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Abstract. Free-electron light sources feature extraordinary luminosity, directionality, and coherence, which
has enabled significant scientific progress in fields including physics, chemistry, and biology. The next
generation of light sources has aimed at compact radiation sources driven by free electrons, with the
advantages of reduction in both space and cost. With the rapid development of ultra-intense and
ultrashort lasers, great effort has been devoted to the quest for compact free-electron lasers (FELs). This
review focuses on the current efforts and advancements in the development of compact FELs, with a
particular emphasis on two notable paths: the development of compact accelerators and the construction
of micro undulators based on innovative materials/structures or optical modulation of electrons. In
addition, the physical essence of inverse Compton scattering is discussed, which offers remarkable
capability to develop an optical undulator with a spatial period that matches the optical wavelength.
Recent scientific developments and future directions for miniaturized and integrated free-electron coherent
light sources are also reviewed. In the future, the prospect of generating ultrashort electron pulses will
provide fascinating means of producing superradiant radiation, promising high brilliance and coherence
even on a micro scale using optical micro undulators.
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1 Introduction
Since its discovery more than a century ago, radiation lumines-
cence of free electrons has attracted scholars and served as a
foundation for the development of contemporary physics[1–3].
Since then, different free-electron radiation-related effects and
mechanisms have been discovered, which have had a significant
impact on research in the areas of particle detection, material
science, oncology, and the creation of novel light sources[4,5].
Electrons can absorb or release energy (radiation) in the form
of photons (i.e., quantum description of electromagnetic waves)
in accordance with the laws of conservation of energy and
momentum when subjected to external electromagnetic forces.
Depending on the external electromagnetic fields, radiation is
categorized as synchrotron radiation[6–8], undulator radiation[9,10],
Compton scattering[11,12], Thomson scattering[13,14], Cherenkov
radiation (CR)[15–18], Smith–Purcell radiation[3], and transition

radiation[19] in specific dielectric environments. With the ad-
vancement of radiation theory and engineering technology, the
application of these basic electron radiation mechanisms has
gradually evolved into a new light-source technology with free
electrons as the basic gain medium. The free-electron laser
(FEL)[20] has quickly gained worldwide attention and is now
the most powerful device for the production of strong coherent
radiation, with a radiation band spanning an ultrawide wave-
length range from microwaves to X-rays.

FEL technology is based on the concept of periodic trans-
verse momentum modulation of an accelerated electron bunch.
The device, referred to as “wiggler” or “undulator,” generally
comprises a sequence of alternating magnetic dipoles that force
the accelerated electron bunch to undergo a periodic deflecting
motion. With these devices, a portion of the kinetic energy of the
free electrons can be converted to highly collimated, coherent
electromagnetic radiation. Ginzburg and Motz[21] conceived
the idea of undulator radiation the late 1940s and early
1950s. However, it was not until 1971 that Madey[22] proposed
a seminal theory of FEL, which was experimentally verified at
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Stanford University in 1977[23]. During the past 40 years, devel-
opments in synchrotrons have ushered in a new era of light-
source science, with five related Nobel Prizes awarded since
1997. Consequently, modern light sources have progressed to
the fourth generation, which is distinguished by coherent
short-wavelength FELs. However, researchers are attempting
to overcome the large floor area and huge costs associated with
standard accelerators and meter-scale undulators. The need for a
compact, even minuscule sized FEL continues to motivate re-
searchers in related domains to seek novel approaches for the
next generation of free-electron-based light sources.

During the past 20 years, new mechanisms and technical ave-
nues have been intensively investigated for downsizing FELs.
Owing to the rapid development of ultra-intense and ultrashort
lasers that offer unprecedented electromagnetic field intensities,
the combination of laser pulses and particle physics has led to
the realization of compact accelerators and free-electron radia-
tion by light-field modulations. In addition, the advancement of
nanophotonics has made it possible to create micro undulators
that enable access to free-electron radiation sources at the micro-
and nanoscales[24–29].

