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Abstract Generation of intense, fully coherent radiation

with wide spectral coverage has been a long-standing

challenge for laser technologies. Several techniques have

been developed in recent years to extend the spectral

coverage in optical physics, but none of them hold the

potential to produce X-ray laser pulses with very high-peak

power. Urgent demands for intense X-ray light sources

have prompted the development of free-electron lasers

(FELs), which have been proved to be very useful tools in

many scientific areas. In this paper, we give an overview of

the basic principle of FELs, techniques for realizing fully

coherent FELs, and the development of fully coherent FEL

facilities in China.

Keywords Free-electron laser � Fully coherent � Seeded
FEL � FEL oscillator

1 Introduction

Radiation from highly relativistic electron beams, such

as those in synchrotron radiation facilities, has served as an

important tool for probing a wide range of phenomena in

physics, chemistry, and biology. Recently, another revo-

lutionary advance in light sources has been realized with

the advent of the free-electron laser (FEL). Using coherent

radiation from microbunched electron beams in a periodic

magnetic field such as that of an undulator, a FEL is able to

generate radiation with a brightness ten orders of magni-

tude higher than that of synchrotron radiation. Develop-

ment of this next-generation light source is expected to

satisfy the rapidly growing demand for photon sources

within material and biology science.

One of the most exciting and impressive milestones in

FEL development was operation of the first hard X-ray

FEL facility, the Linac Coherent Light Source (LCLS), in

2009 [1]. More than 30 years of continuous advances in

particle accelerators since the first operation of an infrared

(IR) FEL made it possible to produce the first X-ray FEL

pulse from the LCLS. The LCLS has been operating as a

user facility for nearly 10 years, and tremendous break-

throughs in various fundamental research areas have been

achieved. Motivated by the great success of the LCLS,

several X-ray FEL facilities are currently under operation

or under construction worldwide. Figure 1 shows the years

of first lasing and typical operation wavelengths of existing

FEL facilities worldwide. In Japan, the X-ray FEL facility

SACLA achieved an unprecedented short wavelength of

0.06 nm in 2011 [2]. In South Korea, the PAL-XFEL

delivered a 0.1 nm X-ray pulse with less than 20 fs timing

jitter to users in 2017 [3]. Swiss FEL is now under com-

missioning and is scheduled for user operation in 2019 [4].

In addition, several superconducting radio frequency

(RF) linac-based high-repetition-rate X-ray FELs are

expected to generate radiation with even higher average

brightness. European XFEL achieved first lasing and star-

ted operation in 2017 [5]. Construction of LCLS-II is now
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under way, and it will be opened to users in 2020 [6].

Further, construction of the first hard X-ray FEL facility in

China, the Shanghai High-Repetition-Rate XFEL and

Extreme Light Facility (SHINE), began in April 2018 [7].

Various operation modes have been developed for FELs

as a next-generation light source to meet the requirements

for a wide range of applications. The generation of intense

ultrashort FEL pulses offers an opportunity for studying

electric dynamics on the atomic or molecular scale and

inspires new breakthroughs in ultrafast science. The pulse

duration of self-amplified spontaneous emission (SASE)

FELs is essentially determined by the length of the electron

bunch, which is typically tens of femtoseconds. A short

pulse can traverse samples and generate detectable signals

faster than radiation-induced atomic motions, which is

especially useful in biological studies. To further shorten

the FEL pulse duration to the several attosecond levels,

various ideas have been proposed for selecting a slice of

the electron beam for lasing using an extremely short

optical laser pulse modulation, a slotted foil, or a bunch tilt

with subsequent orbit control [8–11]. Other schemes obtain

short X-ray pulses by using a low-charge electron bunch

[12] or compressing a normal electron beam nonlinearly

[13].

In conventional X-ray FELs, a relative bandwidth of

nearly 10�3 is routinely achieved, and even narrower

bandwidths are pursued. However, the potential applica-

tions of broad-bandwidth operation have been recognized

in recent years. XFEL pulses with a broad bandwidth of

nearly 10�2 are useful for X-ray crystallography and many

spectroscopy experiments. Further, it is convenient for

broad-bandwidth FEL to tune the radiation wavelength in a

broad range by simply using a monochromator. Two

methods are used to generate broad-bandwidth FELs. One

is to use electron beams with a large energy chirp so that

electrons with different energies lase at different

wavelengths. High-energy chirped electron beams can be

obtained effectively by overcompressing the electron beam

in the last bunch compressor [14, 15]. In addition, an

energy chirp can be induced by the strong space charge

effect in an extremely compressed electron beam [16].

Another method is to let different parts of an electron beam

experience different undulator fields. This can be achieved

by sending appropriate head–tail tilted electron bunches

into a transverse gradient undulator (TGU) [17] or a planar

undulator with a natural gradient [18].

