
T
he

In
no

va
ti
on Review
Features and futures
of X-ray free-electron lasers
Nanshun Huang,1,2 Haixiao Deng,1,3,* Bo Liu,1,3 Dong Wang,1,3 and Zhentang Zhao1,3,*
*Correspondence: denghaixiao@zjlab.org.cn (H.D.); zhaozhentang@zjlab.org.cn (Z.Z.)

Received: November 12, 2020; Accepted: March 14, 2021; Published Online: March 17, 2021; https://doi.org/10.1016/j.xinn.2021.100097

ª 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Graphical abstract
Public summary

- X-ray free-electron lasers (XFELs) generate X-ray by electrons flying through a periodic magnetic field.

- XFELs are the leading X-ray sources with ultra-high brightness and ultra-short duration.

- XFELs can be launched from either the shot noise of the electron beam or the seed.

- XFEL-laser collision is proposed to learn the nature of vacuum at SHINE.

- XFELs are being combined with intense lasers and synchrotron radiation light sources.
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Linear accelerator-based free-electron lasers (FELs) are the leading
source of fully coherent X-rays with ultra-high peak powers and ultra-
short pulse lengths. Current X-ray FEL facilities have proved their worth
as useful tools for diverse scientific applications. In this paper, we pre-
sent an overview of the features and future prospects of X-ray FELs,
including the working principles and properties of X-ray FELs, the oper-
ational status of different FEL facilities worldwide, the applications sup-
ported by such facilities, and the current developments and outlook for
X-ray FEL-based research.

INTRODUCTION
X-rays are of unique scientific importance, with the development of X-ray

technologies among the most significant scientific achievements of the
twentieth century. Following the discovery of X-rays by Roentgen, early
applications focused on the particle-like behavior of X-rays, with the associ-
ated energy absorption manifested as shadow images that indicate mate-
rial density. The most exciting application of X-rays relies on their diffrac-
tion, which can reveal the atomic structure of crystalline matter and
forms the foundation of the field of crystallography. Following decades of
further developments and breakthroughs, today macromolecular crystallog-
raphy is established as the dominant structural characterization technique.1

As of April 2020, the Protein Databank2 comprised approximately 160,000
structural information entries, of which more than 140,000 were determined
by X-ray diffraction. Moreover, high-intensity X-rays provide scientists in
academia and industry with the opportunities to characterize materials
spectroscopically, thus revealing specific details regarding the local bonding
and structural environment of specific atoms. Today, X-rays are used not
only for fundamental research, but also for applications in medicine, chem-
istry, and public security.

Although the knowledge obtained from X-ray experiments advanced
steadily from the discovery of X-ray diffraction through to the mid-1970s,
progress during this period was limited by the X-ray sources available, with
X-ray tubes remaining essentially unchanged since 1912. The revolution in
X-ray sources began with the inception of synchrotron radiation, with active
research at synchrotrons and betatrons originally dedicated to high-energy
and particle physics applications. Synchrotron radiation, the properties of
which can be calculated very accurately, covers the spectral range from ter-
ahertz to hard X-rays, and provides significantly higher intensities than X-ray
tubes. 1975 witnessed the construction of the first dedicated electron stor-
age rings designed specifically to produce X-ray beams for studying photon
science. These facilities are known as second-generation synchrotron sour-
ces, and generate X-ray beams using bending magnets, whereby electrons
traversing a circular trajectory emit radiation in a broad spectrum. Another
great leap forward occurred in the early 1990s, when the first third-generation
light sources appeared.3 Owing to the tremendous advances in accelerator
physics and technology, these facilities are specifically optimized to make
use of undulators and wigglers to generate X-ray beams that are approxi-
mately three orders of magnitude brighter than the second-generation syn-
chrotron. Third-generation light sources are now available worldwide, with
ll
hundreds of beamlines and specialized instruments designed to satisfy spe-
cific research requirements. The development of synchrotron-based X-ray
sources over the past 40 years has ushered in amodern age of X-ray science
(leading to fiveNobel Prizes since 1997). To increase X-ray brightness further,
new storage ring lattices have been proposed at synchrotron radiation facil-
ities, which are designed to reduce electron beam emittance to values close
to the theoretical minimum for diffraction-limited light sources.4

Modern storage ring facilities provide bright X-ray beams with a high de-
gree of spatial coherence. However, a minimum pulse duration of approxi-
mately 100 ps and the number of photons that can be focused on a small
sample currently limit the development of novel X-ray applications. Signifi-
cant strides have beenmade in the development of X-ray free-electron lasers
(XFELs), considered to be next-generation light sources. Such devices can
provide coherent laser-like X-ray pulses of femtosecond duration, which
can be focused to intensities more than ten orders of magnitude higher
than those produced at a third-generation facility. The development of
FELs started with a concept proposed byMadey in 1971.5 Subsequently, Ma-
dey's group6 first demonstrated the feasibility of the FEL concept with an FEL
oscillator in 1977. A combination of high-gain FEL concepts and accelerator
techniques led toFELs operating in theX-ray regimebeing developedover the
next 20 years.7–17 The first soft X-ray FEL user facility, Free-electron LAser in
Hamburg (FLASH) that was built at DESY, started operation in 2005,18 while
the first hard X-ray FEL, the Linear Coherent Light Source (LCLS) located at
the SLAC National Accelerator Laboratory, began operations in 2009.19

In the past decade, LCLS has made great breakthroughs in various areas
of basic research. Inspired by the tremendous success of LCLS, several XFEL
facilities are currently in operation or under construction worldwide.20–22 Of-
fering various operation modes,18–24 FEL facilities can generate X-ray pulses
with photon energies up to 25 keV, sub-femtosecond pulse durations, pulse
energies ranging from a few microjoules to several millijoules, and laser-like
statistical properties. Furthermore, the repetition rate can be increased to a
megahertz level by using superconducting linacs.25–27 In short, XFELs can
provide X-ray beamswith unprecedented and raise the possibility of studying
matter at atomic-level spatial scales and femtosecond timescales for thefirst
time. Consequently, time-resolved measurements of molecular dynamics,
exploring material properties under extreme conditions, and single-particle
scattering imaging are now achievable goals.

The remainder of this review discusses the features and prospects of
XFELs,with the remainder of the paper organized as follows. The next section
considers the fundamentals of FEL theory, with particular focus on self-ampli-
fied spontaneous emission (SASE) FELs, externally seeded FELs, and cavity-
based FELs. We then focus on the XFEL facilities in operation and under con-
structionworldwide, while the next section discusses the various applications
of XFELs, which we follow with a discussion of the current capabilities and
future possibilities of XFELs. Finally, we present a short summary.

PRINCIPLES AND PROPERTIES OF XFELs
The FEL concept was introduced by Madey in 1971, and subsequently

demonstrated via two FEL configurations: an FEL amplifier28 and an
The Innovation 2, 100097, May 28, 2021 1

mailto:denghaixiao@zjlab.org.cn
mailto:zhaozhentang@zjlab.org.cn
https://doi.org/10.1016/j.xinn.2021.100097
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2021.100097&domain=pdf


Figure 1. Schematic layouts for SASE and self-seeding Typical spectra corresponding to SASE and self-seeding are shown, respectively. The central part shows two types
of electron distribution and the corresponding radiation emission. Incoherent radiation is emitted owing to the random phases of electrons at the entrance of undulator
(left). If the electron beam exhibits micro-bunching at the radiation wavelength scale, a powerful coherent radiation pulse is generated (right). With increasing bunching, the
fraction of coherent emission increases, leading to an exponential growth of radiation power along the undulators.
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oscillator.6 In theFELamplifier, an external seed laser is required for amplifica-
tion. In the absence of an external seed, spontaneous incoherent radiation is
obtained. The oscillator can be started by using the noise generated by the
spontaneous radiation; however, it needs an optical cavity to circulate the ra-
diationpulse toachievesuccessiveamplificationwithasmall gain. The lackof
good optical cavities operating in the X-ray spectral region precluded the pos-
sibility of realizing FELs at X-ray wavelengths via the oscillator configuration.

In fact, the requirement of an optical cavity was circumvented following
the development of a theory for high-gain FELs during the late 1970s and
the 1980s. In the high-gain regime, FELs are considered to start from spon-
taneous radiation, and reach saturation in a single undulator pass. This high-
gainmode, namedSASE FEL,7,11 eliminates the need for an optical cavity and
external seed. Moreover, as it does not depend on the radiation wavelength,
this mode can operate at any wavelength. However, starting from the initial
shot noise of an electron, the SASE FEL has a chaotic nature, and exhibits
inherent spectral and intensity instabilities.

Beyond the SASE, externally seeded FEL can utilize frequency up-conver-
sion techniques,29 which manipulate electron beam phase space at the op-
tical scale via commercially available UV lasers to obtain periodic charge
density bunching at short wavelengths, and even X-ray wavelengths. Using
this approach, the high-gain FEL process is triggered by a non-zero micro-
bunching rather than an external seed directly. Therefore, this operating
mode is not the amplifier but a harmonic generation of the seed laser.
Consequently, the generated radiation is fully coherent, as its properties
are characterized by the seed laser.

To date, SASE XFEL represents the best (and thus far, the only) alternative
approach for generating hard X-ray laser beams. Externally seeded FELs can
operate with better stability in the soft X-ray regime, while FEL oscillators are
currently limited to the long-wavelength regime, e.g., terahertz, infrared, and
UV. However, recent developments have shown that establishing optical cav-
ities in the X-ray regime is feasible with the help of Bragg-reflecting crystals.30

Overall, SASE is themost straightforwardmode for XFEL operation. Here, we
start by introducing the principles of SASE to provide a general understanding
of the basic concepts in FEL, including the resonance condition, coherent
emission, and micro-bunching.

Self-Amplified Spontaneous Emission
The physics underlying the FEL process can be explained using a simple

model.31 The fundamental FEL process involves the generation of sponta-
2 The Innovation 2, 100097, May 28, 2021
neous radiation through an undulator.32 In a planar magnetic undulator, rela-
tivistic electrons move according to a “wiggling” (sinusoidal) trajectory, while
the overall deflection of the electron beam is zero. Therefore, when traversing
the undulator, the electrons are subject to acceleration and radiate electro-
magnetic waves, i.e., the spontaneous radiation. The resonant wavelength,
at which the emitted radiation constructively interferes in the undulator, is ex-
pressed as

lh =
lu

2hg2

�
1 +

K2

2

�
; (Equation 1)

where h = 1;2; 3;., lu and K are the undulator period length and the dimen-
sionless undulator parameter, respectively, g is the relativistic energy of an
electron, and h is the harmonic number of the radiation. Amore detailed theo-
retical analysis reveals that only odd harmonic wavelengths of the radiation,
i.e., h = 1; 3; 5;., are strongly emitted on-axis. The deflection parameter K is
a measure of the angular excursion. From another perspective, Equation 1
shows that it is easy to generate radiationwith the user-requiredwavelengths
by adjusting either the energy of the electron beam or the undulator param-
eterK. For typical undulator parameters ofKx1, the beamenergymust be of
the order of several GeV to reach sub-nanometer wavelengths.