Qualitatively, electrons can be categorized as “free” or
“bound” depending on the potential in which they are placed,
such as in accelerators and plasmas, where the electrons expe-
rience almost no spatial confinement. Otherwise, they are
“bound” when trapped by a non-vanishing potential, such as
in atomic, molecular, and ionic systems. Generally, the term
“laser” describes the process of transitions between discrete en-
ergy levels in an atom; however, the stimulated radiation bands
are restricted due to the limitations set by the selection rules,
which impedes the direct access to a short-wavelength laser sys-
tem. When a bound electron absorbs sufficient energy and es-
capes from atomic potential, it becomes free. As compared to
bound electrons, free-electron energies form a continuum that
allows them to be accelerated, deflected, compressed, and
modulated by external electromagnetic fields, thus allowing
control of their energy, trajectory, pulse width, emittance, and
other physical quantities. Theoretically, since a free electron
can emit a photon of any energy below its own energy, free elec-
trons with kinetic energies in the keV–GeV range can emit pho-
tons in the microwave, terahertz (THz), infrared (IR), visible,
ultraviolet (UV), X-ray, and gamma-ray energy ranges. The en-
ergies of the emitted photons are particularly sensitive to the
state of motion of free electrons. In addition, when the radiation
intensity crosses a threshold value, it exerts a nonnegligible
force on the free electrons themselves. That is, the radiation field
generated by free electrons can modulate these free electrons
themselves such that they follow a pattern that is more favorable
to radiation generation. Multiple energy exchanges occur be-
tween the radiation field and free electrons, and this radiation
pattern can be observed in the stimulated radiation of the elec-
trons. In this process, free electrons exchange energy with the
radiation field in a coherent manner, resulting in the generation
of stimulated radiation. These conditions allow the excited emis-
sion of radiations, resulting in higher radiation power.

The fundamental processes governing the interactions of
free electrons with light include photon absorption, emission,
and scattering. In quantum terminology, both absorption and
emission are first-order processes, as depicted by the Feynman
diagram, whereas scattering is a second-order process. Higher-
order processes are responsible for radiation effects involving
free electrons andmultiple photons. These fundamental radiation

phenomena indicate the shared outcome of the partial energy
conversion of free electrons into photons in various dielectric
environments and operational procedures. The introduction
of the photon quasiparticle concept, by Rivera and Kaminer[30],
advanced the field significantly. These photon quasiparticles
are quantized solutions to Maxwell’s equations and provide a
framework to describe the behavior of light in dielectric materials
at the nanoscale. The different radiative forms of free electrons are
the key to understanding the energy transmission during inter-
actions. Based on these fundamental scientific principles, it is
straightforward to show how the FEL process evolves from the
emission of incoherent to coherent radiation.

In this review, we describe the concepts fundamental to
FELs, as well as the key ideas and developments during the past
few decades. In addition, the history and prospects of fifth-gen-
eration light-source development are discussed. Fourth-genera-
tion light sources such as X-ray FELs alter the way light is
produced. For fifth-generation light sources, an ultracompact
FEL or a similar scheme driven by laser wakefield acceleration
(LWFA) is anticipated. The undulator must be redesigned to
provide high-brightness and high-coherence radiation within
a much shorter interaction distance and shorter interaction time.
In this regard, traveling waves or localized standing waves
such as surface plasmon polaritons (SPPs), surface phonon
polaritons, and surface plasmon resonance supported by nano-
photonic materials [graphene, MoO3, van der Waals (vdW) ma-
terials, metasurface structures, etc.] have emerged as possible
solutions for developing micro undulator and novel narrow
spectral light sources in the gamma-ray band. This scenario re-
lies strongly on the development of ultra-intense ultrashort la-
sers, and new optically powered undulators with unique optical
topologies for experimental proof-of-concept research.