High-intensity FEL pulses are a promising tool for

revolutionary applications in X-ray diffraction before

destruction [19] and nonlinear X-ray science [20]. A new

chapter in the history of high-intensity X-ray—matter

interaction opened with the 1017–1021 W/cm2 X-ray pulse

delivered by the LCLS. A high-gain FEL amplifier, which

typically works in the linear exponential gain regime, is the

first option for generating high-peak-power radiation at

various wavelengths. However, saturation occurs when

electrons lose a significant amount of energy and start

dephasing in the ponderomotive potential bucket. The FEL

efficiency is given by the Pierce parameter, which is typ-

ically limited to 0.1%. A solution to this problem is to

maintain the FEL resonance by carefully matching the

undulator parameters with the electron bunch energy after

saturation [21]. Theoretical studies have shown that the

undulator tapering technique is able to dramatically

increase the FEL peak power to the terawatt level as well

as increase the energy extraction efficiency by more than

two orders of magnitude [22–24]. A recent experiment

demonstrated that an energy extraction efficiency as high

as 30% can be obtained by using a 200 GW, 10.3 lm CO2

laser seed and a strongly tapered undulator [25]. Much

effort has been made to increase the efficiency of FELs in

the short-wavelength regime, and various advanced meth-

ods such as machine learning and genetic algorithm are

used for undulator tapering optimization.

Owing to the relatively high beam energy required, the

typical X-ray FEL facility is up to several miles long.

Methods of reducing the cost and size of an X-ray FEL are

always an intriguing topic. On one hand, it might be pos-

sible to obtain a compact light source by enhancing the

accelerator gradient and therefore shortening the acceler-

ator. The use of advanced accelerator concepts such as the

laser plasma accelerator [26], which is able to achieve a

10–100 GeV/m gradient, is now under investigation. On

the other hand, some efforts have been made to signifi-

cantly reduce the required electron beam energy by using

Compton scattering [27] or various harmonic lasing

techniques.

Well-defined polarization is highly desirable in studies

of ultrafast magnetic phenomena and material science

Fig. 1 (Color online) Years of first lasing and typical operation

wavelengths of FELs worldwide
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[28, 29]. To obtain FEL radiation with variable polariza-

tion, crossed-planar undulators [30–32] and elliptical per-

manent undulators [33, 34] are two options. The crossed-

planar undulator consists mainly of horizontal and vertical

undulators and a phase shifter. It enables flexible polar-

ization switching at a high rate, but it suffers from a rela-

tively low degree of polarization because the two linearly

polarized lasers are emitted separately at two undulators.

Recently, owing to its ability to produce reliable highly

polarized FEL pulses, the elliptical undulator has been

implemented in several facilities. Radiation from the Delta

undulator at the LCLS has exhibited an extremely high

degree of circular polarization compared with that of

crossed-planar undulators [31, 32]. However, changing the

polarization at kilohertz rates by mechanically adjusting

the Delta undulator is challenging.

Further, another important topic is the generation of

fully coherent X-ray pulses, which will support many

applications, including soft X-ray resonant inelastic scat-

tering, spectroscopic studies of correlated electron materi-

als, and holographic, diffractive, or lensless imaging. In

this review, we focus on the fully coherent FEL. An

overview of the basic principles of FELs, techniques for

realizing fully coherent FELs, and the development of fully

coherent FEL facilities in China is given.

2 From low-gain to high-gain FELs

The FEL was invented by Madey [35]. He pointed out

that a finite gain is available in stimulated emission when a

relativistic electron beam passes through a periodic mag-

netic field. Further, a FEL at wavelength k can be generated
under the resonant condition between the electron beam

energy c, radiation wavelength k, undulator period ku, and
scaled magnetic field intensity K:

k ¼ ku
2c2

1þ K2

2

� �
; ð1Þ

which guarantees continuous energy extraction from an

electron bunch to radiation. One advantage of FELs over

traditional lasers is the ability to obtain a flexible wave-

length range extending from the terahertz to X-ray regions

by simply adjusting the electron beam energy or undulator

parameters. Madey’s calculation illustrated the possibility

of using amplifiers and oscillators as tunable coherent

radiation sources in the ultraviolet (UV) and X-ray regions.

After the FEL concept was proposed, the low-gain FEL

was quickly demonstrated by operation of a FEL oscillator

(FELO) above the threshold at a wavelength of 3.4 lm at

Stanford University [36].

Using free electrons as gain media, many low-gain

FELOs in the long-wavelength regime, e.g., terahertz, IR,

and UV, have been constructed as user facilities at uni-

versities worldwide. One of the most productive FELOs is

FELIX at Radboud University [37], which produces ver-

satile fully coherent radiation in the IR and far-infrared

(FIR) regions for users. As shown in Fig. 2, 10 Hz electron

macropulses from the thermal cathode gun are accelerated

by two linacs to 15–25 and 25–45 MeV. The electron

beams are then bent into two FELOs and lase at

16–250 lm and 5–30 lm, respectively. The output average

power of the macropulses is nearly 10 W, and the output

peak power of the micropulses is at the megawatt level.

FELIX has proved to be useful for studies of solid-state

dynamics, atomic clusters, and magnetic materials.

Despite the great success of FELOs at long wavelengths,

it is challenging to build an X-ray FELO (XFELO) owing

to a lack of high-reflectivity mirrors at short wavelengths.

To circumvent the requirement for an optical cavity, SASE

[38, 39] was proposed, which takes advantage of a single-

pass high-gain FEL. As shown in Fig. 3, a SASE FEL

contains a long undulator section. It starts with electron

beam spontaneous radiation and gradually develops elec-

tron beam microbunching at the radiation wavelength. The

positive feedback between the electron beam

microbunching and coherent radiation leads to exponential

growth of the radiation power. As the electron beam energy

spread grows significantly, the SASE FEL reaches satura-

tion, with typically a gigawatt-level output peak power.