The intensity of the radiation field emitted by many electrons in an undu-
lator is written as

�����
XNe

j = 1

E0e
iutj

�����
2

= E2
0Ne +E2

0

�����
XNe

j = 1

XNe

k = 1

eiðutj +utkÞ
�����
2

; (Equation 2)

where E2
0 is the radiation intensity from one electron, and the total number of

electrons isNe[1. For electronswith random longitudinal positions, thesec-
ond termismuchsmaller thanNe andconsidered tobenegligible. In this case,
the electric fields corresponding to the waves generated by each electron are
superimposed at randomand the intensity is proportional toNe. This is called
incoherent radiation and is illustrated in the left colored panel of Figure 1. For
electrons with correlated phases tjz tk , the second term is considerable and
the intensitybecomesproportional toN2

e . This is called coherent radiationand
is illustrated in the right colored panel of Figure 1.

As the spontaneous radiation of many electrons has no phase correla-
tion, the total emitted intensity is proportional to the electron number Ne.
www.cell.com/the-innovation
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This imposes a limitation on the radiation intensity generated by synchro-
tron radiation light sources. To increase the intensity significantly, phase
correlation must be incorporated. This means that the electron sources
must be bunched periodically at the resonant wavelength l. Such mi-
cro-bunching can be obtained via FEL amplification, which leads to a lon-
gitudinal distribution of electrons that is modulated at the radiation wave-
length l.

The micro-bunching results from the interaction between the relativistic
electron beam and radiation field in the periodic magnetic field of the undu-
lator. The mechanism of FEL amplification can be summarized as three
basic processes:33,34

1) The interaction of electrons with the radiation field causes the en-
ergy of the electron beam to be modulated.

2) This energy modulation evolves into longitudinal density modula-
tion (micro-bunching) at the scale of the resonant radiation wave-
length l, as determined by Equation 1. This is due to the path length
difference between trajectories of electrons with different energies.

3) Themicro-bunching results in the amplification of the radiation field
through coherent emission.

It is straightforward to show that FEL amplification is a positive feedback
loop, whereby a larger intensity leads to enhanced energy modulation and,
thus, more bunching. As a result, the radiation intensity can grow exponen-
tially up to a limit of N2

e , thereby enabling a high-gain single-pass FEL with a
sufficiently bright electron beam and a sufficiently long undulator. It should
be noted that the N2

e limit is reached in cases of extreme micro-bunching, in
which all electrons have the same emission phase and the radiation is fully
coherent. As discussed above, the most important quantity in this process
is the micro-bunching. And the FEL amplification cannot continue indefi-
nitely and eventually saturates as the micro-bunching reaches a maximum.

For high-gain FEL theory with a one-dimensional (1D) limit, the FEL equa-
tions describing themotion of electrons and the evolution of the radiation can
be written in a universal form that depends solely on the FEL parameter,
r.11,34 This quantity is a function of the undulator and electron beam charac-
teristics and does not depend explicitly on the radiationwavelength. The elec-
tromagnetic power before reaching saturation is given, approximately, by

Pz
1

9
P0e

z=Lg ; (Equation 3)

where the power gain length is Lg = Lg0ð1 +LÞ. Lg0 = lu=4p
ffiffiffi
3

p
r is the 1D

power gain length of amonoenergetic radiation.L quantifies the degradation
effects, such as diffraction. r is defined as

r =

�
1

16

I

IA

K2½JJ�2l2u
g3
0s

2
x4p

2

�
; (Equation 4)

where IA =4pe0mc3=ez17kA is the Alfvén current and 2ps2x is the cross-
sectional area of the electron beam. ½JJ� is the Bessel function factor. For
a planar undulator, ½JJ�= J0ðxÞ � J1ðxÞ with x = K2=ð4 +2K2Þ. For a helical
undulator, ½JJ� = 1. For XFELs, such as LCLS and SACLA, the FEL parameter
r typically has a value of approximately 0.001, corresponding to a gain length
of several meters, while the total undulator length is over 100 m.34,35 More-
over, the FEL parameter can summarize the radiation characteristics. For
example, another important parameter, the saturation power, is a fraction
of the value of r that corresponds to the electron beam power Pbeam:

PsatxrPbeam: (Equation 5)

Thus, the FEL parameter describes the efficiency of the energy transfer
from the electrons to the radiation field. In addition, the relative bandwidth
is approximately equal to the FEL parameter:Dl=lzr. By combining the po-
wer and bandwidth formulae, the number of coherent photons per electron
also becomes related to r.
ll
Note that the FEL amplification can be triggered by an external seed or by
non-zero micro-bunching at the undulator entrance. When the initial field is
not zero and the initial bunching and energy modulation are zero, the FEL
acts as an amplifier. When the initial condition of the system involves non-
zero bunching due to the inherent fluctuations in electron positions at the un-
dulator entrance, this system acts as a SASE FEL,11,34 for which the initial ra-
diation is produced via spontaneous radiation. In particular, for X-rays with
sub-nanometer wavelengths, where no practical laser sources can provide
a suitable initial field, the SASE mode is the most straightforward method
of FEL operation.

Some proof-of-principle experiments investigating SASE were conducted
at a wavelength of 16 mm at the University of California, Los Angeles.17 Sci-
entists in Hamburg then recognized the opportunity to build an extreme UV
(EUV) FEL facility known as FLASH.18 This pioneering achievement inspired
the construction of soft X-ray FELs and the LCLS. To date, all hard X-ray FELs
in operation are based primarily on the SASE mode, including LCLS, SACLA,
PAL-FEL, and SwissFEL.

The radiation produced by the SASEmode has a coherent transverse form
due to the gain-guiding effect.36 However, starting from shot noise, SASE FEL
radiation behaves chaotically owing to the stochastic nature of spontaneous
undulator radiation emissions. Significant efforts have been invested in
enhancing the temporal coherence and achieving an effectively controlled
bandwidth of the SASE X-ray spectrum. Several schemes have been pro-
posed for this, such as self-seeding operation in soft and hard X-ray re-
gimes,37 high-brightness SASE,38 improved SASE,39 purified SASE,40 and har-
monic lasing self-seeded FELs.41 Themain experimental results obtained for
self-seeding42 show that the spectral bandwidth of SASE can be reduced by
more than an order of magnitude, with a typical bandwidth of approximately
0.4–0.5 eV at 8–9 keV, which is near Fourier-transform limited and 50 times
narrower than the initial SASE results.

In general, a self-seeded FEL consists of three parts, as shown in the bot-
tom panel of Figure 1. The first part is a short undulator, which can generate
SASE FEL pulses with a low pulse energy. In the second part, the bandwidth
of the generated SASE radiation pulse is reduced by amonochromator, while
the electron beam is delayed by a chicane. Micro-bunching of the electron
beam, built up in the previous SASE process, is destroyed by this delay.
Then, the third part is an FEL amplifier in which the filtered coherent X-ray
pulse is amplified to reach power saturation by interacting with the “re-
freshed” electron beam. For X-ray wavelengths, self-seeded FELs can be real-
ized in three ways: grating monochromators,37,43 micro channel-cut crystal
monochromators,44 and single-crystal or “wake” monochromators.42,45

This solution can increase the spectral brightness by an order of magnitude
relative to that obtained form the SASE XFEL. However, the self-seeding
scheme suffers intrinsically from low seed power as a result of attempting
to preserve the electron beam properties important for lasing. Furthermore,
it depends fundamentally on the noisy SASE process leading to large
(�100%) seed powerfluctuations. For the same setup, if themonochromator
is replaced by an atomic gas, the inner-shell laser pumped by an upstream
XFEL pulse can be used as the monochromatic seed for a downstream un-
dulator that generates fully coherent XFEL pulses.46
Externally-Seeded FELs
In addition to the SASE XFEL method, several external seeding schemes

have been developed to produce fully coherent X-ray pulses with commer-
cially available seed sources. These schemes manipulate optical-scale elec-
tron beam phase space to generate micro-bunching at the harmonic wave-
length of the seed, thereby circumventing the need for a seed source at
shortwavelengths and triggering high-gain FEL amplification in the undulator.
In general, this manipulation focuses on the ðz;pÞ phase space, where p de-
notes the dimensionless energy deviation and z is the longitudinal position.
To manipulate the ðz;pÞ phase space, an external seed laser is required to
modulate the electron energy through an undulator. Then, the energy modu-
lation is converted to density modulation via a dispersive element. These
The Innovation 2, 100097, May 28, 2021 3
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Figure 2. Schematic layouts for various external seeding techniques (A) HGHG, (B) EEHG, and (C) PEHG.

Review
T
he

In
no

va
ti
on
approaches are now being considered by many research groups for devel-
oping soft X-ray FELs.

The first scheme based on an external seed laser is high-gain harmonic
generation (HGHG).29,47 The layout of the HGHG scheme is shown in Fig-
ure 2A. The HGHG scheme comprises three sections. The first part, known
as themodulator (an undulatorwith large lu), involves a seed laser interacting
with the electron beam to impose a small energy modulation. Then, the elec-
tron beam is transferred through the second part, known as dispersion sec-
tion, whereby the energy modulation is converted into spatial density modu-
lation. Finally, the micro-bunched electron beam passes through the third
part, known as the radiator (long undulator), in which the electron beam res-
onates at the harmonic frequency of the seed laser, thus causing the electron
beam to emit a coherent signal at the harmonic frequency, which is then
amplified exponentially to the saturation threshold by the radiator. Currently,
there are two FEL user facilities whose operation is based on HGHG.23,24

However, significant bunching at higher harmonics is usually needed to
strengthen the energy modulation in HGHG, which results in the degradation
of the amplification process in the radiator.

Improvements to the harmonic conversion efficiency of externally seeded
FELs based on the HGHG scheme are limited by the slice energy spread of
the electron beam. An alternative scheme, namely echo-enabled harmonic
generation (EEHG), was proposed in 2009,48 with a corresponding schematic
shown in Figure 2B. In EEHG, there are two modulators and two dispersion
sections: (1) the electron beam interacts with the seed laser in the firstmodu-
lator, which introduces a small energy modulation to the electron beam; (2)
the modulated electron beam arrives at the first dispersion section, which
has a strong dispersion effect that causes a fine energy band in the ðz;pÞ
phase space of the electron beam; (3) then, this electron beam interacts
with another seed laser, imprinting a second small energy modulation on
the energy band; (4) next, the electron beam is passed through the second
dispersion section, which converts the energymodulation into the space den-
sity modulation; and (5) finally, the density-modulated electron beam is
passed through a long undulator to amplify a coherent signal such that it rea-
4 The Innovation 2, 100097, May 28, 2021
ches saturation at high harmonics of the two seed laser frequencies. The
configuration of EEHGFELs is flexible and complex, inwhich the optimization
of the bunching factor is essential to enable its full performance. The optimi-
zation factor includes twomodulation amplitudes of the modulators and the
dispersive strength of each chicane.

