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With intensities 102-10" times greater than other laboratory sources, X-ray free-electron lasers are currently opening up new
frontiers across many areas of science. In this Review we describe how these unconventional lasers work, discuss the range of
new sources being developed worldwide, and consider how such X-ray sources may develop over the coming years.

n classical electromagnetism, a charged particle radiates energy
in the form of electromagnetic radiation when it accelerates. This
effect is the principle behind many useful sources of radiation
across a wide range of the electromagnetic spectrum. The free-
electron laser (FEL) is one such source, which, due to a Doppler
frequency up-shifting of emitted radiation by relativistic electrons,
is particularly well-suited to generating short-wavelength X-rays.
There are currently no alternative sources that have such high pulse
energies and short durations. This Review gives a brief historical
perspective on X-ray FELs, describes the operating principle of this
technology, summarizes the current status of shorter-wavelength
FEL facilities and explores the potential for future development.
Electromagnetic energy may be extracted from the kinetic
energy of a relativistic electron beam by propagating it along the
axis of a periodic lattice of alternating magnetic dipolar fields,
known as an ‘undulator’. This forces the beam to undulate trans-
versely, thus causing the electrons to emit electromagnetic radia-
tion. The fundamental wavelength emitted is proportional to
AJy? where A, is the undulation period, typically a few centime-
tres, and y is the relativistic Lorentz factor of the electrons, which
is typically several thousand for X-ray emission. The first theoreti-
cal works describing such undulator radiation were reported by
Ginzburg' and Motz? in the late 1940s to early 1950s. Experiments
at Stanford in 1953 generated the first incoherent undulator radia-
tion at visible and millimetre wavelengths, with an estimated peak
power of the latter reaching ~10 W, as reported by Motz, Thon and
Whitehurst®. A few years later, Phillips conducted research on an
undulator microwave source called the ‘ubitron™. In the ubitron,
y 2 1 and there is minimal Doppler up-shifting of the radiation
wavelength from that of the undulator period. However, Phillips
noted that two of the main qualitative features common with a
FEL interaction were present in his experiments: a density modu-
lation (bunching) of the electron beam along its (axial) direction
of propagation, and radiation energy extraction from the axial
kinetic energy of the beam. It was not until 1971 that Madey®, who
was unaware of the earlier microwave work of Phillips, published
a seminal theory of the FEL that described a small gain process
in a relativistic electron beam/undulator system, which he hypoth-
esized could generate coherent X-ray radiation. It was probably this
potential that sparked significant interest in the FEL throughout
the research community. The first amplification® and lasing” from a
FEL was demonstrated in a small-gain infrared FEL oscillator sys-
tem at Stanford a few years later. Around this time, it was shown
by Colson® and Hopf et al.’ that Madey’s original quantum descrip-
tion of the FEL interaction could be described classically. From the
late 1970s a body of work was developed that described classically
what is now termed the high-gain regime of FEL operation'®"’.
In fact, this regime has many theoretical similarities with earlier
works on the generation of microwaves'®. In this high-gain regime,

the radiation power increases exponentially as the electron beam
and radiation co-propagate along the FEL undulator, and an ini-
tially small source, which may originate as noise, can be amplified
by many orders of magnitude before the process saturates. In the
X-ray there is therefore no need for potentially troublesome mir-
rors to form an oscillator cavity. The FEL functions as a single-pass
amplifier, generating peak powers of the order of 10" W in pulses
lasting tens of femtoseconds. Most of the present X-ray FEL facili-
ties and designs are based on this type of interaction, which has
been made possible by many advances in electron beam generation
and acceleration over the past few decades. More extensive texts are
available in addition to the original research cited in this Review,
including works by Murphy and Pellegrini'®, Bonifacio et al.” and
Saldin, Schneidmiller and Yurkov?*', among others.

In essence, the high-gain FEL interaction is a positive feedback
process — the electrons emit radiation, which affects their posi-
tion (phase) and thus causes them to emit with greater coherence.
The effect is a collective (also called cooperative) process, and is
a form of collective Thompson scattering. X-ray FELs operate in
the Compton regime, in which space-charge effects are negligible.
Several other free-electron generators of electromagnetic radiation
have a very similar underlying mechanism that, in certain limits,
may be described formally by the same set of equations presented
below?. More generally, the high-gain FEL interaction has strong
similarities with other collective particle-radiation interactions:
the collective atomic recoil laser®?; collective Rayleigh scatter-
ing from linear dielectric particles®; and collective scattering from
the electron-hole plasma in semiconductors®. The high-gain FEL
interaction can also be classified as a type of Kuramoto-like ‘collec-
tive synchronization.