The radiation wavelength of a SASE is theoretically

unbounded.

The behavior of a one-dimensional high-gain FEL using

a cold electron beam can be characterized well by the so-

called Pierce parameter [39]:

q � 1

2c
I

IA

ku2K2½JJ�2

8p2eb

" #1=3

; ð2Þ

where I is the peak current, IA is the Alfven current, e is the
electron beam emittance, b is the beta function, and the

factor [JJ] arises from electron longitudinal oscillation,

which modifies the average coupling between electrons and

the radiation field. The FEL power growth is characterized

by the gain length,

Lg � ku

4p
ffiffiffi
3

p
q
; ð3Þ

Fig. 2 (Color online) Layout of FELIX facility at Radboud

University
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which means that the undulator length required for a given

radiation power grows by a factor of e.

The gain length determines the total undulator length

required for saturation, which is important in FEL design.

Formula (3) evaluates the gain length of a FEL with an

ideal cold electron beam. To limit the gain length to a

reasonable value, the impact of the beam parameters,

including the energy spread and emittance, should be

considered. A large energy spread degrades the electron

microbunching owing to the presence of various longitu-

dinal velocities. In a SASE FEL, electrons with different

energies would be resonant with different radiation fre-

quencies; thus, to pursue highly efficient energy conver-

sion, the electron beam energy spread should be less than

the FEL gain bandwidth, which equals the Pierce param-

eter, i.e.,

dc
c

� q: ð4Þ

The requirement for the electron beam emittance is similar

to that for the energy spread. As an electron oscillates

around the central axis in an undulator, the transverse

momentum changes, and so does the longitudinal

momentum. Hence, the limit on the electron beam emit-

tance is [41]

e� bk
ku

q: ð5Þ

The development of accelerator techniques, especially the

generation of high-brightness electron beams (with a small

energy spread and low emittance) from a photocathode RF

gun, is critical for the realization of X-ray SASE FELs.

Some proof-of-principle experiments on SASE were con-

ducted at a wavelength of 16 lm at University of

California, Los Angeles (UCLA) [42]. Scientists in Ham-

burg then recognized the opportunity to build an extreme

ultraviolet (EUV) FEL facility known as Free-Electron

LASer in Hamburg (FLASH) [43]. This achievement of

pioneering high-gain FEL facilities stimulated the con-

struction of soft X-ray FELs and the LCLS [1].

The last 10 years have witnessed the development of

potential applications of X-ray FELs in various research

areas: atomic, molecular, and optical physics; condensed

matter physics; matter in extreme conditions; chemistry

and soft matter, and biology [44]. Several X-ray FEL

facilities have been constructed and opened for user oper-

ation worldwide in recent years, as shown in Table 1. Most

of these facilities are based on the SASE principle. Starting

from the electron beam density shot noise, SASE is able to

generate X-rays with nearly perfect transverse coherence;

however, its further applications are limited by the intrinsic

poor longitudinal coherence. Therefore, methods for pro-

ducing fully coherent X-ray FELs have attracted tremen-

dous attention after the first light of LCLS.

3 Fully coherent FELs

To improve the temporal coherence of SASE and

achieve fully coherent FELs, various SASE-based, external

seeding- or oscillator-based techniques have been proposed

and partially experimentally demonstrated in recent years.

3.1 Beyond SASE

The temporal coherence of SASE can be significantly

improved by using the self-seeding scheme [45, 46], which

employs a double undulator configuration, as shown in

Fig. 4. The self-seeding technique uses a monochromator

together with a bypass chicane to obtain monochromatic

light from SASE itself and then amplify it to saturation.

The undulator is divided into two parts by the monochro-

mator. The first undulator section is used to generate a

normal SASE radiation pulse that is interrupted well before

saturation. Then, the monochromator is employed to purify

the spectrum and provide a coherent seeding signal at a

short wavelength, while the bypass chicane is used to delay

the electron beam and wash out the microbunching formed

in the first undulator section. Next, the seeding signal and

the electron beam are simultaneously sent into the second

undulator section to interact with each other and produce

an intense coherent X-ray pulse.

Self-seeding FELs can be categorized as using soft or

hard X-ray self-seeding depending on the monochromator

materials chosen for different photon energy ranges. Gen-

erally, grating-based monochromators can be applied for

the photon energy range of 0.4–1.5 keV, whereas crystal-

Fig. 3 (Color online) Principle of SASE [40]. a Schematic of SASE

FEL that contains a long undulator. b Coherent radiation induced by

electron beam microbunching developed along the undulator. c Ex-

ponential growth of radiation power along the undulator
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based monochromators are suitable for the photon energy

range of 3–12 keV. Both soft X-ray and hard X-ray self-

seeding have been demonstrated at the LCLS in recent

years [48, 49]. The main experimental results are shown in

Fig. 5, where one clearly finds that the spectral bandwidth

of SASE can be reduced by dozens of times by self-seeding

techniques in both the soft and hard X-ray regions. To date,

self-seeding is one of the most reliable techniques to pro-

vide high-peak-power, ultrashort X-ray light pulses with

extraordinary coherence both transversely and longitudi-

nally. However, the large shot-to-shot power fluctuation of

self-seeding schemes has limited their application. Further,

a photon energy gap still exists between 1.5 and 3 keV that

cannot be fully covered by present self-seeding schemes

owing to a lack of suitable materials for the monochro-

mator. In addition, recent spectral measurements at the

LCLS showed that there is a pedestal-like sideband [48] in

the spectrum of soft X-ray self-seeding owing to

microbunching instability effects in the linac, which

degrades the FEL longitudinal coherence and thus limits

the user applications. In order to overcome these problems

and further improve the quality of the radiation pulse,

several methods have been proposed recently [50–52].