Moreover, free electrons can function as both a gain medium
and pumping source during the radiation process. Cathode lu-
minescence at the microscale or nanoscale emerges as a defining
characteristic of the new free-electron-modulated radiation
mode when interacting with the optical field. This interaction
can occur through either direct modulation of the nanophotonic
structure or direct generation of the emitted photon field. This
radiation mode is coherent when the free electron pulse width is
smaller than the radiation wavelength[31]. We summarize the
concept of electron-excited coherent stimulated radiation, which
must satisfy the following three conditions. (1) There should be
phase-matching between free electrons and photonic quasipar-
ticles[30]. The dispersion curve of the photon quasiparticle, which
exists in phase space and is influenced by the properties of the
medium, must intersect with the dispersion curve of free elec-
trons, both mathematically and physically. When the velocity of
free electrons is comparable to the phase velocity of photon qua-
siparticles, an interaction between photons and free electrons
can occur during the excitation process, leading to energy trans-
fer and photon exchange. (2) Strong-field conditions provide a
prerequisite for strong coupling of free electrons with optical
quasiparticles, in which the electrons’ states can be efficiently
modulated by the light field and through a coherent energy ex-
change process. The strong field is the relativistic intensity of
the light field, corresponding to a laser field normalized vector
potential a0 > 1. Only strong-field conditions can effectively
modulate free electrons to enable stimulated radiation emission
and multiple photon exchange processes[32,33]. (3) The coherent
state of free electrons determines the coherence of radiation.
Electron–electron coherence measures the effect of the total
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amount of radiation emitted by numerous electrons acting as
separate emitters of radiation[34]. Electron–photon coherence
is determined by the periodic correlation between the pulse
width of the free electrons and the related radiation field (photon
quasiparticle), which determines the coherence of free-electron
radiation. When the pulse widths of free electrons are less than
those in many electromagnetic situations, the three conditions
mentioned above are crucial for determining the free electrons
required to produce stimulated coherent radiation.

In summary, the numerous effects of the interaction of free
electrons with the optical field can lead to a variety of scientific
research goals and hypotheses, such as new enhanced particle
monitoring schemes, compact electron coherent light sources
with broad spectral coverage, compression and manipulation
of free-electron pulse envelopes, shaping of new radiation pat-
terns, revealing the nature of photon–electron quantum entan-
glement, and symmetry control. Moreover, the photon energy
transfer process is crucial for detecting the optical response
and properties of materials at the microscopic level.

This review focuses on free-electron radiation in FELs as an
emitter and pumping source for producing intense radiation.
Section 2 describes the fundamentals of FELs and the develop-
ment of new FEL sources in the new era by merging ultra-
intense and ultrashort laser technologies with nanophotonics.
Beginning with electron acceleration in the laser wakefield,
Section 3 examines the inclusion of this novel form of free-
electron acceleration in FEL laser systems. Recent develop-
ments in the area of compact free-electron accelerators and
progress towards FELs are outlined. Also, betatron radiation
produced by ultrafast electrons traveling through plasma under
the effect of a laser is a form of shortwave radiation based
on plasma acceleration. Section 4 focuses on the exploration
of micro undulators as suitable platforms for electron modu-
lation in periodic nanostructures, enabling rich modulation.
Specifically, in addition to the transverse static magnetic field,
other periodic electromagnetic and near-field modes can modu-
late free electrons, even at optical frequencies. To generate co-
herent radiation, electrons must resonate with the radiation field.
Compton scattering, which has been intensively studied, can be
considered an optical undulator in which the moving electro-
magnetic field in free space changes the path of free electrons,
resulting in the emission of shortwave radiation. To increase the
Compton scattering photon yield and enhance the free-electron
energy extraction efficiency, a series of small storage ring de-
vices linked with inverse Compton scattering (ICS) light sources
are used, which is summarized in this section. Finally, Section 5
discusses some of the emerging materials for the interaction be-
tween the light field and free electrons in recent research. These
are anticipated to enable on-chip free-electron coherent radia-
tion using new materials and structures.

2 Fundamentals of Free-Electron Radiation
Since the invention of the laser by Maiman[35] in 1960, there has
been great effort to develop coherent electromagnetic radiation
sources of short wavelengths, particularly those of X-ray wave-
lengths. In the 1870s, cathodoluminescence (CL) radiation led
to the discovery of free-electron radioluminescence. In the suc-
ceeding decades, several studies on free electrons interacting
with matter or light fields to generate radiation were conducted.
These include well-known physical phenomena such as syn-
chrotron radiation, CR, transition radiation, Smith–Purcell radi-
ation, ICS, and FEL undulator radiation, as well as more recent