Spontaneous undulator radiation

Before describing the collective, self-consistent FEL interaction, we
first consider radiation emission in the absence of any FEL interac-
tion — spontaneous undulator radiation.

The trajectory of an electron and the full radiation field it emits
in an undulator are obtained from classical electromagnetism?.
An intuitive approach allows calculation of the important on-axis
radiation wavelengths generated by considering a simple time-of-
flight argument. A co-propagating radiation wavefront will always
move ahead of an electron. By considering simple wave interfer-
ence, only those wavelengths that propagate ahead of the electron
by an integer number of wavelengths in one undulator period, as
shown in Fig. 1, will constructively interfere after many such peri-
ods. These wavelengths, A, = A,/n (where n =1, 2, 3...), are defined
as being ‘resonant, with other wavelength components tending to
interfere destructively. The time taken for an electron propagating
along the undulator axis with mean speed v, to travel one undula-
tor period, t' = 1,/v,, is the same time a resonant wavefront takes to
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Figure 1| An undulator selects only certain resonant wavelengths of the
radiation emitted by an electron. a, The lower plot shows an electron
trajectory over one undulator period, A,. The upper plot shows the electric
fields E, for two resonant wavelengths A, at the fundamental (n = 1; red)
and third harmonics (n = 3; blue). A non-resonant electric field is also
shown (green). The fundamental and third harmonics are phase-matched
with the electron after one undulator period — these constructively
interfere over many periods. The non-resonant field is not phase-matched
and will destructively interfere over many periods. b, Plot showing how the
radiation spectrum evolves from a broadband synchrotron source to the
distinct resonant wavelengths of undulator radiation as a function of the
undulator length z = N A, over many periods.

travel the distance A, + nA,; that is, £ = (A, + nA,)/c, where c is the
speed of light in vacuum. By equating these expressions, the fol-
lowing relation for the resonant wavelengths is obtained?:
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where v, = ¢(1 - (1 + 4,2)/2y?) and 4, is the root-mean-squared
undulator parameter proportional to the undulator period and
magnetic field, which is typically 1 < 4, <5. For a given fundamental
wavelength A, this expression can be inverted to obtain the resonant
z-component of the mean electron velocity, giving v, = ck,/(k, + k).

A more detailed analysis®® shows that only the fundamental and
odd harmonic wavelengths of the radiation (n =1, 3, 5...) are in fact
emitted on-axis, and for an helical undulator, in which the electron
motion forms a spiral along the z axis, only the fundamental har-
monic has strong emission on-axis. The wavelength can be tuned
by changing either the electron energy (by varying y) or the undu-
lator parameter a,.

The power emitted by the electrons in an undulator is given by:
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where ¢; are the relative phases of the emitted radiation electric
fields E;, with the number of electrons N > 1. For a system with
uncorrelated phases, the second sum of ~N? terms tends to destruc-
tively interfere. This is what happens in normal incoherent ‘sponta-
neous’ sources of undulator radiation, and the total power emitted
is approximately equal to the sum of the powers from the N inde-
pendent scattering electrons. To tap into the potentially much larger
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electrons bunched at
radiation wavelength
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Figure 2 | FEL operating principle. When electrons enter the undulator,
their initially random phases ensure that mostly incoherent radiation

is emitted at the resonant radiation wavelength (left). Because the
electrons interact collectively with the radiation they emit, small coherent
fluctuations in the radiation field grow and simultaneously begin to bunch
the electrons at the resonant wavelength. This collective process continues
until the electrons are strongly bunched towards the end of the undulator
(right), where the process saturates and the electrons begin to de-bunch.

coherent N? term, the phases of the electric fields must be corre-
lated; that is, ¢, = ¢ for all electrons. Put simply, the electron sources
must be periodically bunched at the resonant radiation wavelength.
This is what the FEL interaction does, as shown schematically in
Fig. 2. We shall now demonstrate how the high-gain FEL interaction
does this by describing how the electrons interact collectively in the
combined undulator/radiation fields.