Currently, in order to mitigate the effects of thermal

loading on the monochromator when the X-ray repetition

Table 1 X-ray FEL facilities worldwide

Facility FEL operation modes Electron beam energy (GeV) Photon energy coverage (keV)

LCLS SASE, self-seeding 14.3 1–15

LCLS-II SASE, self-seeding 4 0.2–5

FLASH SASE 1.25 0.014–0.3

European XFEL SASE, self-seeding 17.5 8.4–30

SACLA SASE, self-seeding 8 0.44–20

FERMI external seeding 1.5 0.0124–0.3

PAL-XFEL SASE, self-seeding 10 0.124–12.4

Swiss FEL SASE 5.8 0.177–12.4

SXFEL SASE, external seeding 1.5 0.1–0.6

SHINE SASE, self-seeding, external seeding 8 0.425

Fig. 4 (Color online) Schematic layouts of soft X-ray self-seeding

(a) and hard X-ray self-seeding (b) [47]

Fig. 5 (Color online) Experimental results of soft X-ray (a) and hard X-ray (b) self-seeding [48, 49]
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rate is high, multistage self-seeding has been proposed and

is under investigation.

The longitudinal properties of the SASE FEL are

determined mainly by the slippage length or cooperation

length of the radiation. An alternative way to improve the

longitudinal coherence of SASE is to enhance the FEL

slippage, which provides an in situ method for communi-

cating phase information over larger portions of the elec-

tron beam. Several techniques based on this principle, such

as high-brightness SASE [53], improved SASE [54],

purified SASE [55], and harmonic lasing self-seeding

(HLSS) [56], have been developed. Recent results of HLSS

at FLASH have demonstrated that the spectral bandwidth

of SASE can be reduced by several times [57]; this result is

not as good as that obtained by self-seeding but can still

significantly increase the spectral brightness. Unlike that of

self-seeding, the central wavelength of slippage-boosted

SASE is still determined by the electron beam energy,

which results in fluctuation of the central wavelength from

shot to shot. However, the advantage of slippage-boosted

SASE is that the output pulse energy is insensitive to the

beam energy fluctuation.

3.2 Seeded FELs

The temporal coherence and intrinsic pulse energy

fluctuations of the SASE and self-seeding schemes can be

further improved by using seeded FELs with external seed

lasers. The output properties of a seeded FEL directly

reflect the seed laser’s attributes, which ensures a high

degree of temporal coherence and small pulse energy

fluctuations with respect to SASE. Compared to self-

seeding, seeding with external lasers has an additional

advantage in that the FEL pulse is locked to an external

signal. This allows more precise temporal synchronization,

which is especially important for pump–probe experiments.

The schematic layouts of the main types of seeded FELs

are given in Fig. 6.

The straightforward seeded FEL, which is called a

directly seeded FEL, is illustrated in Fig. 6a. An intense

laser source is injected directly into the undulator to sup-

press the incoherent spontaneous emission at the very

beginning of the undulator and dominates the FEL gain

process. At short wavelengths, the only available coherent

source is generated through the high-harmonic generation

(HHG) process, which is facilitated by the highly nonlinear

interaction of a very intense optical laser pulse with a rare

gas. The HHG direct seeding scheme has been successfully

demonstrated at EUV wavelengths [58–60]. However,

owing to the rapid intensity drop of HHG at very high

harmonics, HHG direct seeding is still not suitable for

X-ray FEL generation.

To circumvent the need for a seed source at short

wavelengths, frequency up-conversion schemes that rely

on optical-scale electron beam phase space manipulation

have been envisioned to convert commercially available

seed sources to shorter wavelengths. The first frequency

up-conversion scheme is called high-gain harmonic gen-

eration (HGHG) (Fig. 6b) [61] and uses two undulators and

a dispersion section. A seed laser pulse is first used to

interact with the electrons in a short undulator, called the

modulator, to generate a sinusoidal energy modulation in

the electron beam longitudinal phase space at the scale of

the seed laser wavelength. The formed energy modulation

is then developed into an associated density modulation by

a dispersive magnetic chicane called the dispersion sec-

tion. The high-harmonic components of the seed laser

frequency can be generated in the electron beam density

distribution, making this approach feasible for reaching

shorter wavelengths [62]. However, significant bunching at

higher harmonics is usually needed to strengthen the

energy modulation in HGHG, which will result in degra-

dation of the amplification process in the radiator. Thus, the

requirement of FEL amplification on the beam energy

spread makes it impossible to reach short wavelengths in

single-stage HGHG. For this reason, the multistage HGHG

scheme (Fig. 6c) [63, 64] has been proposed. A FEL

generated by an intermediate radiator can be used as the

seed laser for the following HGHG stage, with the help of

the ‘‘fresh bunch’’ technique. Analysis within the frame-

work of idealized models suggests that two-stage HGHG

can produce fully coherent soft X-rays. The two-stage

Fig. 6 (Color online) Schematic layouts for various seeding

techniques. a Directly seeded FEL, b HGHG, c multistage HGHG,

d EEHG, e PEHG [47]
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HGHG scheme has been adopted by FERMI [65] and the

Shanghai Soft X-ray FEL Facility (SXFEL) [66] as the

baseline for FEL operation.