A proof-of-principle experiment demonstrating EEHG was performed in
2010 at the Next Linear Collider Test Accelerator: Research of Dielectric
Laser Acceleration.49 The first lasing via an EEHG FEL at the third harmonic
of the two seed frequencieswas conducted in 2012 using the Shanghai deep
UV free-electron laser (SDUV-FEL).50 Following this experiment, the EEHG
FEL method has attracted significant attention because of the advantages
it offers, with many experiments subsequently performed at higher har-
monics.51–53 The operation of the first soft X-ray EEHG FEL was demon-
strated at FERMI in 2019.54 In this experiment, 7.3 nm soft X-rays, that is,
the 36th harmonic of two identical seed laser wavelengths, were amplified
to saturation. The stability of the spectrum and the intensity can be seen
in Figure 3. In addition, the saturation of the 11th harmonic and lasing via
the 30th harmonic of the EEHG setup has been achieved at the Shanghai
Soft X-ray FEL Facility (SXFEL).

However, generating ultra-high harmonics (larger than 100 harmonics) us-
ing the conventional EEHG scheme is difficult owing to incoherent synchro-
tron radiation, coherent synchrotron radiation, and intra-beam scattering ef-
fects. To overcome these effects, selecting an EEHG parameter of n= � 4

to generate the 150th harmonic for single-stage EEHG was first proposed
in (Zhou et al.55). The n= � 4 value indicates the use of the fourth-order
modes of the fundamental bunching. The analysis shows that, by choosing
the fourth-order modes of the EEHG scheme, it is possible to produce
coherent X-rays at the 150th harmonic directly from a UV seed laser source.
This was demonstrated in part by the FERMI group in 2019, when they
observed the 101th harmonic of EEHG at n = � 4, corresponding to the gen-
eration of a highly coherent signal with a wavelength of 2.6 nm.

Phase-mergingenhancedharmonicgeneration (PEHG) isanotherphysical
mechanism that promises to provide strong enhancement of the frequency
www.cell.com/the-innovation

http://www.cell.com/thennovation16742052


Figure 3. Soft X-ray EEHG experiments and fresh bunch technique (A–C) Experimental analysis of the FEL spectrum in the EEHGmode at l= 7:3nm (� 169 eV) with h= 36
and l= 5:9 nm (�211 eV) with h = 45, where h is the harmonic number. (D) Schematic of the fresh bunch technique for the cascading harmonic generation scheme at
SXFEL. Different fractions of the electron beam are used for lasing in different stages, implying that a single beam can be used for multi-stage harmonic generation.
Reprinted with permission from the Copyright Clearance Center: Springer Nature, Nature Photonics (Ribi�c et al.54 Coherent soft X-ray pulses from an echo-enabled har-
monic generation free-electron laser), Copyright (2019).
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up-conversion efficiency in seeded FEL configurations.56,57 Figure 2C shows
the schematic layout of PEHG. Before entering the transverse gradient undu-
lator (TGU), theelectronbeampassesthrough thedogleg; therefore, electrons
with different energiesaredispersed intodifferent transverse positions. In the
TGU modulator, the electron beam undergoes a gradual energy modulation
from the external seed laser. Meanwhile, electrons in different transverse po-
sitions experience different undulator K values, resulting in different travel
path lengths. Furthermore, if the gradient of the TGU modulator, together
with the transverse dispersion of the dogleg, is chosen properly, in regions
around the zero-crossing of the seed laser, electrons with equivalent energy
gradually travel to the same longitudinal phase. This phenomenon results
in phase-merging. As in other seeded schemes, the electron beam is passed
through a dispersive chicane to implement density modulations, which
contain significantly enhanced high harmonic signals of the seed laser.

The electron beam phase spaces that emerge after passing through the
dispersive chicane are illustrated in the left panel of Figure 2. The difference
in the phase space manipulation of each scheme can be found. While other
harmonic generation schemes only manipulate the longitudinal phase space
of the electron beam, the fundamental physicalmechanismof PEHG is trans-
verse-longitudinal phase spacecoupling. Considering thatmost electrons are
concentrated around the same phase, the densitymodulation and frequency
up-conversion efficiency in PEHG are significantly enhanced, with this prop-
erty utilized to generate fully coherent short-wavelength radiation at very
high harmonics of the seed. In accordance with a Gaussian energy distribu-
tion, the coherent bunching factor scales as 0:67=h1=3 for PEHG,56 as
compared with 0:39=h1=3 for EEHG.48

Further studies indicate that the optimal bunching factor of PEHG is
determined by a combination of factors, which includes the initial transverse
beam size, the initial transverse beam divergence, and the practical lattice
configuration.58 These factors influence the transverse positions of the elec-
trons in the TGU, and thus impact the phase-merging effects and the final
bunching results greatly. The layout of the PEHG scheme can be varied.
For example, the TGU modulator can be replaced by a normal modulator
for energymodulation and a separate TGU for implementing phase-merging
effects.57 Moreover, the phase-merging effects of the TGU can also be ful-
filled by utilizing a wavefront-tilted seed laser,59 magnetic dipole,60 or by us-
ing the natural transverse gradient of a normal undulator.61,62

The requirement for FEL amplification of the beamenergy spreadmakes it
impossible to generate hard X-rays via single-stage HGHG or EEHG. There-
ll
fore, the multi-stage harmonic generation schemes have been proposed in
which an FEL pulse generated by an intermediate radiator is used as the
seed laser for the harmonic generation stage via the “fresh bunch” tech-
nique.63 In these schemes, the temporal duration of the seed is shorter
than the electron beam pulse duration, thereby enabling the seed to overlap
with a “fresh” electron beam region that has not been affected by FEL inter-
actions in the previous stage, as shown in the bottom plot of Figure 3. Anal-
ysis within the framework of idealized models suggests that two-stage
HGHG can produce fully coherent soft X-rays, while two-stage PEHG has
the potential to reach the hard X-ray regime.64 The first cascaded HGHG
scheme using the fresh bunch technique was demonstrated at the SDUV-
FEL, where higher photon energies were obtained.65 The two-stage HGHG
scheme has also been adopted by FERMI and SXFEL as the baseline for
FEL operation.24,66 Furthermore, a 10th 3 3th EEHG-HGHG cascading
scheme, which can generate an 8.8 nm FEL pulse using a 266 nm seed laser,
has been demonstrated successfully at SXFEL.

Cavity-based XFELs
Cavity-based FELs are considered highly promising candidates for gener-

ating fully coherent FEL pulses. In such FELs, X-ray pulses that are stored
and recirculated in an X-ray optical cavity are amplified via interactions with
fresh electron bunches when passing through undulators. Cavity-based
FELs include XFEL oscillators (XFELOs)67 and X-ray regenerative amplifier
FELs (RAFELs),68 both of which use the same fundamental techniques
and components to realize their full capability. In general, these solutions
require a high repetition rate electron bunch together with an undulator to
provide gain and a crystal cavity to circulate and store the X-ray pulses.
Following progress in the crystal optics and accelerator techniques required
for an XFELO, such as defect-free diamond crystals and high repetition rate
electron beams from superconducting linacs, XFELOs have now become
technically feasible.

A schematic of the XFELO system is shown in Figure 4. An undulator of
appropriate length ismounted inside the X-ray cavity, with relativistic electron
beams delivered from a superconducting linac. In the undulator, the electron
beam amplifies the recirculated X-ray pulse as the FEL process occurs.
Equipped with a low coupling-out X-ray cavity, XFELOs work in the low-gain
regime, where the single-pass gain is typically less than 1. Thus, they require
hundreds of round trips before power saturation occurs. The X-rays can be
coupled out of the X-ray cavity through transmission via a crystal mirror.
The Innovation 2, 100097, May 28, 2021 5



Figure 4. Schematic layout of XFELO The right plot shows a typical XFELO spec-
trum with an FWHM bandwidth of meV level, which is three order of magnitude
narrower than the high-gain SASE XFELs..
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An alternative method for extracting the intra-cavity X-ray pulse by inserting
an additional mirror has been proposed in Shvyd’ko.69 The transverse optical
mode of an XFELO is controlled by external focusing elements, such asmulti-
layer curved mirrors or compound refractive lenses. For Bragg crystals, dia-
mond is thematerial of choice used to formX-ray cavities because of its high
reflectivity, mechanical properties, and excellent thermal stability. Using dia-
mond crystals extends the range of photon energies from 5 to 25 keV and
provides 8 GeV electron bunches at a repetition rate of � 1 MHz, with these
parameters typically provided at LCLS-II-HE and the Shanghai high repetition
rate XFEL and extreme light facility (SHINE).

The RAFEL has the same structure as the XFELO, including a high repeti-
tion rate electron beam, a relatively long undulator, and an X-ray optical cavity
to provide feedback. However, unlike the XFELO, which operates in the low-
gain regime with a low-output coupling cavity, the RAFEL is a high-gain
FEL that operates in a high-output coupling cavity. Thus, it requires only a
few round trips to reach saturation. When considering the potential chal-
lenges associatedwith cavity design, the RAFEL offersmany other unique ad-
vantages over oscillators. For example, the high-gain property can provide
additional compensation for relaxing the X-ray-induced degradation of the
cavity optics as the small number of round passes should relax longitudinal
alignment tolerances comparedwith the XFELO. Owing to the gain-guided ef-
fect, the dominant transversemode is defined by the FEL gain. Therefore, the
optical cavity is used mainly for recirculating the X-ray pulse to feedback the
FEL amplification. An experiment to generate double electron bunches in the
Cu-linac at LCLS has been designed tomeasure the two-pass gain as well as
the cavity ring-down efficiency for the high-gain RAFEL scheme.

The defining merit of cavity-based XFEL sources is the significantly
improved longitudinal coherence relative to high-gain SASE XFELs. For
example, the bandwidth of the XFELO pulse can be as small as a few
meV, while its temporal duration is a few hundredths of a femtosecond
(i.e., nearly transform limited). In contrast, radiation fromSASE XFELs is char-
acterized by ultra-short temporal durations that can be smaller than a femto-
second, while its spectral bandwidth reaches a few tens of eV (i.e., far away
from the transform limit). Therefore, an XFELO can provide a high spectral
photon density,while a SASEXFELgenerates a high temporal photon density.
In addition, cavity-based XFELs produce highly stable X-ray pulses with shot-
to-shot fluctuations of approximately 1%, while high-gain SASE XFELs and
self-seeded XFELs suffer from poor pulse-to-pulse stability.

The physics of cavity-based XFELs, including the FEL process and Bragg
diffraction, is more complicated than that of a single-pass high-gain FEL.
Thus, numerical simulations are typically used to study these systems.
Recently, a 3D Bragg diffraction code called BRIGHT,70 which can be used
with the time-dependent FEL code and optical propagation code, was devel-
oped to enable fully 3D XFELO simulations. In addition, the crystal mirrors,
which are exposed to intense X-ray beams in the optical cavity, are subject
to thermal deformations. A new approach has been developed, that utilizes
a dedicated Bragg reflection physical process in the GEANT4 software pack-
age to obtain precise information on the absorption of XFELO pulses in the
crystal.71 With the help of external finite element analysis software, this
method provides a valuable tool for analyzing the thermal load of the mirrors
in an XFELO. In addition, a simplified 1D theoretical XFELO model has been
established for the fast optimization of the single-pass gain and spectrum
in XFELO systems.72 In addition, to avoid the need for the X-ray focusing el-
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ements used in the conventional XFELO configuration, a gain-guided XFELO
has been proposed.73 The FEL gain of the electron beam is used to focus the
X-rays transversely, thus maintaining mode stability.