The high-gain FEL interaction

To describe the high-gain FEL interaction, coupled equations that
follow the electron motion and radiation generation self-consist-
ently are required. The Lorentz equation describes the forces on
each electron resulting from the combined undulator and radiation
fields, and Maxwell’s wave equation describes the electric field of
the radiation as driven by the transverse electron current induced
by the fields.

First, it is useful to consider how the transversely oscillating elec-
trons bunch at the resonant wavelength in a fixed plane wave field
of constant amplitude. An electron’s rate of change of energy may
be written as:

d 2
(V;’C ): —eE-vo Ea [sin((kl +k)z—wt)+sin((k, - k )z - Wlt)]

Although the second term has a phase velocity of v, > c, the first
term has a phase velocity of v,, = ck,/(k, + k,) < c. This is exactly
the mean resonant electron velocity obtained previously for the
resonant undulator radiation; that is, v, = v,;, which shows that,
neglecting the fast oscillatory second term with v, > ¢, an electron
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interacting with a resonant radiation field can have a slow exchange
of energy with the field over many undulator periods. Electrons
that are separated by half a radiation period have opposite rates of
energy change — half of the electrons lose energy while the other
half gains energy. This process causes the electrons to bunch at the
radiation wavelength, allowing a coherent interaction between the
electrons and the radiation. The forces that bunch the electrons can
be considered as a series of periodic potential wells (®) travelling
at the resonant electron velocity, which is referred to as a ‘pon-
deromotive’ potential. However, in a constant field, the bunching
process cannot describe any energy gain of the radiation field. The
gain process can be described by lifting this restriction of a constant
radiation field and considering how the electron bunching and field
growth self-consistently drive each other in an exponentially unsta-
ble feedback loop.

The steady-state model

The self-consistently coupled equations that describe a FEL are
shown in Box 1. They are written here in their universally scaled
formV, in the one-dimensional, plane-wave limit, for a potential
well approximately one-radiation-wavelength long. The first two
differential equations are derived from the Lorentz force equation
for the electrons and, for a radiation phase of ¢ = —m/2, are formally
identical to the equations of simple pendula of angle 6 from stable
equilibrium®. The other two equations are derived from Maxwell’s
wave equation for the radiation electric field, and describe the evo-
lution of the field envelope of amplitude a and phase ¢ as driven by
the transverse current of the electrons. p is a fundamental scaling
parameter known as the FEL or Pierce parameter'”'®, and gives a
measure of the strength and scaling of the electron-radiation FEL
coupling and its saturated efficiency. Clearly, several simplifying
assumptions have been made in deriving these equations".

The initial electron phases 0, are uniformly distributed over the
range (0, 2mt]. Thus, (cos(8, + ¢,)) = (sin(8, + ¢,)) = 0, and the field
is not driven. If, in addition, the initial field amplitude q, is zero
then there are no bunching forces on the electrons and the system is
stable. Now consider what happens if the system has a small initial
field a, < 1, with phase ¢, = 0, as shown in Fig. 3.

The electrons experience a small force that tends to slightly
bunch them symmetrically about the bottom of the potential. The
field amplitude is not driven because, for electron bunching about
0= 31/2, the source term (cos(0 + ¢,)) = 0. However, the field phase
¢ is driven and increases because its source —1/a,(sin(0 + ¢,)) > 0.
Even though the electron bunching about 6 = 37/2 will initially be
small — that is, (sin(6 + ¢,)) < 1 — the initial field amplitude a, is
itself very small, so that the rate of change of ¢ is significant. It is this
driving of the radiation phase to larger values that lies at the heart
of the instability. Although the electrons bunch about 6 = 37/2,
the increasing radiation phase means that (6) + ¢ 2 3n/2 and the
radiation field amplitude begins to increase because its source term
(cos(0 + ¢)) > 0. The increasing field amplitude raises the bunching
forces on the electrons closing the positive feedback loop, and so
the exponential instability takes off. Once the field amplitude has
grown to a = 1, the electrons achieve maximum bunching, the driv-
ing of the phase slows down and the system enters the nonlinear
saturated regime.

As the electrons become strongly bunched at the fundamental
harmonic, there is also a strong nonlinear driving of harmonic
bunching components® b, = (exp(—inf)), which prove very useful
in extending the radiation generation to shorter wavelengths (see,
for example, refs 29-33).