In order to improve the frequency multiplication effi-

ciency of a single stage, more complicated phase space

manipulation techniques have been developed. One of

them, echo-enabled harmonic generation (EEHG) (Fig. 6d)

[67, 68], employs two modulators and two dispersion

sections to introduce an echo effect into the electron beam

phase space to enhance the frequency multiplication effi-

ciency with a relatively small energy modulation. Analyt-

ical calculations and experimental results imply that single-

stage EEHG is able to generate high-power soft X-ray

radiation with a narrow bandwidth close to the Fourier

transform limit directly from a UV seed source [69–73].

Although the EEHG scheme has a remarkable up-fre-

quency conversion efficiency, it is still very difficult to use

single-stage EEHG to generate hard X-ray radiation

directly from a commercially available UV seed laser. One

possible way to further increase the harmonic up-conver-

sion number to achieve subnanometer wavelengths is to

combine the EEHG with the ‘‘fresh bunch’’ technique

[74–76].

Although EEHG has an unprecedented up-frequency

conversion efficiency and enables the generation of ultra-

high harmonics with a relatively small energy modulation,

its configuration is more complex than that for HGHG, and

the coherent synchrotron radiation and incoherent syn-

chrotron radiation effects induced by the large chicane may

smear out the fine structure in longitudinal phase space.

Recently, the idea of using a TGU to mitigate the effects of

electron beam energy spread has been proposed as the

phase-merging enhanced harmonic generation (PEHG)

technique [77, 78]. A schematic layout of PEHG is shown

in Fig. 6e. Although the TGU is originally used to com-

pensate for the effects of beam energy spread by making

every electron satisfy the resonant condition, this novel

scheme utilizes a different operating regime of the TGU.

When the transversely dispersed electrons pass through the

TGU modulator, around the zero-crossing of the seed laser,

electrons with the same energy will merge into the same

longitudinal phase, which makes it possible to generate

fully coherent short-wavelength radiation at very high

harmonics of the seed. Further studies have shown that the

function of the TGU can also be performed by a tilted seed

laser [79] or magnetic dipole [80] or by using the natural

transverse gradient of a normal undulator [81, 82]. A proof-

of-principle PEHG experiment is planned at the SXFEL

[83].

3.3 X-ray FEL oscillators

An alternative way of generating fully coherent

stable X-ray FEL pulses is by an XFELO. The XFELO

concept, which employs crystals as cavity mirrors, was

proposed at the same time as SASE. However, the XFELO

did not receive much attention owing to the shortage of

perfect crystal mirrors that are able to provide sufficient

feedback. In 2009, the first demonstration of high-reflec-

tivity Bragg diffraction at normal incidence of a diamond

crystal paved the way to realization of an XFELO [84]. The

XFELO concept was resurrected, and a configuration based

on the energy recovery linac was proposed [85]. In addi-

tion, the generation of a high-brightness, high-repetition-

rate (1 MHz) electron beam from an advanced supercon-

ducting linear accelerator offers another potential option

for high-current XFELO operation. With the ability to

produce fully coherent X-ray pulses of 109–1011 photons at

a repetition rate of 1–100 MHz, the XFELO attracted much

attention.

A schematic view of the XFELO is shown in Fig. 7. A

high-repetition-rate relativistic electron beam from a

superconducting linac is injected into the XFELO. An

undulator with an appropriate length is installed inside the

X-ray cavity. The X-ray pulse starts from spontaneous

radiation from the leading electron bunch inside the

undulator, and the power grows exponentially if the single-

pass FEL gain exceeds the cavity round-trip loss. XFELOs

work in the low-gain regime with a single-pass gain of

typically less than 10, and they require hundreds of round

trips before power saturation. The X-rays are coupled out

through crystal mirror transmission. Transverse X-ray

mode is controlled by external focusing elements such as

multilayer curved mirrors or compound refractive lenses,

whereas the longitudinal coherence is improved signifi-

cantly by narrow-bandwidth Bragg diffraction [87]. A

zigzag optical cavity configuration is used to improve the

wavelength tunability [88].

Fig. 7 (Color online) Schematic view of XFELO [86]
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XFELO physics, which includes the X-ray optics, FEL

gain, and Bragg diffraction, is more complicated than that

of a single-pass high-gain FEL. Thus, numerical simulation

is typically used for its theoretical study. Recently, a three-

dimensional Bragg diffraction code called BRIGHT, which

can be used with GENESIS and Optical Propagation Code

(OPC), was developed for fully three-dimensional XFELO

simulation [89]. The three-dimensional Bragg diffraction

formula is obtained using dynamic diffraction theory with

some reasonable approximations. In addition, a simplified

one-dimensional theoretical XFELO model is established

for fast optimization in XFELO design. It exploits FEL

low-gain theory in the saturation regime to calculate the

single-pass gain at different radiation powers and then

obtains the X-ray pulse power evolution through iteration

[90].