In terms of flexibility, XFELOs have the potential to be expanded for
use in a wealth of applications. To serve the demands of high-photon en-
ergy experiments, XFELOs can extend the photon energy coverage by
running the XFELO at a higher harmonic,74 or the XFELO output can be
used as the input seed for an external HGHG system.29,75–78 Such a sys-
temwas studied with a view to extending the photon energy by a factor of
5 to 40–60 keV. In addition, to generate high-power X-ray pulses reaching
the terawatt level, XFELOs can also be used as the seed in master oscil-
lator-power amplifier (MOPA) configurations.79 The tapering section
further increases the pulse intensity owing to the high degree of coher-
ence. In addition to the MOPA configuration, a gain cascading scheme
has been proposed for increasing the maximum energy conversion effi-
ciency of an XFELO with a constant undulator parameter.80 The gain
cascading scheme, which controls the delay elements between the un-
dulator stages to allow electron beam lasing at various locations inside
different undulators, can increase the energy extraction efficiency and
output peak power by shortening the undulator length at each stage.
Furthermore, by utilizing a crossed-planar undulator, an XFELO can
generate polarization-controllable fully coherent hard X-ray pulses, with
a polarization degree of 99% and a polarization switching rate of 20
kHz.81 This scheme consists of two cross-configured planar undulators
in which two orthogonally linearly polarized field components are gener-
ated separately. By inserting a fast phase shifter between the two undu-
lators, the phase difference between the two linearly polarized compo-
nents can be controlled. Recent studies have shown that XFELOs can
generate light with orbital angular momentum without requiring any
external mode-conversion optical elements.82

In recent decades, significant progress in superconducting linacs using
high repetition rate XFELs25–27 and in achieving defect-free crystals30 has
paved the way for the eventual construction of cavity-based FELs. Moreover,
by extending the idea of crystal cavities beyond FELs, related schemes have
been proposed for producing intense, fully coherent, transform-limited
pulses, such as a population inversion X-ray laser oscillator,83 which uses a
liquid jet as the gain medium and SASE XFEL pulses as pumps. In this pro-
posed device, the pump pulse impinges on a liquid jet sample, where it initi-
ates population inversion followed by amplified spontaneous emission. The
emitted signal, which is recirculated in a Bragg crystal cavity, then provides
the seed for stimulated emission and is amplified in each subsequent pass
until it reaches saturation (this typically requires four to eight passes). At satu-
ration, the generated pulse is outcoupled by tuning one of the crystal mirrors
to an off-Bragg condition.
OVERVIEW OF XFEL FACILITIES WORLDWIDE
In a typical XFEL facility, a linear accelerator is used to produce bright elec-

tron beams, which are then delivered to multiple undulator lines to generate
intense radiation with dedicated properties for different experiments and ap-
plications. A switchyard is inserted between the accelerator and the undulator
lines. Thus, the evolution of XFEL facilities is expected tobe focussedon tech-
niques for improving accelerator performance and the generation of photon
beams with unprecedented and exotic properties. By developing flexible and
unique XFEL techniques, the customizability of photon beams can be
extended, thereby satisfying a tremendous diversity of scientific applications
covering various aspects of chemistry, physics, and biology.84,85

Figure 5 shows a timeline detailing the year of first lasing for various XFEL
facilities worldwide. The development of these facilites and the technological
advancements have been primarily centered on shortening the generated
wavelength to the hard X-ray region and increasing of the average power
to several hundred watts. In the next section, we briefly review the character-
istics and performance parameters of each facility in detail. The features and
specialties of key experimental stations are also included. A summarized da-
taset can be found in Table 1.
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Figure 5. Timeline indicating the first lasing of various FEL facilities worldwide.
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Copper linac-based XFEL facilities
One of the most exciting and impressive milestones in the develop-

ment of XFELs was the successful operation of the first hard X-ray FEL
facility, LCLS, in 2009,19 which provides XFEL pulses with extremely
high brilliance and excellent transverse coherence. At LCLS, extremely
high-brightness electron beams of 13.6 GeV are generated in a normal
conducting linear accelerator with a typical repetition rate of 10–
120 Hz, while a 0.15 nm SASE mode FEL is generated in the 132-m-
long fixed-gap undulator system. LCLS routinely produces X-ray pulses
with durations shorter than 200 fs, photon energies ranging from 0.28
to 12.8 keV, and 1012 photons per pulse at 8 keV. An adjustable low-
and high-energy mirror system downstream directs the soft X-rays to
the experimental stations for atomic, molecular, and optical science,
soft X-ray research, and X-ray pump-probe, and hard X-rays into four
other stations, including X-ray correlation spectroscopy, macromolec-
ular femtosecond crystallography, coherent X-ray imaging, and matter
in extreme conditions. Benefiting from the unique and incomparable per-
formance far beyond those of the other contemoraryfacilities at the time,
cutting-edge experiments and methods were developed and established
at LCLS,86 resulting in the publication of over 1,500 papers in the past
decade.

Two years later, the SACLA facility in Japan achieved its first lasingwith an
unprecedented short wavelength of 0.06 nm for the SASEmode.20 Advanced
technologies, such as a thermionic gun with a cesium boride cathode, a C-
band accelerator structure, and in-vacuum undulators with variable gaps,
were all successfullymanufactured and utilized for the first time in the SACLA
XFEL facility. Benefiting from the application of these technologies, SACLA
delivers sub-Ångstrom X-ray pulses with an 8.5 GeV electron beam, which
makes SACLA the most compact XFEL facility to date. Compared with
LCLS, the overall size is approximately three to five times smaller for the
same FEL tuning range, enabling a significant reduction in construction
andoperating costs. SACLAcandeliver FEL pulsesvia three beamlinessimul-
taneously, namely a spontaneous radiation beamline (BL1), which was up-
graded to a soft X-ray FEL in 2017, and two hard X-ray FEL beamlines (BL2
and BL3), which typically deliver FEL pulses from 4 to 20 keV. The major ap-
plications of BL1 include the observation of nonlinear optical processes in
gaseous atoms and molecules, and the evaluation of ultrafast phenomena
in solid-statematerials. There are two experimental stations at BL2, which fo-
cuses on biology-oriented experiments, such as protein crystallography and
coherent diffraction imaging (CDI), with the other station tackling high-energy
density science with a high-power femtosecond laser system. BL3 is a more
comprehensive beamline, with the ability to accommodate experiments from
different subject areas, including structural biology, ultrafast physics, chemis-
ll
try, and X-ray quantum optics. At SACLA, several user groups can run exper-
iments concurrently thanks to the multiple-beamline operation, amassing a
total user beam time of approximately 5000 h per year.87

After the first decade of user operation, XFELs have been demonstrated as
a dedicated light source in the research of spatial and temporal scales of
atomic andmolecularmotion that underpinmany processes, such as energy
conversion and storage. Potential for further cutting-edge scientific research
is supported by two room temperature FEL facilities, namely the SwissFEL22

and the PAL-XFEL,21 which joined the thriving hard X-ray FEL community
in 2017.

The overall goal of the SwissFEL is to provide a compact facility that pro-
duces 0.1–5.0 nm FELs with pulse durations ranging from 1 to 20 fs.22 The
electron beam is accelerated to 5.8 GeV in a normal conducting C-band linear
accelerator, and two undulator branches, Athos and Aramis, are utilized to
generate soft and hard X-rays, respectively. The SwissFEL focuses on high
economic impact research, such as materials science, chemistry, and
biology. Three experimental stations, Alvra, Bernina (active), and Cristallina
(under construction), were proposed for the initial phase of the Aramis beam-
line. Alvra focuses primarily on X-ray spectroscopy and serial femtosecond
crystallography (SFX), while Bernina is designed to perform time-resolved
hard X-ray pump-probe diffraction and scattering experiments in condensed
matter systems. The soft X-ray beamline Athos is under construction and
scheduled to commence user operation later this year.

PAL-XFEL, in Korea, first conducted successful lasing in 2017.21 It consists
of an 11 GeV normal conducting linear accelerator, and can generate X-ray
FELs ranging from 0.1 to 6 nm. The facility has space for five undulator lines
in total; specifically, three hard X-ray undulator lines and two soft X-ray undu-
lator lines. Currently, one hard and one soft X-ray line are installed and oper-
ational. The most remarkable feature of PAL-XFEL is the 20 fs timing jitter of
the intense X-ray photon beam, which is achieved consistently owing to the
use of a state-of-the-art electron linear accelerator design and electron beam-
based alignment. The optically pumped phonon modulation of Bi(111) has
been performed without any XFEL-related optical jitter correction. At present,
the nanocrystallography and imaging station and the X-ray scattering and
spectroscopy station both utilize the hard X-ray beamline, which provides a
photon energy range of 2–12 keV, with a narrow bandwidth of 2.1–20 eV.
The soft X-ray scattering and spectroscopy station provides soft X-rays
ranging from0.25 to 1.2 keV at a repetition rate of 60Hzwith a pulse duration
of approximately 90 fs.

FERMI@Elettra is the first seeded XFEL user facility.23 The electron bunch,
which has a beam energy of 1.5 GeV and repetition of 50 Hz is delivered into
two different APPLE-II type undulator lines, FEL1 and FEL2, for vacuum UV
and soft X-ray generation, respectively. A 20–65 nm highly coherent and sta-
ble FEL pulse has been achieved using the principle of single-stage HGHG in
FEL1,23 while a wavelength of 4.3 nm has been achieved using two-stage
cascadedHGHG in FEL2.66 Another unique feature of FERMI is the capability
to produce an FEL with variable polarization (from completely linear to
completely circular) using helical undulators, which is particularly important
for soft X-rays owing to the lack of a practical phase retarder. A photon anal-
ysis delivery system is located downstream of the undulator line to charac-
terize, manipulate, and deliver the FEL radiation to the final experimental sta-
tions, which include stations for CDI, absorption and elastic scattering from
materials under extreme conditions, gas-phase and cluster spectroscopy, in-
elastic and transient grating spectroscopy, terahertz applications, and
magneto-dynamics.