Linearization of these equations' reveals an exponential insta-
bility in both the scaled field amplitude a and the fundamental
electron bunching parameter b,. The radiation power is given by
P(z) = P,/9 exp(\/3z/lg), until the interaction saturates. Here the
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Figure 3 | The high-gain FEL mechanism in the rest frame of the electron
beam, which is propagating left to right. a-d, A small radiation field of
initial phase ¢, = O is applied to the electrons at the start of the undulator
(a). @ represents two ponderomotive potential wells. The forces on the
electrons (red arrows) tend to induce a small electron bunching about the
phases 0 = 3n/2 and 6 = 7n/2. This small bunching drives the radiation
phase ¢, thus shifting the ponderomotive wells @ of phase (6 + ¢) to

the left (b). The weakly bunched electrons are now raised in potential
energy and begin to ‘fall’ into the potential well, thus losing kinetic energy
to the radiation field and increasing the depth of the potential well. This
radiation phase shifting, electron bunching and energy exchange from
electrons to the field continues exponentially in a type of ‘inverse surfing’
of the electrons (¢) until the phase growth in ¢ slows down when the field
becomes large. The system saturates when the now strongly bunched
electrons begin to re-gain kinetic energy from the potential and re-absorb
energy from the field — the electrons begin to ‘surf’ (d).

initial power P, can be approximated from analysis by Kim*, and
the gain length [, defines the exponential growth rate. The scaled
radiation power is given by a? = P/pP,, where P, is the electron beam
power, so that at saturation, when the scaled power is a*> = 1, p is
seen to be a measure of the efficiency of the interaction, with typical
values in the X-ray regime of 10-* < p 107> The scaling also shows
that the energy spread of the electron beam at saturation is o, = p,
and the saturated power scales as NI, which demonstrates the col-
lective nature of the interaction. It also becomes clear through this
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Table 1| Current X-ray facilities that are either operational (O), under construction (C) or undergoing advanced technical design
work (D). ‘Accelerator technology’ refers to either normal conducting (NC) or superconducting (SC) accelerating cavities. The wave-
length given is the minimum proposed. Emittance values (¢,) are estimates for C- and D-type facilities.

Maximum pulses Radiation polarization

Name Location Status Type Energy (GeV) ¢, (um) A, (nm) per second control
LCLS* USA 0 NC 14 1 012 120 No
FLASH™ Germany ) SC 1.2 <2 445 8x103 No
XFEL*? Germany C SC 175 14 0.10 27 x103 Yes
XFEL/SPring-8% Japan C NC 8 0.8 0.10 60 No
FERMI@Elettra>” Italy C NC 17 1 4 50 Yes
SwissFEL®® Switzerland D NC 6 04 0.1 100 Yes
PAL XFEL'™? Korea D NC 10 1 01 60 No
LCLS-1"03 USA D NC 14 1 0.6 120 Yes
SPARX™4 Italy D NC 24 1 0.6 100 Yes
FLASH-11>4 Germany D SC 12 1-1.5 4 10 No

analysis that the quality of the electron beam is of critical impor-
tance. If there is an initial electron energy spread approaching the
maximum, which occurs at a FEL saturation of o, 2 p, then the FEL
interaction is greatly reduced.

Higher-order effects

The steady-state analysis, which assumes an electron beam of
infinite duration and uniform density, is generally not valid in
a real X-ray FEL. The electron pulses typically injected into the
undulator have up to ~1 nC of charge and durations of tens of
femtoseconds, which correspond to several tens of thousands of
radiation wavelengths at 1 A. The radiation field propagates (or
slips’) through the electron pulse at one fundamental wavelength
A, per undulator period. When the system starts from noise, differ-
ent regions of the radiation-electron interaction can evolve with
no phase correlation, and the longitudinal coherence of the output
is greatly reduced from the Fourier transform limit. This behav-
iour is analogous to amplified spontaneous emission in conven-
tional lasers®, and in FELs has been referred to as self-amplified
spontaneous emission (SASE), with basic properties described by
Bonifacio et al.**. Regions of the radiation pulse that develop phase
correlation — and therefore temporal coherence — are deter-
mined by the relative slippage length between the electrons and
radiation over one gain length. This is known as the cooperation
length¥, I. = A,/4mp. Autonomous regions of width ~2ml_ evolve
in SASE, within which a temporally coherent radiation pulse or
‘spike’ develops. For an electron pulse of length [, there will be
approximately [/2nl. of these phase-uncorrelated spikes — over
100 in a typical X-ray FEL design.