Because XFELOs work in the low-gain regime, a reli-

able X-ray output pulse energy is ensured. The maximum

energy conversion efficiency of a FELO with a constant

undulator parameter is inversely proportional to the num-

ber of undulator periods. New schemes for further

improving the efficiency of XFELOs have been proposed

continuously in recent years. The gain cascading scheme,

which controls the delay elements between the stages of the

undulators to allow electron beam lasing at various loca-

tions inside different undulators, is capable of increasing

the energy extraction efficiency and output peak power

owing to the shortening of the undulator length at each

stage [91]. As shown in Fig. 8, one numerical example of a

four-stage gain cascading scheme predicts that the peak

radiation power can be increased by a factor of 8.6, while

the energy extraction efficiency is enhanced by a factor of

2.5 [91]. Another scheme uses the XFELO output as a fully

coherent stable seed for a subsequent tapered FEL ampli-

fier, like the master oscillator and power amplifier (MOPA)

configuration used by the laser community. The challenge

of MOPA is that the enhanced energy spread inside the

XFELO would degrade the efficiency of the subsequent

amplifier. A simple solution would be to employ a chirped

electron beam and make the bunch tail provide a FEL gain

inside the oscillator with bunch head lasing at the FEL

amplifier. A start-to-end simulation illustrates that this

configuration is capable of generating fully coherent

stable X-rays with a peak power at the terawatt level [92].

Another method of improving XFELO performance is

the generation of higher X-ray photon energies by har-

monic lasing [93]. The key to achieving harmonic lasing

inside an XFELO is to make the radiation power buildup

more favorable at the harmonic wavelength than at the

fundamental one. This is realized by using a combination

of a phase shifter, which disturbs the FEL gain of the

fundamental wavelength, and a crystal cavity mirror, the

Bragg energy of which is chosen to be the harmonic photon

energy. Furthermore, stabilization of the XFELO cavity by

using the narrow nuclear resonance lines of nuclei such as
57Fe as a reference has been investigated [94]. The tem-

poral coherent length of the XFELO output can be further

increased dramatically, from picoseconds to microseconds

or even longer. This indicates excellent potential for use of

XFELOs as time and length standards, and it is expected to

contribute to the development of X-ray quantum optics.

Recently, a gain-guided XFELO was proposed, which

avoids the need for the X-ray focusing elements used in the

conventional XFELO configuration [95]. The FEL gain of

the electron beam is used to focus the X-rays transversely

and keeps them in a stable mode. Theoretical analysis and

three-dimensional simulations have shown that the gain-

guided XFELO is capable of generating fully coherent

X-rays with an energy conversion efficiency comparable to

that of a normal XFELO. In an initial exploration of a

Fig. 8 (Color online) Temporal and spectral profile of the output 0.1 nm pulse in the normal FELO (blue dashed line) and four-stage undulator

cascaded FELO (red solid line) [91]

123

160 Page 8 of 15 C. Feng, H.-X. Deng



novel and simple XFELO configuration, a gain-guided

XFELO relaxed the heat loading as well as the angular

misalignment requirement of the crystal mirrors, and it

might dominate future XFELO designs.

Intensive theoretical studies recently proved that XFE-

LOs are feasible and are capable of producing fully

coherent hard X-ray pulses with unprecedented stability.

Although there might be some technical problems,

including crystal heat loading, cavity mirror angular sta-

bility, and resilience to radiation damage, scientists

worldwide are designing XFELOs for their own XFEL

facilities based on superconducting linacs. Vigorous and

fruitful investigation of the interaction between X-rays and

crystal mirrors is expected to greatly promote the con-

struction of XFELOs [96]. The spectral brightness of the

XFELO output is more than two orders of magnitude

higher than that of SASE. This extraordinary X-ray source

is complementary to SASE mode and is expected to con-

tribute significantly to scientific experiments such as X-ray

inelastic scattering spectroscopy and nuclear resonant

scattering, bulk-sensitive Fermi surface studies, X-ray

imaging with near-atomic resolution, and X-ray photon

correlation spectroscopy.

4 FEL facilities in China

FEL development in China started in the 1980s. During

the 1980s and 1990s, the Shanghai Institute of Optics and

Fine Mechanics, University of Science and Technology of

China (USTC), Institute of High Energy Physics (IHEP),

Chinese Academy of Engineering Physics (CAEP), China

Institute of Atomic Energy, Southwest Institute of Applied

Electronics, University of Electronic Science and Tech-

nology of China, and Shanghai Institute of Applied Physics

(SINAP) worked on FEL-related projects covering the

spectral regions from millimeter to FIR and IR to UV. The

high-gain FEL program in China began in 1998, when the

Shanghai Deep Ultraviolet (SDUV) project was proposed

as a collaboration between SINAP, IHEP, and USTC.

Later, the Accelerator Lab of Tsinghua University in Bei-

jing joined the project. In this section, we review the

development of FEL facilities in China.