compact radiation developments in the field of nanophotonics,
including SPPs[36,37] and the excitation of polariton–photon pairs.
Compared to bound electrons, free electrons have the following
properties: (1) they can carry large kinetic energies that can lead
to much higher frequencies than those due to bound electron
systems, thus enabling extremely high-energy photon emission,
such as gamma photons from ICS; (2) the absence of a damage
threshold exempts free electrons from interruption during their
interaction with strong optical fields; (3) the energy spectrum of
free electrons is continuous, which allows tunability of radiation
frequency, such as in the case of Smith–Purcell radiation, by
changing the velocity of the free electrons; (4) the quantum
wave nature of free electrons offers additional opportunities
to control light–matter interactions by shaping the electron wave
function in free space; and (5) in tightly coupled states, free elec-
trons can be obtained by stimulated absorption or stimulated
radiation, resulting in coherent energy exchange with the radi-
ation field[38–40].

So far, we have considered only the advantages of free elec-
trons as radiation emitters. The energy exchange between elec-
trons and electromagnetic field, in particular, the net transfer of
electron energy to the electromagnetic field, is the major focus
of this review. From momentum–energy conservation, the en-
ergy exchange between free electrons and electromagnetic
waves is a generalized and fundamental concept. For a free elec-
tron with energy Ee and momentum p, it must satisfy the
Einstein relationship

E2 − p2c2 � m2
ec4: (1)

From wave–particle duality, the electron energy–momentum
relation can be written as in the form of De Broglie wave
ω � Ee∕ℏ � cγkc, k � p∕ℏ � βγkc:

ω2 − k2c2 � 0; (2)

where β is the normalized electron speed by light speed c. For a
photon with energy E � ℏω and momentum P � ℏk in vac-
uum, it has the dispersion relation

ω2 − k2c2 � 0; (3)

where ℏ � h∕2π, k is the wave vector of the corresponding pho-
ton, and h is Planck’s constant. By putting together the
dispersion relation of the wave and the electron on the same
diagram [Fig. 1(a)], it is clear that the interaction is forbidden
between electrons and photons in vacuum without an external
field, as the slope �Ef − Ei�∕�pf − pi� < c ≤ ω∕k, and the
conservation of energy and momentum cannot be simultane-
ously satisfied. Here, (Eie ; pie ) and (Efe ; pfe ) represent the
initial and final states of the electron; ω and k represent the fre-
quency and wavevector of the light field, respectively. As a re-
sult, to obey energy–momentum conservation, the slope of the
electron needs to be increased; otherwise, tilt the dispersion of
the photon towards the momentum axis, i.e., decrease the phase
velocity of light.

Specifically, the first method is to modify the state of elec-
trons. A periodic static magnetic field can provide quanta of mo-
mentum mℏ2π/λu (or mℏku) necessary to satisfy the conservation
law. This way, the energy conservation law remains unchanged,
while the momentum is modified by periodic magnetic field
modulation[41],

Pf − Pi � Pph �mℏku; (4)
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where ku is wavevector of periodic magnetic fields, and
m � 0;�1;�2;…. It indicates that the field serves as a mo-
mentum reservoir which provides a transverse velocity for elec-
trons to modify the axial momentum, as shown in Fig. 1(b). This
configuration is employed in the undulator and further devel-
oped FEL facilities. Another scheme is also called a slow-
wave configuration. By introducing dielectrics, waveguide
structures, grating structures, etc., the phase velocity of the light
field is smaller than the speed of light: vp � c∕n�ω�, where
n�ω� � 1∕

����������
ε�ω�

p
is the refractive index. Hence, the light field

can exhibit different dispersion curves according to the specific
materials or geometrical structures, as shown in Fig. 1(c). The
dispersion relation of the electron remains unchanged in this
case. Apart from the static magnetic field and the slow-wave
structure, electromagnetic field can also provide necessary
phase matching for electron–photon interactions. Indeed, in an
inverse Compton scattering process, a photon interacts head-on
with an electron and scatters a high-energy photon. This is
equivalent to modulating the electrons with both energy and
momentum:

Ei � ℏω1 � Ef � ℏω2; (5)

Pi − ℏω1∕c � Pf � ℏω2∕c: (6)

Here, the energy and momentum of the electron are simultane-
ously modified to satisfy the dispersion curve of the photon in
free space, as shown in Fig. 1(d).