Several design criteria must be met for successful FEL opera-
tion, with most relating to the quality of the electron pulse as it
enters the undulator. Here we will not discuss the huge technical
advances and innovations in pulse compression, transport and
acceleration that have occurred over the past few decades to enable
the generation of sufficiently high-quality electron pulses. Each
FEL accelerator system is unique in many respects, and a flavour of
the requirements for the Linac Coherent Light Source (LCLS) may
be found in a presentation by Emma®. Instead, here we focus on
the parameters at the FEL undulator entrance and how they affect
the FEL interaction.

Of critical importance is the normalized transverse beam emit-
tance® ¢, = ye, where ¢ is the transverse emittance and is a measure
of the transverse phase space occupied by the beam. An example
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of a beam with zero emittance would be one in which all electrons
propagate parallel to each other. ¢, is related to the expression for the
normalized beam brightness B, = I/n%,? which is analogous to the
radiance (often termed brightness) of a light source.

A limit on the normalized beam emittance for ensuring good
spatial (transverse) coherence from sources of spontaneous undula-
tor radiation was derived by Kim®, giving ¢, < yA,/4m. Although this
expression was derived for systems without gain, it turns out that
it is also a requirement for the successful operation of a high-gain
amplifier FEL.

For beams with non-zero emittance, focusing is required to off-
set any beam divergence. Focusing can be achieved using a vari-
ety of different methods*"*?, and causes the electrons to undergo
transverse betatron oscillations* in a ‘focusing channel’ through
the undulator. The oscillations are characterized by the beta-func-
tion B = Az/2m, where A is the betatron oscillation period, which
is usually significantly larger than the undulator period. A con-
stant-strength focusing channel gives a ‘matched beam’ of constant
radius® o, = Ve, B/y. From this scaling and the scaling rules given
for p and [, in Box 1, a larger ¢, decreases the coupling parameter
p and so increases the interaction gain length I. Furthermore,
during their betatron oscillations, electrons oscillate in and out
of resonance with the resonant radiation wavelength. This effect
can be described by an effective electron beam energy spread that
increases with ¢, and so further disrupts the electron bunching and
FEL gain processes™.

Radiation diffraction from the electron beam will tend to reduce
the electron-radiation coupling. In a working FEL amplifier this is
partially compensated for by two FEL gain processes®. The rate of
change of the radiation phase is greater at the centre of the elec-
tron beam (where there is greater coupling), and thus the radiation
wavefronts distorts to focus the radiation in a type of ‘optical guid-
ing’ similar to that of an optical fibre. In addition, the amplification
of the radiation more than compensates for losses due to diffraction,
in what has been referred to as ‘gain guiding’

The spatial coherence limit ¢, < yA,/4m also emerges from a less
rigorous consideration that balances the competing requirements
on the beam radius: an increase in beam radius reduces diffraction
effects, whereas a decrease causes a rise in the coupling parameter
p and so a reduction in the effective energy spread due to betatron
oscillations. A balance is sufficiently achieved when ¢, < yA,/4m.
This relation gives a rough rule-of-thumb estimate of the electron
energy/wavelength possibilities and shows, for example, that the
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Box 1| The universally scaled FEL equations

From the Lorentz force equation:

d dp, )
E _pj’ E = —2acos( j+ ¢)

From Maxwell’s wave equation:
% = (cos(0 + ¢)); d—fz —% (sin(6 + ¢))

These equations describe the coupled electron and radiation
fields for one ponderomotive potential in a FEL. They are univer-
sally scaled" in that there are no free parameters, with the scaling
giving physical insight as discussed in the main text. The param-
eters of the scaling are given as follows:

j = 1..Nis the number of electrons;

z =27/l is the scaled distance through the undulator;

l,= A /4mp is the nominal interaction gain length;

0, = (k, + k,)z — w,t; is the phase of an electron in the pon-
deromotive potential;

p; = (y; — y)/py, is the scaled electron energy of the jth
electron;

y, is the resonant beam energy for fundamental radiation
wavelength A ;;

a is the scaled radiation field envelope;

¢ is the radiation field phase;

(.y=1/N Z(...)}.

is an average over all electrons in the potential;

1 I AuﬁufBJZJIB
p= 2_); TA 270,

is the Pierce or FEL parameter;
I, = 17 kA is the Alfvén current;
I'is the electron beam current;
0, is the electron beam cross-sectional radius;
i =Jo(&) = J1(&), where J,(x) are Bessel functions; and
E=a22(1+a2).

minimum wavelength achievable decreases with normalized emit-
tance, for a given beam energy. Clearly, the smaller the normalized
emittance, the better. Note that the localized emittance (referred
to as the ‘slice’ emittance) can vary significantly along the beam to
give hot-spots where lasing can occur.