Inspired by the rapid construction and commissioning of XFELs world-
wide, China has invested significant effort into the development of XFEL tech-
nology, resulting in the SXFEL,24 which is a two-phased FEL, i.e., with a pro-
posed transition from a test facility to a user facility. It aims to cover
photon wavelengths ranging from 10 to 2 nm. During the test phase, the flex-
ible configuration of SXFEL is designed to facilitate various seeded FEL exper-
iments, e.g., the combination of EEHG and HGHG has been designed to pur-
sue very stable spectral properties and ultra-high harmonic up-conversion
efficiency. As of the middle of 2020, 8.8 nm FEL lasing experiments with
6th 3 5th HGHG-HGHG cascading, 10th 3 3th EEHG-HGHG cascading,
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Table 1. Major parameters for worldwide X-ray FEL facilities

Facility
Beam
energy (GeV)

Photon
energy (eV)

Repetition
rate (Hz)

Pulse duration
(FWHM) (fs)

FLASH 0.35–1.25 14–620 4 3103 to 106 10–200

LCLS 2.5–16.9 280–12,800 120 5–400

SACLA 5.1–8.5 4,000–20,000 60 2–10

FERMI 1–1.5 20–310 50 30–100

PAL-XFEL 3.5–10 275–20,000 60 5–100

SwissFEL 2.1–5.8 250–1,240 100 1–20

European
XFEL

8.5–17.5 240–25,000 2.7 3 104 3–150

SXFEL 1.0–1.6 124–1,000 50 30–1,000

LCLS-II (HE) 4–15 200–25,000 120/106 1–500

SHINE 8 400–25,000 106 3–600

Note that only a portion of their performance is listed here for indication. In
addition, the pulse duration varies with the operating mode of the facility,
such as low charge and two-color mode. More detailed information can be
found on their websites.
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and a 30th EEHG setup have been demonstrated. In the user phase, the elec-
tron beam will be boosted to 1.5 GeV, meaning that the FEL wavelength will
cover the water window region.24 To fulfill the scientific requirements of
different research fields, the electron beamwill be switched to two undulator
arrays, i.e., one seeding line and one SASE line. In the seeding undulator line,
there is a plan to deliver a 3–10 nm FEL output with a peak power of a few
hundred megawatts, �50 fs pulse duration, and polarization control feature.
The SASE undulator line is based on in-vacuumplanar-type undulators with a
period of 16mm. Its final FEL output wavelength ranges from approximately
2–7 nm, with the pulse energy at 2 nm approximately 100 mJ corresponding
to a pulse length of approximately 200 fs. The combination of the seeded and
SASE undulator lines enables all output properties of the FEL to be controlled,
including the central wavelength, bandwidth, pulse duration, polarization, syn-
chronization, longitudinal phase, and implementation ofmulti-color operation
in the near future. Five end stations, including cell imaging, atomic, molecular,
and optical science, ultrafast physics, and surface chemistry, were initiated at
the beginning of user operation. A more detailed description of the scientific
applications supported by the excellent properties of SXFEL can be found
elsewhere.24

Superconducting linac-based XFEL facilities
Another branch of XFEL evolution over the past two decades concerns the

average power capabilities of XFEL facilities, which has been facilitatedby the
development of high repetition rate electron beam sources in superconduct-
ing radio frequency (RF) linear accelerators. Such XFEL sources offer ultra-
bright, fully coherent, femtosecond X-ray pulses with megahertz repetition
rates over a broad photon energy range. In addition, more scientific instru-
ments can be operated in parallel because of the high repetition rate feature.

The development of high repetition rate XFELswas aided tremendously by
the pioneering work on FELs at FLASH in Hamburg, which is the world's first
soft X-ray FEL user facility.18 Until successful lasing was demonstrated at
LCLS, FLASH was the only short-wavelength FEL user facility worldwide;
therefore, all the scientific experiments performed at FLASH were new and
unique. Starting user operations in 2005, FLASH not only paved the way for
many new FEL developments, but also spearheaded the development of
FEL applications in diverse scientific fields.88 In FLASH, a 1.25 GeV electron
beam with a peak current of 2 kA and a micro-pulse repetition rate up to 4.5
MHz is generated by a superconducting linear accelerator. Two undulator
lines (FLASH1 and FLASH2) are located downstream, simultaneously
providing X-ray laser beams with large independent photon beam parame-
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ters. FLASH1 supports five experimental stations with a tunable wavelength
range from 4.2 to 52 nm, including stations designed for electron and ion im-
aging spectroscopy, THz–XUV pump-probe experiments, and time-resolved
resonant X-ray scattering experiments. FLASH2 provides a 4–90 nm FEL
output to six further experimental stations.

Further to generating FELs for users and developing accelerator technolo-
gies, FLASH also serves as a prototype for the European XFEL.26 The Euro-
pean XFEL started user operation in summer 2017 and is the biggest X-ray
laser in the world. The European XFEL is capable of producing 27,000
XFEL pulses per second with 10 Hz macro-pulses that include 2,700 individ-
ual pulses, each separated by 220 ns, and amaximum feasible repetition rate
of 5 MHz. The electron beam energy can be varied from 8 to 17.5 GeV, while
the bunch charge can also be changed from 20 to 1,000 pC, with the bunch
length changing from 3 to 150 fs full width at half maximum (FWHM). Owing
to the use of variable-gap undulators, photon energies from 0.25 to 25 keV
can be achieved at the European XFEL. Five undulator lines in separate par-
allel tunnels are located downstreamof the accelerator, while a sophisticated
distribution system is utilized to distribute the electron bunches into each un-
dulator beamline individually, thus enabling the simultaneous operation of
multi-experiment stations. At present, threeundulator beamlines are available
at the European XFEL. Two of these, SASE1 and SASE2, provide 0.4–0.05 nm
FEL radiation to four end stations: single particles, clusters and biomolecules,
and SFX X-ray experiments at SASE1; materials imaging and dynamics, and
high-energy density experiments at SASE2. In contrast, SASE3 has a tunable
wavelength range from 4.7 to 0.4 nm, and serves small quantum systems,
spectroscopy, and coherent scattering stations.

In light of the obvious improvements to the average brilliance at supercon-
ducting facilities and the qualitative change of FEL applications in diverse sci-
entific fields, SLAC also commenced an upgrade project (LCLS-II) in 2014.
Here, a 4 GeV superconducting linac generates soft X-ray FEL pulses with
a repetition rate up to approximately 1 MHz with an even pulse separation.25

In 2017, an 8 GeV high repetition rate XFEL facility based on a continuous-
wave (CW) superconducting RF Linac was proposed in China, named
SHINE.27 SHINE is the first hard X-ray FEL in China, and aims to generate
coherent FEL radiation from 0.4 to 25 keV. At a similar time, LCLS-II
announced its high-energy upgrade (the LCLS-II-HE), which increased the
beam energy to 8 GeV and the photon spectral range to 12.8 keV. In addition,
amodification to the electron injector and beam transport extended the avail-
able wavelength range to over 20 keV.

LCLS-II is locatedwithin the original 2-mile-long linear accelerator tunnel at
SLAC, and has a total length of 600 m. Two adjustable-gap undulator beam-
lines are located downstream of the accelerator to generate coherent XFEL
radiation, with the soft X-ray undulator covering energies from 0.2 to 1.3
keV, and the hard X-ray undulator covering energies from 1 to 5 keV. To
meet the scientific requirements for precision measurements of the struc-
tural dynamics at atomic spatial scales and fundamental timescales,
LCLS-II has been designed to extend the FEL tuning range to the hard X-
ray regime, which has been used for more than 75% of LCLS experiments.
The extension of the tunable FEL wavelength range is facilitated primarily
by the increase of the beam energy from 4.0 to 8.0 GeV. Further to the end
stations at LCLS, three new instruments are planned for LCLS-II. First, a
time-resolved atomic, molecular, and optical science station that takes full
advantage of the 0.25–2 keV energy range provided by LCLS and LCLS-II.
Second, a station dedicated to X-ray pump and X-ray probe techniques for
conducting “tender” X-ray spectroscopy measurements and serves as a
coherent scattering/forward diffraction instrument for sub-micron samples
covering the tender X-ray range. At the third station, fully coherent X-rays
will be delivered in a uniformly spaced series of pulses with a programmable
repetition rate and rapidly tunable photon energies to capture rare chemical
events, characterize fluctuating heterogeneous complexes, and reveal quan-
tum phenomena in matter.

SHINE is the most recently proposed high repetition rate hard X-ray FEL
facility, and is based on an 8 GeV superconducting accelerator. As shown
in Figure 6, it is located at Zhangjiang Scientific City.27 The whole facility is
constructed�30 m underground and has a total length of 3.1 km, spanning
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Figure 6. Machine layout of the SHINE facility at Zhangjiang, Shanghai.
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the Shanghai Synchrotron Radiation Facility and SXFEL campuses. The ma-
chine layout of the SHINE facility is shown in the bottompanel of Figure 6. A 1
MHz electron beam is generated in a VHFphotocathode gun and accelerated
to�100MeV. Next, the beam is accelerated to 8 GeV in themain accelerator
and compressed to 1.5 kA longitudinally via two bunch compressorsworking
at energies of 270MeVand 2.1GeV, respectively. The 8GeV electron beam is
switched to three undulator beamlines by the beam distribution system. The
FEL-I and FEL-II beamlines are based on out-vacuum planar, hybrid perma-
nent-magnet-type undulators to generate FEL radiation from 3 to 15 keV
and 0.4–3 keV, respectively. In contrast, FEL-III utilizes the superconducting
undulator, yielding photons with energies ranging from 10 to 25 keV. More-
over, each FEL line is equipped with a self-seeding scheme, while EEHG-
HGHG cascading is adopted for FEL-II, which will test unprecedented har-
monic numbers, such as the 200th harmonic. The initial phase of SHINE in-
volves ten end stations, including CDI, time-resolved photoelectron spectros-
copy/microscopy, ultrafast X-ray absorption/emission scattering
spectroscopy, SFX, and the extreme light station, among others. Note that
tunnel space is reserved for developing three further undulator lines in future,
providing SHINE with the potential for XFEL expansion.

More recently, a high repetition rate soft X-ray FEL facility is proposed in
Shenzhen, China. A superconducting linac will be built to deliver 2.5 GeV
high-brightness electron beams at 1 MHz. With four undulator lines, it will
cover the entire soft X-ray spectral range.

CURRENT AND FUTURE APPLICATIONS OF XFELs
XFELs extend the application of lasers to the X-ray regime, using which

elemental and chemical state specificities can be studied by exciting and
probing core-level electronic transitions. By taking advantage of the ultra-
short pulse duration properties of XFELs, time-resolved measurements of
molecular dynamics can be performed at natural atomic timescales. Owing
to their unprecedented high brightness, XFELs also induce nonlinear X-ray in-
teractions with matter and allow material exploration under extreme condi-
tions. Furthermore, ultra-intense highly coherent hard XFEL pulses have great
potential for single-particle scattering imaging of protein molecules without
crystallization.

Ultra-short pulse duration applications
The typical time duration of an XFEL pulse is roughly three orders of

magnitude shorter than a typical pulse from a synchrotron-derived light
source. As their pulse lengths are typically shorter than 100 fs down to a
few femtoseconds, XFEL pulses enable simultaneous high spatial and tem-
poral resolution that was previously unattainable. Many of the fundamental
chemical interactions in matter happen over timescales spanning a few
tens of femtoseconds. In addition, phenomena, such as vibrational dynamics
ll
and bond-breaking exhibit timescales ranging from 10 fs to 1 ps. Therefore,
XFELs are ideal tools to study these interactions. Such time-resolved exper-
imentsmainly utilize pump-probemethods. Pump-probe schemesutilize two
light pulses, with one pulse interacting with the sample to initiate the dy-
namics, while the other provides observables to monitor the response. The
temporal resolution is determined by the combination of the pulse duration
and the delay control between the pump and probe pulses.