Once the phase matching condition is satisfied (i.e., the
energy-momentum relationship mentioned above) and the elec-
trons are in the appropriate phase, then the free electrons
undergo deceleration or transverse velocity modulation, result-
ing in photon radiation emission[42].

2.1 Description of Free-Electron Fundamental Radiation

The absorption and emission of photons by free electrons are the
most important aspects of interactions between light and free
electrons. When the electron velocity is synchronized with the
phase velocity of the light field (i.e., phase-matching ve � ω∕k,
where ve is the electron velocity, ω is the photon frequency, and
k is its wave vector), efficient energy exchange occurs with the
net energy gain or loss of an electron determined by the phase of
the light field in which the electron is placed. Theoretically,
whether the electron or light field gains net energy can be

Fig. 1 The blue solid line represents the electron dispersion curve, while the red dashed line rep-
resents the electromagnetic wave dispersion curve. (Ei ; pi ) and (Ef ; pf ) represent initial state and
final state, respectively. (a) Dispersion relation of a free electron and electromagnetic wave in
vacuum; the electromagnetic wave dispersion curve is an asymptote of the electron. (b) Interaction
between free electrons and electromagnetic waves in a periodic static magnet environment.
(c) Interaction between free electrons and electromagnetic waves in slow-wave structures.
Phase velocity of electromagnetic wave is smaller than c. The purple and yellow dashed lines
represent the electromagnetic field dispersion curves on a homogeneous medium and hyperbolic
dispersive medium, respectively. (d) Compton scattering of a free electron with an electromagnetic
field, in which the electron absorbs a photon and emits a high-energy photon.
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classified into three scenarios. First, a portion of the free elec-
trons loses energy, whereas the remainder acquires energy, re-
sulting in no change in the interacting light field. Second, the
energy gain exceeds the energy loss of free electrons, resulting
in a decrease in the light field. Third, free electrons lose energy
and emit photons.

Because the coherent radiation of free electrons has a wide
range of applications, this section introduces the fundamentals
of relativistic electron radiation and provides analytical results
for the key general factors that govern radiation quality.

The features of FEL radiation are determined by the relativ-
istic free-electron state of motion, and the quality of the relativ-
istic free electrons also controls the process of stimulated
radiation. Therefore, this radiation is closely related to the
charges and trajectories of relativistic free electrons. Next, we
introduce an electron with charge e and mass me at position re,
which can give rise to the electron density and current density:

ρ�r; t� � −eδ�r − re�t��; (7)

J�r; t� � −eveδ�r − re�t��; (8)

which obey the continuity equation _ρ� ∇ · J � 0, where
ve � dre∕dt, and re�t� can be decomposed into its longitudinal
and transverse parts r∥ and r⊥. The current density in the fre-
quency domain is expressed as

ρ�r;ω� � −eδ�r⊥� exp�iωr∥∕v�; (9)

J�r;ω� � −ebr∥δ�r⊥� exp�iωr∥∕v�: (10)

In an inertial reference frame, the electromagnetic field gen-
erated by the motion of the charge e, position r�t�, and velocity
ve � cβ can be described using the basic Lienard–Wiechert sca-
lar and vector potentials. The electromagnetic field correspond-
ing to the moving charge can be expressed as[43]

E�r; t� � e
4πε0

��1 − β2��n − β�
k3�r − re�t��

� n × �n − β� × _β

ck3�r − re�t��

�
; (11)

B�r; t� � n
c
× E�r; t�: (12)

The electromagnetic field of a moving point charge can be
decomposed into two parts: the velocity field (or self-field) and
acceleration field (or radiation field). Whereas the velocity field
is related to the velocity β of the point charge, the acceleration
field is related to its acceleration _β. The velocity field varies as
1∕�r − re�t��2 and cannot radiate to the far field, whereas the
radiation field varies as 1∕�r − re�t�� and can radiate energy
to the far field. Equations (11) and (12) can be used to derive
radiation produced by the moving free electrons, which is given
by the Larmor formula of classical electrodynamics:

P � 2

3

e2

mec3

�
dp
dt

·
dp
dt

�
; (13)

where me and p are the electronic mass and momentum, respec-
tively. From the Lorentz invariance, Eq. (13) can be rewritten as