Two further criteria must be met for lasing. First, the electron
beam must propagate straight through the undulator. For exam-
ple, a transverse drift of 10-20% can significantly disrupt the FEL
interaction, and this requires a deviation of <5 pum over the entire
~130 m length of undulators in the LCLS. Second, fluctuations in
the undulator parameter d, must be small enough such that period-
to-period dephasing of the electrons with respect to the radiation
does not occur. To meet these criteria at X-ray wavelengths requires
significant diagnostic alignment procedures together with good
thermal and mechanical stability***.

Many of the above effects are discussed in more detail by Huang
and Kim*. A body of work, summarized by Xie and described in
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ref. 48, led to an analytic 3D description that modifies the interac-
tion gain length I, to include these effects, which is very useful for
FEL design optimization.

Recent research is detailed in the works of Geloni et al,
Saldin et al., and Vartanyants and Singer in the compendium of
ref. 49, which includes a statistical description of FEL emission and
more detail of the coherence properties.

Current source developments

Current X-ray FEL projects® range from paper outlines to fully
operational facilities. Table 1 lists those that are either operational
or at an advanced stage of development.

It is interesting to compare the technology used by each of the
three hard-X-ray FELs currently operational or under construc-
tion — LCLS*', XFEL** and XFEL/SPring-8> — and examine how
these affect the facility capability and size. The LCLS uses a ~1 km
section of a relatively old linear accelerator at the SLAC National
Accelerator Laboratory in California, USA. Utilizing this well-
understood system allowed rapid progress towards the first opera-
tion of a hard-X-ray FEL. Because the linear accelerator operates at
room temperature with copper radiofrequency accelerating cavi-
ties, the pulse repetition rate is limited to a maximum of 120 Hz.
Current operation is at 30 Hz, with 120 Hz operation anticipated
in the near future®.

In contrast, the European XFEL and FLASH-II** at DESY in
Hamburg, Germany, will use the same type of superconducting
accelerating cavities as FLASH, which has served as the test-bed
for many of the technologies employed at the European XFEL.
Such cavities allow for repetition rates that are orders of magnitude
greater than the LCLS, making the European XFEL unique among
hard-X-ray FELs by providing users with both high average and
high peak photon fluxes.

The LCLS and XFEL are both large facilities — XFEL is
approximately 3.4 km and the LCLS is around 3 km. In con-
trast, XFEL/SPring-8 is only 750 m; such a small facility requires
extremely compact ways of generating and accelerating the elec-
trons, as well as small FEL undulators. The electron gun in the
XFEL/SPring-8 uses a single crystal of CeB, as a thermionic cath-
ode, and thus differs from other X-ray FELs that use a laser to
generate electrons through photoelectric emission from a ‘photo-
cathode. Normal conducting linear accelerator cavities are driven
by a 5.7 GHz radiofrequency power source. This is over four times
the frequency used in FLASH/XFEL and twice that of the LCLS,
which allows the cavities to be smaller and give a good accelerat-
ing gradient of around 35 MeV m™, thereby allowing a further
reduction in the accelerator length for a given final beam energy.
The relatively short undulator period of A, = 18 mm lowers the
beam energy requirement for the shortest target wavelength, thus
further shortening the accelerator. These short-period undula-
tors need small magnetic pole gaps of around 3 mm to maintain
a sufficient undulator magnetic field. The whole undulator must
be placed inside a large vacuum chamber to allow sufficient space
for the electron beam transport. These technological innovations
have been demonstrated at the Spring-8 Compact SASE Source
test accelerator, where FEL saturation has been achieved for wave-
lengths of A, = 51-61 nm (ref. 55). This type of undulator is also
being planned for the SwissFEL®.