4.1 Low-gain FELs in China

The Beijing FEL (BFEL) at IHEP is an IR FELO. It

successfully lased at 10.6 lm in May 1993 [97], making it

the first FEL to lase in Asia. The BFEL became a user

facility after saturation was achieved in 1994. The induc-

tion-linac-based FEL amplifier at the China Academy of

Engineering Physics (CAEP) achieved first lasing at

34 GHz with a peak power of 10 MW in April 1993. First

lasing of the CAEP FIR FEL at a central wavelength of

115 lm was observed in March 2005 [98, 99], marking the

birth of coherent terahertz sources in China.

The CAEP, together with Peking University and Tsin-

ghua University, developed a terahertz FEL (CTFEL)

facility, which is the first high-average-power FEL user

facility in China [100]. CTFEL consists mainly of a GaAs

photocathode high-voltage DC gun, a 1.3 GHz 2� 4-cell

superconducting RF linac, a planar undulator, and a quasi-

concentric optical resonator. First lasing of CTFEL was

realized in 2017 [101]. Since then, stable terahertz pulses

from CTFEL have been delivered to user experiments. The

repetition rate of the terahertz beams is 54.17 MHz, and the

terahertz frequency can be adjusted continuously from 1.87

to 3.8 THz. The average output power of the macropulse is

more than 10 W, and the peak power exceeds 0.5 MW

[102]. A fast machine protection system and continuous-

wave (CW) operation are currently under development and

will be realized soon. Moreover, CTFEL is expected to be

upgraded to cover the terahertz band from 1 to 10 THz and

greatly promote the development of terahertz science as

well as many other cutting-edge fields in the future.

In 2014, construction of Tunable Infrared Laser for

Fundamental of Energy Chemistry (FELiChEM), a new IR

FEL dedicated to fundamental energy chemistry research,

began at USTC. The IR FEL is composed of two FELOs

that cover the spectral ranges of 2.5–50 lm and

40–200 lm, respectively, and are driven by one electron

linac. Two 2 m accelerating tubes are used to accelerate the

electron beam, and the maximum electron energy is

60 MeV [103, 104]. The installation of the FEL machine is

complete, and commissioning will start soon. According to

the design, FELiChEM will be a state-of-the-art IR FEL

with an intense pulse energy of 50 lJ for micropulses and

100 mJ for macropulses, a micropulse length of 1–5 ps, a

spectral bandwidth of 13%–0.2%, and continuous wave-

length tunability [103, 105].

4.2 SDUV–FEL

The SDUV–FEL was jointly funded by the Chinese

Academy of Sciences, Ministry of Science and Technology

of China, and National Natural Science Foundation of

China. It officially began as R&D of a 100 MeV linac, a

photocathode RF gun, and radiator undulators toward an

HGHG test facility in 2002 [106]. The SDUV–FEL is a

multipurpose test facility for studies of the FEL principle

and is capable of testing various novel high-gain FEL

schemes by changing the layout of the machine. The design

and relevant R&D projects at this facility have been under

way since 2000. The construction of this machine with a

single-stage HGHG setup began in 2009. Figure 9 shows

the gain curve of 347 nm HGHG operation at the SDUV–
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FEL (Fig. 9a), as well as the output spectrum of HGHG

and SASE (Fig. 9b). An upgrade of this machine for a two-

stage HGHG demonstration was finished in 2012.

After dramatic evolution during the past decade, the

final layout of the SDUV–FEL can be divided into an

accelerator component and a FEL component. The accel-

erator component consists of a 1.6-cell BNL-type photo-

cathode RF gun operating at 2856 MHz (provided by

Tsinghua University), five SLAC-type linac sections

operating at the same frequency, a four-dipole chicane, and

a number of quadrupole and corrector magnets for beam

optics and orbit control. Downstream of the linac, there are

undulator components for the FEL experiment. The

undulator system is quite complex and includes three

modulators, three dispersion sections, two radiators, one

crossed undulator, and one fresh bunch chicane. With this

undulator configuration, we are able to carry out a variety

of FEL experiments [107], namely SASE, HGHG, and

EEHG, as well as two-stage HGHG. Very soon after

commissioning and performance optimization of the pho-

toinjector and linac, a series of FEL experiments

[31, 71, 108–110] was conducted at the SDUV–FEL

beginning in September 2009. The following milestones

have been achieved:

• December 2009: SASE experiment and exponential

gain

• October 2010: HGHG saturation

• October 2010: Measurement of the slice energy spread

of the energy beam

• April 2011: First lasing of an EEHG FEL

• August 2011: Demonstration of widely tunable HGHG

• April 2012: First signal from two-stage HGHG

• November 2013: Polarization control by a crossed

undulator

• April 2014: FEL spectrum control by a corrugated

structure

4.3 DCLS

High-brightness, ultrafast FEL pulses in the EUV

wavelength region are an ideal light source for excitation of

valence electrons and ionization of molecular systems with

very high efficiency. They are quite helpful for studies of

important dynamic processes in physical, chemical, and

biological systems. The Dalian Coherent Light Source

(DCLS) was launched by the Dalian Institute of Chemical

Physics and SINAP, Chinese Academy Sciences, and

funded by the National Natural Science Foundation of

China. It is planned to deliver an optical beam of

50–150 nm in picoseconds or 100 fs for research. HGHG is

the first choice for an EUV FEL with a narrow bandwidth

and stable output power. After eight months of installation

and machine commissioning, a 300 MeV electron beam

was achieved with a peak current of more than 300 A, and

the emittance was less than 1.5 mm mrad. The FEL pulse

energy of an individual pulse at 133 nm nearly exceeded

200 lJ with a 266 nm seed laser in January 2017. Fine

tuning of the undulator taper increased the FEL pulse

energy by almost 100%. User experiments began in June

2017. The photodissociation dynamics of H2O via the eF
state at 111.5 nm, which had been very difficult to study

owing to the lack of a powerful and tunable EUV light

source, was first investigated at the DCLS [111].

