunch is larger at the tails of the
Gaussian distribution. This is illustrated in Fig. 16:

ve (Um)

-3 -2 -1 0 1 2 3
bunch length coordinate (ps)

Fig. 16. Example of a slice emittance measurement at LCLS.
Shown are the measured (blue dots) and the simulated (green
curve) time-sliced horizontal emittance along the length of the
bunch. The charge is 20 pC and the UV laser spot diameter on
the cathode is 0.6 mm; f(t) is the bunch temporal distribution
on an arbitrary scale. (Reprinted from Refs. 41 and 100.)

for a Gaussian-shaped longitudinal charge distribu-
tion, the emittance at the head and tail is larger by
a factor of 2-3 than in the center, leading to a large
projected emittance.

In practice, a small emittance of the center slice
may be sufficient to fulfill the emittance criterion
(51) — if this slice has at the same time a high peak
current and a small energy spread.

It is important to note that the projected
emittance measured at the gun exit or after the
booster — but before compression — is neverthe-
less a good estimate of the relevant emittance of the
part or slice of the bunch which actually lases. After
compression, due to space charge or coherent radi-
ation effects, the projected emittance of the whole
bunch may be spoiled. Nevertheless, it is possible to
arrange the compression in such a way that the com-
pressed part with high peak current keeps its small
slice emittance and thus is able to produce SASE
radiation.

A nice time-resolved measurement of the elec-
tron phase space after compression at FLASH [85]
has shown that indeed the core emittance of the las-
ing high current peak is almost as small as the initial
projected emittance.

10. Bunch Compression and Beam
Dynamics Aspects

As discussed in the previous section, the peak cur-
rent at the electron source with a beam energy of
5MeV is usually below 100 A. The bunch charge is
in the range of 0.1-1nC, and the rms bunch length
0. =1...2mm. According to Eq. (64), space charge
forces scale with 1/0,~2, which implies compressing
the bunches to the required kA level after accelera-
tion at high energy.

10.1. Compression

At high energies, compression is obtained by mag-
netic chicanes. Off-crest acceleration induces an
energy chirp along the bunch such that the trailing
particles move on a shorter trajectory through the
chicane than the leading particles.

A linear energy chirp is defined as

_
§= 1 (66)

with the energy deviation n [Eq. (12)]; z is, as
usual, the coordinate along the bunch. In a magnetic
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chicane with a momentum compaction factor Rsg the
position of the particles in the bunch after the chi-
cane zy is then

Zy =2 + R56n = Zz(l -+ 5R56) -+ R5677i, (67)

where z; is the initial position in the bunch, and the
additional term takes into account the initial uncor-
related energy spread 7;. From this we can calculate
the final rms bunch length o (see for instance [80]):

o = \/ (1 +ERse)20% + REg02 (68)

where o is the initial rms bunch length and o, ; the
uncorrelated rms relative intrinsic energy spread of
the bunch.
For optimal compression, the final bunch length
is limited by the initial uncorrelated energy spread.
Neglecting the initial energy spread, the com-
pression factor C is then given by

1

S By (69)

Due to the applied energy chirp, the corre-
lated energy spread of the bunch increases with
compression.

However, because of the cosine-like RF wave, off-
crest acceleration induces a nonlinear cosine-shaped
energy chirp. This is corrected by RF cavities oper-
ating with a third harmonic of the fundamental RF
wavelength.

In practice, the bunch is not fully compressed
in a single chicane. A single full compression at
high energy would lead to an undesired large energy
spread, and compression at low energy to large space
charge forces.

Therefore, usually two chicanes at different beam
energies are used. As an example for a compression
scheme, we take LCLS parameters from [86]. The
bunch from the injector with a charge of 250 pC and a
length of o; = 750 pm is compressed by two magnetic
chicane compressors at a beam energy of 250 MeV
and 4.5GeV, first to oy = 100 um and finally to
8 pm. The momentum compaction of the two chi-
canes is Rsg = —45.5mm and Rss = —24.7mm,
respectively. The peak current increases from 43 A
to 3.7kA with a compression factor C; = 7 and
Cy = 12.5. The energy spread increases to 3.5 MeV
and 16 MeV, respectively.

10.2. Coherent synchrotron radiation

Although the compression scheme is simple and effi-
cient, collective effects of relativistic electron bunches
have to be taken into account.

As discussed in Subsec. 3.1, coherent syn-
chrotron radiation (CSR) is emitted in a dipole mag-
net for wavelengths longer than the electron bunch
length. A Gaussian bunch induces an average energy
loss per electron per unit length of [86]

2
ﬂ ~ i Nee , (70)
ds — Admeq p2/3452/3
where r is the dipole bending radius and s the
coordinate along the curved particle trajectory. Tak-
ing LCLS parameters of the first compressor, this
amounts to a considerable loss of 2MeV at the last
dipole if the bunch is compressed to 10 pm.
Coherent radiation is also emitted at short
if the high-
frequency density modulations caused for instance by

wavelength electron beam has
microbunching instabilities [88]. A high-brightness
electron beam with a small amount of longitudi-
nal density modulation can create self-fields that
lead to energy modulations. This can be induced
by collective effects like longitudinal space charge,
CSR, or geometrical wakefields. Saldin et al. made
the conclusion that the effect of longitudinal space
charge on the microbunching instability is stronger
than the effects of CSR and of geometrical wake-
fields for typical FEL linac and bunch compressor
parameters [89)].

In a magnetic chicane the energy modulation
is converted into a density modulation, which can
be much larger than the initial modulation. This
may lead to many unwanted effects, like the breakup
of bunches, or an increase in energy spread and
emittance.

The amplification of microbunch instabilities is a
serious concern, since the performance of a high-gain
FEL crucially depends on the beam properties.

Detailed measurements of CSR-induced energy
loss and transverse emittance growth at the two
LCLS bunch compressors have been presented by
Bane et al. [86]. An overview of CSR simulation codes
can be found in [87].

An important finding is that the microbunching
instability is very sensitive to a small uncorrelated
energy spread of the electron beam. The uncorrelated
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Fig. 17. Schematic layout of FLASH (not to scale); the electron beam direction is from left to right. The total length of the

facility, including the experimental hall, is 315 m.

energy spread from an RF-gun-based injector is very
small, typically about 3keV. In order to fully sup-
press the instabilities, Saldin et al. proposed increas-
ing the uncorrelated energy spread to about 20keV
applying a strong damping with resonant laser—
electron interaction in an undulator, the so-called
laser heater [89].

Such a laser heater has been realized at LCLS
[90], which confirmed that a laser heater adequately
damps the microbunching instability, resulting in
more FEL power when switched on [38].

To mitigate the CSR effects, a compression
scheme using ve