Currently, the only functioning X-ray FELs are the LCLS and the
FLASH facility. Both are proposing upgrades to enrich their scientific
capabilities by improving the quality of their photon output. LCLS and
FLASH generate SASE FEL pulses that are both temporally and spec-
trally noisy. Schemes exist for ‘seeding’ FELs with temporally coherent
pulses. Furthermore, conversion of the seed field to higher harmon-
ics may be achieved within the FEL itself. These ideas, discussed in
the next section, are proposed for implementation at LCLS-II and
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FLASH-II. The ability to vary the polarization of the FEL output is also
proposed, which will enable an entirely new class of experiments.

Most of the other facilities listed in Table 1 will use a range of
techniques to generate FEL pulses with full temporal and transverse
coherence. Polarization control will be possible at many facilities
by using variably polarized undulators and possibly crossed-planar
undulator schemes.

The next facility expected to come on-line is FERMI@Elettra® in
Italy, which is currently in its commissioning phase. FERMI@Elettra
comprises two FELs and will generate short pulses (25-200 fs) in the
extreme ultraviolet and soft-X-ray region. The use of external laser
seeding together with a harmonic up-shift scheme to obtain short
wavelengths will provide temporally coherent photon pulses. This
potential, in combination with the ability to temporally synchronize
to external lasers and control the output photon polarization, will
open up new experimental opportunities.

Future prospects

We will now consider some of the recent FEL developments and
look forward to what the future may bring. There are several
research fronts that are currently involved with improving and
developing X-ray FEL output. Some properties, such as the peak
power available at a given wavelength, seem to be more or less
fixed by the FEL scaling, as determined by the p parameter — it
is difficult to envisage a multiple order-of-magnitude change in
power/efliciency similar to that provided by the high-gain FEL
interaction itself.

The temporal coherence of SASE in the X-ray regime can be
greatly improved. With improved temporal coherence comes
improved spectral brightness, which is a measure of the number
of useful photons available to the user. An obvious approach is
to seed the FEL interaction using a conventional source that has
good temporal coherence. If the seed power dominates the initial
SASE power, the seed’s coherence is maintained during the FEL
amplification®. Although such seed sources have been successful
in experiments at ~160 nm (ref. 59), current seed powers from gas-
jet high-harmonic sources®! limit the effective seeding to ~10 nm
(ref. 58). However, methods that seed and bunch the electrons at
these longer wavelengths can be used to give coherent emission at
shorter, harmonic wavelengths®**. Although such methods have
been demonstrated® and are included in several proposals, insuf-
ficient seed powers at shorter wavelengths and fundamental noise
amplification issues* suggest that these schemes are currently lim-
ited to generating coherent radiation down to the ~1 nm region®.
However, continual improvements to high-harmonic seed lasers
may allow close to Fourier-transform-limited generation — down
to ~1 A — in the coming years. Other potential methods include
a ‘self-seeding’ scheme that spectrally filters the SASE radiation
at an early stage of amplification®, the use of low-charge’ elec-
tron beams that generate only one near-Fourier-transform-limited
SASE spike of radiation®**, noise suppression methods®**, seeded
harmonic lasing®, two-beam methods®” and a ‘temporal mixing’
scheme®. Low-charge electron beams also have lower-emittance
electron beams, which, from the emittance relation ¢, < yA,/4m,
means that shorter wavelength operation may be easier to achieve
for a given beam energy. This is being investigated by many FEL
projects. A scheme that is currently receiving much attention, and
that has recently been tested in a proof-of-principle experiment,
is that of echo-enabled harmonic generation®”°. This uses a two-
stage electron energy modulation/dispersion process to achieve
coherent electron bunching at high harmonics of the initial mod-
ulation frequency. The application of this technique to the X-ray
regime (A, = 1.5 A) has already been modelled and seems promis-
ing”. Certain proposed experiments” predict that such schemes,
if slightly modified, can even be used to generate strong seeded
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electron bunching at a remarkable 599th harmonic of the initial
modulation laser to generate ~1.3 nm X-rays from a 160 MeV
electron beam.