4.4 SXFEL

The SXFEL is the first Chinese coherent light source in

the wavelength range of 20–2 nm [112, 113]. It is based on

a 1.5 GeV normal conducting high-gradient C-band linac

and currently contains two FEL beamlines, a seeded FEL

beamline and a SASE beamline, and five experimental

stations. This facility is being developed at the Shanghai

Synchrotron Radiation Facility (SSRF) campus of SINAP

Fig. 9 (Color online) Gain curve of 347 nm HGHG operation (a), comparison of output spectra of HGHG and SASE at the SDUV–FEL

(b) [107]
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in two steps, the SXFEL test facility (SXFEL-TF) and the

SXFEL user facility (SXFEL-UF). Currently, the 0.84 GeV

linac-based SXFEL-TF is under commissioning, with the

goal of testing the key-related technologies and two-stage

seeded FEL. Further, the user experiment-oriented SXFEL-

UF is being developed at designated wavelengths down to

the water window region toward user service in 2019. The

layouts of the SXFEL-TF and SXFEL-UF are compared in

Fig. 10.

The SXFEL will be used to adopt novel seeded FEL

schemes such as EEHG or EEHG cascading to further

improve the ultrahigh harmonic up-conversion efficiency,

and it will be capable of controlling the FEL output

properties such as the central wavelength, pulse duration,

polarization, synchronization, and longitudinal phase, and

implementation of multicolor operation in the near future.

4.5 SHINE

SHINE is a newly proposed high-repetition-rate X-ray

FEL facility based on an 8 GeV CW superconducting RF

linac [7]. It will be located at Zhangjiang High-tech Park,

which is close to the SSRF campus in Shanghai, at a depth

of 30 m underground and with a total length of 3.2 km, as

shown in Fig. 11. SHINE will have five shafts, one

accelerator tunnel, and three parallel undulator tunnels with

three following beamline tunnels, where each undulator

tunnel will be able to accommodate two undulator lines. In

its initial phase, SHINE consists of an 8 GeV CW super-

conducting RF linac, three undulator lines, three following

FEL beamlines, and ten experimental end-stations. The

end-stations are distributed in the near experimental hall in

Shaft 4 and the far experimental hall in Shaft 5. The first

three undulator lines will be located in two undulator

tunnels. Using these three undulator lines, SHINE will be

used to generate brilliant X-rays between 0.4 and 25 keV at

pulse repetition rates of up to 1 MHz. Beyond SASE,

SHINE will be able to deliver fully coherent FEL pulses at

different photon energies by using specified narrow-band-

width schemes at different FEL lines.

5 Summary and outlook

The last several decades have witnessed stunningly

rapid development of FELs ranging from well-established

successful low-gain FELOs at long wavelengths to high-

gain FEL amplifiers at short wavelengths. This revolu-

tionary light source has opened up vast research frontiers in

physics, chemistry, and biology. The growing demand for

photons with different attributes stimulated FEL develop-

ment in various directions: generation of ultrashort light

pulses, large-bandwidth FEL, ultrahigh perk power, and

polarization control and compact FEL facilities. In order to

realize the full promise of FEL, one of the primary goals

for future development is the generation of fully coherent

FELs, which has attracted great attention since the first

light of SASE X-rays at the LCLS. The generation of fully

coherent FEL pulses at short wavelengths can be achieved

by improving the longitudinal coherence of SASE, seeded

FELs, and XFELOs. All of these potential methods have

their advantages and disadvantages and are now being

investigated vigorously.

Along with rapid construction and commissioning of

FELs worldwide, the development of FELs in China is

highly successful. After decades of vigorous development

beginning in the 1980s, FEL facilities in China now

include low-gain FELOs and high-gain FELs covering

wavelengths from terahertz to hard X-rays. One of the most

fruitful FEL facilities is the SDUV–FEL, where successful

realization of SASE, HGHG, and EEHG has paved the way

for construction of user facilities, including the DCLS,

SXFEL, and SHINE. Even more promising is that con-

struction recently began on the first hard X-ray FEL facility

in China, SHINE, which employs an advanced

Fig. 10 (Color online) Schematic layouts: SXFEL-TF (top) and SXFEL-UF (bottom) (LH—laser heater, HL—harmonic linearizer, BC—bunch

compressor, M—modulator, DS—dispersion section, R— radiator, FB—fresh bunch)

123

Review of fully coherent free-electron lasers Page 11 of 15 160



superconducting accelerator and FEL schemes to provide a

high-repetition-rate, high-brightness, fully coherent X-ray

FEL.
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