As demonstrated by LCLS in recent years, XFELs facilitate high-temporal-
resolution pump-probe experiments using X-ray pulses. The transient states
andmolecular dynamics induced by optical pump pulses can be detected by
an X-ray probe pulse through non-resonant scattering and spectroscopy.
Molecules undergo ultrafast charge density redistributions when interacting
with electromagnetic fields and the resulting photoexcitation is the first step
in all photochemical and photophysical processes. For example, gas-phase
time-resolved X-ray scattering has been used recently to observe the molec-
ular electronic response of 1,3-cyclohexadiene to UV light upon photoexcita-
tion.89 Furthermore, as shown in Figure 7, soft X-ray spectroscopy has been
used to reveal the dynamics of the valence holes created by 800 nm strong-
field ionization in water and track the primary photon transfer reaction.90

The rapid development of XFEL has led to two-color X-ray pulses with a
tunable delay, thus opening new opportunities for X-ray pumps and X-ray
probes, which can be used for studying the ultrafast dissociation and charge
migration induced by X-rays. Because X-rays interact predominantly with in-
ner-shell electrons, they excite a specific site or atomic species. Therefore, by
tuning the incident photon energy, photoabsorption can be controlled and
localized at specific sites within large molecules. The charge migration and
charge transfer that follow core-excitation occurat timescales ranging from
sub-femtosecond to a few femtoseconds, and are essential for chemical re-
actions. The charge redistribution and Auger cascades from biological ob-
jects containing, for example, sulfur, selenium, and iodine atoms, can be
observed using X-ray diffraction and have attracted considerable atten-
tion.91,92 Moreover, ultra-short coherent pulses serve not only for observing
the fast motion of electrons, but also provide the tools tomanipulate electron
dynamics and control matter in unprecedented ways. The ultra-short pulses
create coherent electronic excitations, thereby showing excellent prospects
for developing coherent quantum control methods.

Ultra-short (i.e., femtosecond) X-ray pulses are used in single-shot images,
which can generate diffraction signals before destruction.93 One key chal-
lenge facing XFEL single molecular high-resolution imaging is the radiation
damage induced by X-ray photoionization and Auger decay. The ions created
by X-ray photons repel each other, and the ultrafast electrodynamics of the
target molecule within the XFEL pulse duration degrade the scattering
pattern. These electronic damages happen at timescales ranging from hun-
dreds of attoseconds to a few femtoseconds. To avoid these damages
The Innovation 2, 100097, May 28, 2021 9



Figure 7. Schematic of laser pump X-ray probe experi-
ments Water in the jet is ionized by a strong field at a
wavelength of 800 nm, with the fluorescence and trans-
mission spectra measured after the time-delayed X-ray
probe pulse to reveal the fast-chemical processes that occur
in the radiolysis of water. From Loh et al.90 Reprinted with
permission from AAAS.
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having an impact on the imaging, ultra-short X-ray pulses are required to pro-
duce diffraction signals before the change of molecular geometry. Recent
theoretical simulations suggest that the creation of hollow-atoms in carbon
via ultrafast high-intensity XFEL pulses is feasible. X-ray scattering saturation
occurs at a flux intensity of� 107 photon/�A

2
and the frustrated absorption of

ultra-short X-ray pulses reduces the radiation damage.94 With the advent of
high repetition rate XFELs, novel methods, such as ghost imaging and X-
ray fluorescence imaging, are considered possible and are under
development.

High peak intensity applications
The emergence of short-wavelength FELs, which deliver ultra-intense X-

ray pulses that exceed the peak brilliance of synchrotron light sources by
10 orders of magnitude, opens a pathway for studying the nonlinear interac-
tions of X-rays with atoms and molecules. Multiphoton physics in an X-ray
regime differs considerably from long-wavelength regimes, for which pho-
tons do not carry sufficient energy to ionize atoms and the most common
interactions are multiphoton ionization or quantum tunneling ionization.
Owing to their high photon energy, X-rays can ionize atoms via single photon
absorption. The dominant channel of interaction is multiphoton sequential
ionization, whereby atoms absorb more than one photon via a single X-ray
pulse. The combination of sequential photoionization with Auger decay
forms highly charged atomic states, which cannot normally be achieved us-
ing traditional low-fluence X-ray sources. For pulse durations shorter than the
Auger decay time (a few femtoseconds), the photons at the end of an XFEL
pulse encounter atoms in different states. The inner-shell vacancies pro-
duced by photons at the beginning of the process suppress photoabsorption
and lead to intensity-induced X-ray transparency.95 More efficient photon ab-
sorption occurs for molecules containing heavy atoms, in which the ultrafast
charge redistribution from neighboring atoms refills the core-holes before
Auger decay occurs.92 Note that the X-ray analogy of high-order nonlinear op-
tical processes, such as two-photon absorption, competing against single
and sequential multiphoton processes, and XFELs, enable the measurement
of small cross-sections.96

Nonlinear phenomena enabled by intense light sources in the optical,
infrared, and microwave regimes have all been utilized to control electronic,
nuclear, and spin transitions, leading to breakthroughs in multiple scientific
fields, such as medical imaging, telecommunications, and the creation and
manipulation of novel materials. Exploring nonlinear light-matter interactions
in the X-ray regime invites the possibility of transferring these techniques to
the X-ray domain, thereby creating opportunities to elucidate material dy-
namics at more suitable energies and spatial resolutions. Mixing X-rays
and optical waves facilitates the direct observation of microscopic fields in
materials via optical lasers.97 Nonlinear spectroscopies, such as stimulated
electronic X-ray Raman scattering, enable interesting phenomena, including
the coherent interplay of electronic and vibrational degrees of freedom, en-
ergy transfer in light-harvesting complexes, and reaction dynamics of cata-
lytic processes, to be studied.98 Moreover, through pumping XFELs with
dense gases, population inversion is created via inner-shell photoionization.
10 The Innovation 2, 100097, May 28, 2021
Thus, atomic inner-shell X-ray lasers with higher wavelength stability, mono-
chromaticity, and improved temporal coherence are generated at the end of
the excited plasma.99
Applications using coherence
CDI is a lensless imaging method that records the diffraction patterns

resulting from interactions between incident coherent X-rays and samples,
before phasing the diffraction patterns using a phase-retrieval algorithm.100

The significantly improved coherence and brightness of XFELs relative to
synchrotron radiation, make XFELs ideal tools for CDI. Several new CDI-
based techniques have been developed for both static and time-resolved
diffraction studies of biological macromolecules, in particular SFX and sin-
gle-particle imaging (SPI). By utilizing the unique properties of XFELs, these
techniques expand the capabilities of CDI to difficult-to-grow targets, such
as nanocrystals, which is important because many samples in physics,
chemistry, materials science, nanoscience, geology, and biology are non-
crystalline; therefore, their 3D structures are not accessible by traditional
X-ray crystallography.

The first high-resolution SFX resultswere obtained at LCLS in 2011.101 The
experiments were performed at coherent X-ray imaging beamlines using X-
rays with an energy of 9.4 keV (a wavelength of 1.33 �A) with a 40 fs pulse
duration and an average pulse energy at the sample of 600 mJ per pulse. Sta-
tistical data were obtained with a resolution of 1.9�A. The experiments also
show that structures that are typically too small to be used for synchro-
tron-based crystallography can be characterized at near atomic resolution
using SFXwithout significant destruction at room temperature. Furthermore,
time-resolved SFX with resolution of 1.6�A allows determination of the struc-
tures of reaction intermediates.102 Overall, SFX with XFELs creates new op-
portunities to extract structural information from thousands of nanocrystals
that are too small to be determined using synchrotron radiation, and prom-
ises to accelerate progress in overcoming challenging problems in structural
biology.

For SPI, the ultimate goal is to reveal the dynamic structure of single par-
ticles or macromolecules (without requiring crystallization) at room temper-
ature with atomic-scale resolution.103 Figure 8 shows the first SPI results ac-
quired for biological samples at LCLS.104 High-quality diffraction data were
obtained fromamimivirus using a single X-ray laser pulse. The reconstructed
image shows a full-period resolution of 32 nm. However, the challenges of
reaching sub-nanometer resolution with SPI are immense. Because even vi-
ruses as large as the mimivirus (approximately 0.3 mm in diameter) scatter
only a few million soft X-rays when hit with XFEL pulses, obtaining complete
diffraction patterns of single particles is difficult. As a consequence, in such
experiments, components, including the sample delivery system, the high-
precision X-raymirrors, the high-sensitivity X-ray detector, and the phasing al-
gorithm,must be optimized.103 The achievable resolution has increased from
more than 100 nm to less than 10 nm today.105,106 For further resolution im-
provements, more intense XFEL pulses as well as thousands of diffraction
patterns from equivalent samples are required.107 Thus, high repetition rate
www.cell.com/the-innovation
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Figure 8. Schematic of the experimental arrangement for
imaging single virus particles at LCLS The experiment re-
sults show that one can obtain a clearly symmetrical
diffraction pattern of a non-crystalline giant mimivirus par-
ticle using a single LCLS pulse. Reprinted with permission
from the Copyright Clearance Center: Springer Nature, Na-
ture (Seibert et al.104 Single mimivirus particles intercepted
and imaged with an X-ray laser), Copyright (2011).
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XFELs, such as the European XFEL, LCLS-II, and SHINE, are promising light
sources for high-resolution SPI.