An alternative approach to these single-pass high-gain amplifier
schemes that also generates near-transform-limited pulses is to use
cavity feedback in a relatively low-gain system in an XFELO”>-7>. The
development of relatively high -reflectivity diamond crystal mirrors™
in the X-ray regime makes such systems feasible. An intermediate
approach identified for short-wavelength operation is to use a high-
gain amplifier several gain lengths long, in a low-Q cavity””. Such a
system also generates near-transform-limited pulses, and is referred
to as a regenerative amplifier FEL. This system has been successfully
demonstrated at infrared wavelengths”® and has been investigated
for short-wavelength designs-5!. Of significant benefit are the low
requirements on cavity mirror reflectivity, with good coherence
even for a low cavity feedback® of ~5 x 107, making the design rela-
tively robust and tolerant of cavity degradation. Unlike single-pass
amplifier methods, both the XFELO and regenerative amplifier FEL
design require high-repetition-rate electron pulses to match the cav-
ity round-trip times.

Reducing X-ray pulse durations to the attosecond regime will
provide spatiotemporal resolution of atomic processes®. Over the
past decade there have been more than ten proposals for generating
attosecond pulses using FELs*-%, with none yet gaining particular
preference over the others. Many of the techniques rely on the com-
plex manipulation of the electrons in phase-space following energy
modulation by external lasers, thus allowing only a short section of
the electron pulse to emit radiation. Perhaps the simplest method
proposed uses a short electron pulse” of relatively low charge in
SASE mode®, such that the number of radiation spikes emitted
(l,/2ml.) is ~1. Simulations for the LCLS show that an electron pulse
charge of only ~1 pC is required to reduce the electron pulse length
sufficiently, and studies have demonstrated the generation of giga-
watt peak powers in single coherent pulses of duration <1 fs at a
wavelength of 1.5 A (ref. 63). Experimental progress at the LCLS
is being made towards this goal®”. Two techniques have so far been
reported that can take pulse durations significantly below 100 as,
towards the atomic unit of time® of 24 as. The first uses a modi-
fied echo-enabled harmonic generation method to generate a single
pulse of peak power ~200 MW and duration ~20 as at a wavelength
of 1 nm*, and the second uses a method based on mode-locking in
conventional cavity lasers. Simulations show® that the latter tech-
nique can generate a train of pulses separated by ~150 as at a wave-
length of 1.5A, in which each pulse has a peak power of ~5 GW and
a duration of ~20 as.

Further reducing FEL operating wavelengths may allow the
realization of a gamma-ray FEL, which would be of significant
interest for studying nuclear processes. There are, however, fun-
damental problems that make FEL operation at such short wave-
lengths more difficult. When an electron emits a photon it recoils
due to the conservation of momentum. Random recoil events due to
the spontaneous emission of radiation at short wavelength and high
photon energy can destroy the quality of an electron beam energy
spread and thus impede FEL lasing action®. The rate at which this
‘quantum diffusion’ increases as the beam propagates through the
undulator scales as y*, and therefore limits the minimum feasible
fundamental wavelength of a FEL system such as the LCLS to the
<1 A scale. Keeping the beam energy low and using undulators with
a short period to reduce such quantum diffusion effects increases
the requirements on the electron beam quality parameters (such as
energy spread and emittance). New techniques are now being pro-
posed that may enable this to be achieved®. Techniques that utilize
harmonic methods®® to allow the use of lower energy beams can
also reduce the minimum wavelengths achievable. Exploiting the
quantum mechanical recoil of the electrons as a positive effect has
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been proposed as a way of generating narrow spectral bandwidths
using a high-power laser undulator in a quantum FEL*'. Although
the short wavelength limit of a quantum FEL is still unclear, using a
laser undulator would provide a significant size and cost reduction
for any quantum FEL facility.

Size reductions will also be significant if recent plasma wakefield
accelerator research® is developed to generate electron beams of suf-
ficient beam quality for FEL lasing®®. Now that incoherent undulator
radiation has been observed®, FEL operation is an enticing pros-
pect. A further step in size reduction may be achieved if the source
of transverse electron undulation can be incorporated within the
plasma itself through the betatron oscillations induced by the focus-
ing channel created by the plasma®?, which would dispense with
the need for long magnetic undulators. Although incoherent X-rays
have been observed®'%, it is not yet clear if collective, coherent elec-
tron bunching — similar to that of an undulator-based FEL — is
possible. One drawback of such plasma-based sources is the cur-
rently relatively low repetition rate of the drive lasers (~10 Hz) when
compared with the superconducting-based linear accelerators that
will drive FELs such as the European XFEL to give 2.7 x 10* pulses
per second.

Even without any further development, X-ray FELs are going to
have a profound impact on scientific investigations. We can expect
X-ray FEL facilities to bear many new, unexpected and beautiful
results over the coming years.
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