In addition, using the “diffraction-before-destruction” mode, the femto-
second pulses of the XFEL can outrun most radiation damage processes.
Furthermore, this mode allows proteins to be studied at room temperature
rather than the low temperatures used at synchrotrons tominimize radiation
damage. Therefore, XFELs provide an important opportunity to study time-
resolved protein dynamics at room temperature provided that the correct
physiological driving forces and energies are available. For the first time,
true nanoscale structures of living cells can be imaged using X-rays.108,109

Moreover, by obtaining diffraction patterns with single XFEL pulses, it is
possible to study dynamic processes at a femtosecond timescale and an
atomic-level spatial scale. In addition, when combined with pump lasers,
SPI becomes an important tool for elucidating dynamic processes in mate-
rials science, such as phase transitions and melting processes at a pico-
second timescale and a nanoscale spatial scale.110,111

XFELs and extremely intense lasers
New possibilities arise when combining an XFEL with high-power optical

lasers. Laser pulses with a peak power of 10 PW (peak intensities beyond
1022W=cm2) are close to being achieved in several ongoing projects, such
as ELI,112 Apollon,113 Vulcan,114 and SULF,115 providing a powerful approach
for studying material properties under extreme pressure, lab astrophysics,
and nuclear physics. Highly coherent short-wavelength XFELs are an excel-
lent probe formapping the dynamics of thesemicroscopic processes during
laser-matter interactions. Moreover, quantum electrodynamics predicts that
vacuums can be polarized by ultra-strong laser fields.116 The subtle differ-
ence between the refractive indices along the electric and magnetic fields
in a vacuum leads to a birefringence effect for light propagating through
the vacuum. This effect, known as vacuum birefringence, has never been
observed in the laboratory. By colliding an XFEL beam with a high-power
laser, the purely linearly polarized X-ray photon beam is predicted to bemodi-
fied, becoming elliptically polarized.117 For example, in the “Station of Extreme
Light (SEL)” at SHINE, a 100 PW laser is being built to perform head-on col-
lisions with the 3–15 keV XFEL beam,118 with the aim of detecting the X-ray
ellipticity from vacuum birefringence. X-ray beam ellipticity in the range of
10�10–10�9 is expected, which is close to the threshold of current polarity
detection techniques.119

CURRENT DEVELOPMENTS AND FUTURE PROSPECTS
FOR XFELs

Over the past 10 years, the applications involving XFELs have undergone
rapid and important advances. Unprecedented development of FEL facilities
and the corresponding experimental technologies are driven by huge de-
mand from scientific user communities. This mutually reinforcing relation-
ship has heralded a golden age of development for FEL facilities in the
past two decades. Following the requirements from the user communities,
current directions of FEL development are aimed toward the generation of
ll
transform-limited FEL pulses, the reduction of pulse lengths below the elec-
tron bunch length (that is, the attosecond regime), the increase of output po-
wer beyond the normal saturation level (that is, toward terawatt FELs), the
generation of high repetition rate XFEL pulses, and the reduction of the
size of XFEL facilities. In this section, we briefly discuss novel developments
in these areas.

Precise pulse control
One-revolution XFELs have brought to the field of ultrafast X-ray spectros-

copy is the ability to generate ultra-short, high-brightness X-ray pulses. To
shorten the pulse duration, it is necessary to generate a shorter electron
beam or shape the electron beam itself so that only a small part of the elec-
tron beam is used for lasing in the FEL. With the help of an emittance spoiler
or low-charge operation, the XFEL pulse duration can be depressed to an
FWHM of approximately 5 fs.120,121 To generate sub-femtosecond X-ray
FEL pulses, an enhanced SASE (ESASE) approach has been proposed, with
the idea of compressing parts of an electron bunch via an external infrared
laser.122 To reduce the peak power requirement of the external laser system,
angular dispersion ESASE has been proposed.123 Transverse-longitudinal
phase space coupling is introduced via the energy modulation and mo-
mentum compaction, which can decrease the peak power requirement by
more than an order of magnitude. Recently, a scheme that involves coherent
infrared radiation emitted by the tail of the electron beam in a wiggler, rather
than an external infrared laser, tomanipulate the electron beam in the ESASE
mode was proposed and demonstrated experimentally in two separate
studies.124,125 The experimental data show that the X-ray laser-enhanced at-
tosecond pulse (XLEAP) generation setup is capable of producing a median
duration of 280 attoseconds (FWHM) at 905 eV,125 as shown in Figure 9. In
addition, utilizing the energy chirp of the electron beam in combination with
an optimized undulator tapering, attosecond XFEL pulses can be obtained
as only a small part of electron beam can satisfy the resonance condition
of FEL lasing.126

Another aimof the next stage of XFELdevelopmentswill increase the peak
power to the terawatt level. In addition to generating attosecond pulses, the
ESASE scheme is best positioned to generate terawatt FEL pulses,127,128 as
part of the electron beam is compressed into a high localized peak current.
Another promising approach for reaching terawatt powers with very high
pulse energies is to increase the electron-radiation energy transfer efficiency.
To achieve this, a tapered undulator, in which the magnetic field varies along
the undulator length, has been proposed, with this technique allowing the un-
dulator to be adjusted to satisfy the resonance condition via electrons that
have lost energy for further energy extraction. This has been studied theoret-
ically via numerical simulations,129,130 and demonstrated experimentally at
microwave wavelengths. Several recent studies have used model-based
methods in conjunction with an evolution algorithm to find the optimal
tapering laws.131

In recent years, the use of two-color X-ray pulses for ultrafast pump-probe
experiments has been the subject of intense investigation. Two-color FELs
The Innovation 2, 100097, May 28, 2021 11



Figure 9. Illustration of XLEAP operation The electron beam
forms a single-cycle energy modulation by itself in a long-
period wiggler. Then, the energy modulation is transferred
into a single density spike for generating attosecond X-ray
pulses. This setup is naturally compatible with high repeti-
tion rate XFELs, as it is based solely on a passive wiggler.
Reprinted with permission from.125 Reprinted with permis-
sion from the Copyright Clearance Center: Springer Nature,
Nature Photonics, (Duris et al.,125 Tunable isolated atto-
second X-ray pulses with gigawatt peak power from a free-
electron laser), Copyright (2020).
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can generate two X-ray pulses with different photon energies and a variable
delay. The two-color FEL schemes that have been developed and tested thus
far can be divided into two main categories: twin-bunch FELs,132 for which
different beam energies are used to make pulses of different colors, and
two undulator schemes,133–135 in which undulators with different magnetic
fields are obtained by dividing the undulator system into two sections longi-
tudinally, with a distinct K value associated with each section. Results from
LCLS show that the time delay between two FEL pulses can be adjusted
within 100 fs, and the peak-to-peak spectrum separation is approximately
90 eV at 8.3 keV.133 Anothermethod of generating two ormore spectral lines
involves a gain-modulated FEL, which uses a periodic modulation of the un-
dulator parameter. The periodicity controls the number of colors and the gain
per color.134 A further alternative approach, called “fresh-slice,” allows only a
fraction of the electron bunch to lase in each undulator, thereby allowing the
FEL to reach different colors.136 In hard X-ray self-seeding setups, two-color
FEL pulses can be generated by rotating the self-seeding crystal to transmit
two narrow-width colors that are both amplified by the same electron
bunch.137

Further research has focused on methods for obtaining tunable polariza-
tion in XFELs. Several schemes have been developed for this purpose,
including crossed-planar undulators138,139 and elliptical permanent undula-
tors in after-burner.140,141 The crossed-planar undulator consists of horizon-
tally and vertically polarized undulators with a phase shifter inserted between
them. This structure enables flexible polarization switching at a high rate. The
drawback of this scheme is the relatively low degree of polarization because
the two linearly polarized lasers are emitted separately at two undulators,
with the superposition of the two polarized beams requiring high coherence.
In contrast, the elliptical undulator can produce highly polarized FEL pulses
consistently andhasbeen implemented in several facilities. A typical example
is the Delta undulator, which has been installed at LCLS. Experiments at LCLS
show that radiation from the Delta undulator exhibits an extremely high de-
gree of circular polarization relative to crossed-planar undulators. However,
switching the polarization at kilohertz rates by adjusting the Delta undulator
mechanically is challenging.

High repetition rate XFELs
High repetition rate XFELs based on superconducting linacs have been

proposed to obtain high average brightness, which is useful for many scien-
tific applications. The European XFEL can provide 27,000 pulses per second
using its pulsed mode. Based on a CW superconducting linac, LCLS-II and
SHINE are both capable of providing FEL pulses with repetition rates up to
1MHz. Following the rapid development of high repetition rate XFELs, several
of the previouslymentioned XFEL schemes have been adapted for high repe-
tition rates, especially with respect to the heat load effect caused by high
repetition. Furthermore,many fundamental experiments are being developed
to take advantage of high repetition rates. For example, high repetition rate
instruments have the potential to reduce the time required to perform X-
ray spectroscopy and solution-scattering experiments from hours to a few
12 The Innovation 2, 100097, May 28, 2021
seconds, leading to huge enhancements in data quality and quantity; addi-
tionally, they would allow us to measure more time points in time-resolved
experiments involving single crystals and solution scattering. In addition,
high repetition rates enable us to capture a high number of images for sin-
gle-particle diffraction, which may increase the resolution limit significantly.

One advantage of high repetition rate XFELs is that they can provide more
experimental stations through the parallel operation of multiple undulator
lines. However, the simultaneous operation of these undulator lines requires
a large and adjustable spectrum. Usually, the tunable range of the spectrum
is limited by the tunable range of the undulator magnetic field strength. In
addition, a large adjustable range of photon energies is needed to change
the electron beam energy. Two methods have been proposed to tune the
beam energy in a single undulator independently. The first is to send the
low-energy beam to a specific undulator line via an additional beam spread
line.22 This method is widespread in XFEL facilities but offers limited adjust-
ability. The second method provides bunch-to-bunch energy-changed elec-
tron beams at the end of the linac by changing the specific RF units at the
subharmonics of the trigger frequency.142 Not all electron beams are accel-
erated when passing through these RF units, which means lower energy
beams are obtained at the end of the linac. This scheme can obtain electron
beams with large energy differences; however, it is not suitable for machines
operated in the high repetition ratemode. Therefore, newschemes have been
developed to control the electron beam energy in high repetition rate XFELs
with greater precision. A new beam delay system design has been proposed
to realize multi-beam-energy operation at SHINE,143 as shown in Figure 10.
This delay system is designed to be achromatic and isochronous and is
placed before the last accelerating section. Consequently, the arrival time
of the electron beam at the last accelerating section is changed, which
means a different accelerating phase. Combined with fast kickers, such a
system can be used to generate bunch-to-bunch energy-changed beams in
high repetition rate XFELs. In addition, anothermethod that utilizes the off-fre-
quency detunemethod in superconducting linacs has been proposed to con-
trol the energy ofmultiple electron bunches in high repetition rate XFELs.144 In
this scheme, the resonant frequency of the superconducting cavity is tuned
by a frequency tuner, thereby changing the accelerating phase. By detuning
different cavities systematically, bunch-to-bunch energy-changed electron
beams can be obtained.

In addition to controlling the energy of electron beams, the longitudinal
phase space manipulation of electron beams is also critical for several
advanced FEL schemes. As mentioned earlier, seeded FELs rely on the en-
ergy modulation of an external seed laser. However, because of the limita-
tions of state-of-the-art laser systems, it is difficult to operate seeded FELs
at a high repetition rate. Therefore, more advanced laser systems, such as
the optical parametric chirped-pulse amplification (OPCPA) technique, are
under development. Using the OPCPA technique, a repetition rate of up to
100 kHz can be achieved. In addition to developing the external laser system,
methods that use cavity-based FELs as a seeding source are also proposed.
Extreme UV FEL oscillators driven by 2–2.6 GeV electron beams have been
www.cell.com/the-innovation
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Figure 10. Schematic layout of the electron beam delay
system for CW-linac-based XFELs
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proposed as a seeding source for a triple cascade, thereby generating few
Ångstrom-class radiation.145 As the energy spread is large when the FEL
oscillator is saturated, multi-bunch operation is needed for this scheme to
achieve a high peak power. Recently, a resonator-like seed recirculation feed-
back systemwas proposed in which the radiation in the cavity is recirculated
to modulate following bunches but is far from saturation.78 Furthermore, a
self-modulation method has been proposed recently for enhancing laser-
induced energy modulation, which significantly reduces the requirement for
an external laser system. Using this scheme, an HGHG FEL that uses an en-
ergy modulation as small as 1.8 times the slice energy spread has been
demonstrated.146

Combining FELs with storage rings
Storage ring (SR)-based light sources are amature and reliablemethod for

delivering EUV and X-ray radiation pulses with high stability and high repeti-
tion rates via multiple beamlines simultaneously. SR-based synchrotron radi-
ation sources, which first appeared in the 1960s, have undergone three gen-
erations of development and evolution, and are currently moving toward the
fourth generation, which aims to deliver diffraction-limited SRs with higher
brightness and better transverse coherence.3,4 Over the last decades, evolu-
tionary increases in the brightness of SR sources have birthed a robust array
of X-ray capabilities. Although the SR-based synchrotron radiation with pulse
durations as short as a few tens of picoseconds have become a standard
tool for studying the structure of matter on the atomic scale, their pulse du-
rations are still too long to measure atomic motion and structural dynamics
at the fundamental timescale of a vibrational period. In addition, synchrotron
radiation pulses are not suitable for certain high-resolution spectroscopy and
imaging experiments because of the low peak power and incoherent in time.
The urgent need for intense ultra-short radiation pulses has prompted further
FEL developments. While, at present, there are 8 short-wavelength FEL facil-
ities serving as single or multi-user facilities worldwide, while there are over
50 synchrotron light sources routinely providing X-rays to multiple users
simultaneously. The emergence of combined SR and FEL concepts for the
construction of ultra-short high-intensity coherent light sources has attracted
significant attention from the accelerator and light source user communities.

The main purpose of combining FELs and SRs is the generation of
coherent ultra-short pulses in existing synchrotron radiation sources.
Although various schemes have been developed in recent decades, only
few of them seem to be compatible with the preservation of high intensity.
Although, the SASE principle has been considered for SRs147–149, the SASE
mechanism typically requires a relatively long undulator (� 100m) to amplify
the initial emission from electron beam noise; thus, the capacity of SR-based
SASE is undoubtedly limited. Furthermore, a beam energy spread of 1%,
which significantly exceeds the typical FEL gain bandwidth of � 0.1%, is ex-
pected in SR undulators. Further, SR-FELs based on TGUs have been pro-
posed150 to overcome the energy spreadmismatch. However, this approach
brings new challenges concerning the control of the electron beam envelope
while considering the strong quadrupole field of the TGU.

An alternativemethod for combining the coherentmicro-bunching of FELs
with SRs is to use external lasers to optically manipulate and pre-bunch the
electron beam at the optical scale. Coherent harmonic generation (CHG)29 or
optical klystron151 is the most representative pre-bunching mechanism and
has been applied successfully to SRs to generate ultra-short coherent pulses.
Generatingmicro-bunching at the nth harmonic of the seed laser requires the
energy modulation amplitude to be approximately n times larger than the
ll
initial beam energy spread. Because of the large inherent energy spread of
the electron beam in SRs, the harmonic number of standard CHG is approx-
imately one order of magnitude lower than what is required for reaching the
EUV and soft X-ray regions. To enhance the harmonic multiplication effi-
ciency, EEHG has been proposed for manipulating the electron beam phase
space in SRs.152,153 However, the laser-induced energy spread remains too
large for short-wavelength generation. Using the PEHG scheme with a TGU
as the modulator has also been proposed for improving the performance
of CHG,56 and it was later found that the bunching of the PEHG decreases
significantly for very small energy modulations due to transverse phase
space coupling during pre-bunched electron beam preparation.58 The har-
monic up-conversion efficiency can also be enhancedby tailoring the angular
divergence of the electron beam instead of the energy spread. A laser oper-
ating in the TEM01 mode has been proposed for modulating the angular dis-
tribution of the electron beam in the modulator.154 After passing through a
beamline designed with a non-zero value for transfer matrix element R54,
the angular modulation is converted to a density modulation that contains
the high harmonic components of the seed. Although the balance between
quantum excitation and radiation damping in the SR results in a relatively
large energy spread, it also provides a beam with very low angular diver-
gence. The proposed scheme makes full use of this characteristic to obtain
much higher harmonic numbers. One drawback of thismethod is the require-
ments of complex lattice structures and laserswith a peak powermeasuring
hundreds of gigawatts. In addition, several methods with angular dispersion
elements or an obliquely incident laser have been developed155–157 to effec-
tively tailor the electron beam angular divergence for CHG, resulting in an
angular divergence of�10 nm being achieved. The advantage of these
methods is that the required energy modulation amplitudes can be much
smaller than the electron beam energy spread. As a result, megawatt lasers
provide sufficient power, thereby allowing lasers with much higher repetition
rates than conventional CHG to be used. Together with the very small corre-
lated energy spread promised by these schemes, the higher extent of bunch-
ing significantly increases the number of coherent photons per pulse and re-
laxes the constraints on the SR operation. Nevertheless, concerns about the
SR lattice design remain, especially with respect to the long drift section and
emittance degradation due to the angular divergence manipulation and
shorter wavelength extensions.

In addition, the steady-statemicro-bunching (SSMB)mechanismhas been
proposed to utilize micro-bunching in electron SRs.158–160 The idea of SSMB
is to manipulate the particle dynamics in a dedicated lattice, usually using
laser modulators as the bunching systems. This induces micro-bunching,
which is sustained in a turn-by-turn steady state each time the beam passes
through the radiator. By combining the micro-bunching-enabled coherent
emission with the near-light-speed revolution of particles in an SR, SSMB
promises high-power radiation with a high repetition rate (MHz to CW) and
a narrow linewidth at wavelengths ranging from the terahertz to the EUV re-
gions. These novel photon sources are expected to provide unprecedented
opportunities for scientific and industrial applications. For example, SSMB
is one of the most promising schemes for generating high-power EUV radi-
ation, which is urgently needed for lithography in semiconductor technolo-
gies. A task force has been established at Tsinghua University, with a collab-
oration comprising researchers from China, Germany, the USA, and
elsewhere, assembled to promote SSMB research and to develop an
SSMB SR. Active research concerning SSMB-related physics and technology
is ongoing.159,160 Recently, the SSMB mechanism was demonstrated
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experimentally for the first time by the Tsinghua University collaboration at
the Metrology Light Source.160

Progress toward ultra-compact XFELs
The success of XFELs is strictly related to the generation of high-bright-

ness, high-energy electron beams from linear accelerators. However, accel-
erators equipped with XFELs are based on conventional or superconducting
RF accelerating structures, which limit the compactness of the machine.
Therefore, XFELs are large facilities, with the smallest approximately
0.7 km in length. Thus, the development of ultra-compact XFELs has
focused predominantly on advanced accelerators. Particularly, plasma-
based (wakefield) accelerators (PBAs) driven by either charged particle
beams (plasma wakefield accelerators) or intense lasers (laser wakefield
accelerators), in which a beam is accelerated up to several GeV energies
over a very short distance (cm scale), are attractive designs for ultra-
compact XFELs. Indeed, recent studies have shown that PBAs with
controlled injection schemes have the potential to generate electron beams
with energies in the range of several GeV, with a normalized emittance of�
10 nm, peak currents of �10 kA, and normalized brightness of� 1020A=
m2.161–164 Such high beambrightness values are far beyond the capabilities
of state-of-the-art conventional accelerators; therefore, PBAs promise the
realization of compact—with much shorter gain and total undulator
lengths—and high-performance FEL light sources that deliver unprece-
dented brightness. However, the beam divergence (mrad scale) and energy
spread (percentage) currently obtained in PBAs are relatively large, thereby
preventing straightforward FEL amplification even in the soft X-ray regime.

To build suitable PBA-based XFELs that operate in the soft X-ray regime
(i.e., several-nanometer wavelengths), these challenges need to be solved.
To tackle beam divergence, plasma matching sections have recently been
proposed for transporting the beam from the exit of the PBA (relatively large
divergence and small spot size) to the entrance of the undulator (relatively
small divergence and large spot size).165 Three potential solutions have
been proposed for minimizing beam energy spread. The first is to utilize a
tenuousuniformorhollowchannel plasmade-chirper to reduce thebeamen-
ergyspread.166–168 Thisworksbecause, inPBAs, the energychirp inducedby
the acceleration phase variance is the dominant part of the total energy
spread. The second works on the basis that, because the PBA generated
electron beam has a very small emittance, its entire phase space brightness
is sufficiently high to drive the XFEL. Thus, in principle, it is only necessary to
redistribute the phase space of the laser plasma-accelerated beam to
achieve FEL amplification. This occurs via either emittance exchange169 or
longitudinal decompression170 with chromatic matching. The third possibil-
ity is to use a TGU tomitigate the impact of energy spread on the amplifica-
tion of the FEL.171,172 These three methods are currently implemented in
ongoing PBA-based FEL projects.

SUMMARY AND OUTLOOK
It is clear that XFELs have driven considerable developments in scientific

applications and technologies. The purpose of this review is to present a
collectionof representativesamples thathighlight thepotential of these instru-
mentsand toprovide references thatwill assist thosewhowant to learnmore.

In termsof FEL applications, therehas been hugeprogress across all fields
and further progress is anticipated as FEL technologies continue to mature.
For example, ultra-short pulse durations facilitate time-resolved measure-
ments of molecular dynamics at natural atomic timescales. In addition, the
unprecedented high brightness of XFELs induces nonlinear X-ray interactions
withmatter and allows the exploration ofmaterials under extremeconditions.
Ultra-intense highly coherent hard XFEL pulses have great potential for single-
particle scattering-based imaging of non-crystallized protein molecules. Un-
doubtedly, as the technology delivering sophisticated photon beamsmatures
(for example, in multi-color pulse generation, fast polarization control, atto-
second pulse generation, and pulse shaping) increasingly adventurous exper-
iments will be realized.

In terms of FEL physics, since XFELs first became available to users,
many new operating modes have been introduced and tested to meet the
14 The Innovation 2, 100097, May 28, 2021
requirements of advancedX-ray communities.Most of themhave enhanced
the output characteristics of light from different aspects and enabled new
applications. However, there is still a catalog of creative ideas for manipu-
lating the FEL process further. The aims of these ideas include order of
magnitude increases in the output power, pulse duration reduction toward
the attosecond scale, control of spectral properties and polarization, the
combination of FELs and SRs, and further reduction of X-ray FEL facility
sizes. These potential future developments have been discussed to provide
a broad picture of the future prospects of XFELs as unique and customiz-
able tools for driving scientific progress.

In terms of FEL facilities, it should be noted that the rapid advancement of
FEL applications and technologies has driven increasing worldwide demand
for access to XFEL facilities. These facilities are now moving toward high
repetition rateoperation (up to severalMHz) by using superconducting linacs,
such as at the European XFEL, LCLS-II, and SHINE. Unsurprisingly, future
XFEL facilities will offer a large number of dedicated undulator beamlines
that can be optimized for specific types of measurement, thus providing suf-
ficient XFEL time to meet user demand.
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