P � − 2

3

e2

mec3

�
dpμ
dτ

·
dpμ

dτ

�
; (14)

where dτ � dt∕γ, and pμ is the electron four-momentum vector.
Then,

− dpμ
dτ

·
dpμ

dτ
�
�
dp
dτ

�
2 − 1

c2

�
dE
dτ

�
2

�
�
dp
dτ

�
2 − β2

�
dp
dτ

�
2

:

(15)

We use the electron velocity and acceleration to expand E �
γmec2 and p � γmeve;mec2 is the electron rest energy. We then
obtain the Lienard equation

P � 2

3

e2

c
γ6��_β�2 − �β × _β�2�; (16)

where γ is the normalized electron energy. The radiation energy
U is given by[44]

d2U
dωdΩ

� e2

4π2c
×

����Z �∞

−∞
dteiω�t−n·r�t�∕c� n × ��n − β� × _β�

�1 − β · n�2
����2:

(17)

Equation (17) represents the energy radiated by a free elec-
tron in a solid angle with the observation direction of n centered
on dΩ in a frequency bandwidth dω, r�t� is the position of the
electron at time t, β is the normalized velocity of the electron,
_β � dβ∕dt is the normalized acceleration of the electron, c is the
speed of light, and e is the electron charge. In Eq. (17),
eiω�t−n·r�t�∕c� is the phase distribution of the angular frequency,
which is approximated as eiωt�1−n·β�. Considering that the inte-
grand is non-zero, the frequency of the free-electron oscillation
ωe is close to ω�1 − β�when the frequency of the radiation light
field is ω ≃ 2γ2ωe. This indicates that there is a Doppler shift in
the frequency, which is related to free-electron energy γ, so that
it is possible for free electrons to produce shortwave radiation.
In the denominator of the integral in Eq. (13), let θ be the angle
between n and v. Then for small angles, this can be expressed as
1 − β · n � 1 − β cos θ � �1� γ2θ2�∕2γ2. It can be shown that
when β · n → 1, �1 − β · n�2 → 0, and β∥n when the radiated
power is highest. In this case, the radiation will be along the
direction of the velocity, which means that in the rest coordinate
system, the electron emits isotropic radiation and the angle of
divergence in the laboratory coordinate system is Δθ � 1∕γ.
The term �n − β� × _β in the integrand of Eq. (17) denotes
the two forces acting on the electron including the trans-
verse force _β∥ ∝ F∥∕γ3 and longitudinal force _β⊥ ∝ F⊥∕γ,
resulting in the two perpendicular accelerations. It indicates
that when the free-electron energy is greater than the electron
rest energy, i.e., γ ≫ 1, _β⊥ ∝ F⊥∕γ is more significant in the
radiated energy, which is proportional to the square of the ac-
celeration P ∝ γ2F2

⊥, where P is the radiation power, and F⊥ is
the transverse force on the electrons[45]. In contrast, when the
electron energy is lower than the rest energy, i.e., γ ≈ 1, at which
point the contribution to the radiated power of the free electron
is equal regardless of the axial radial acceleration. As a result,
deflection modulation of the transverse field or deceleration
modulation of the longitudinal field becomes vital to keV–MeV
electrons’ coherent radiation in modulating the free-electron ra-
diation, especially for the compact coherent electron radiation
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sources described in Sections 3 and 4. Whichever of these forces
is exerted on the electrons, the radiation efficiency will increase.
In addition, based on Eq. (17), when _β � 0, the electron does
not emit any radiation. This implies that the acceleration ob-
tained by the free electron in its trajectory is the decisive factor
leading to the emission of electromagnetic waves by the charged
particles. Therefore, to obtain high radiation energy, the trans-
verse force generated by the action on the electron is more
effective than the longitudinal force.

2.2 Different Types of Free-Electron Radiation

Free-electron radiation research dates back to the 18th century.
We can divide the conditions under which free-electron radia-
tion occurs into two categories: (1) radiation generated by the
direct interaction of free electrons with matter, which is more
representative of cathodic fluorescence, CR, and transition ra-
diation, and (2) far-field radiation generated when the acceler-
ation of free electrons is altered by the modulation of an external
electromagnetic field. Representative examples of the latter type
of radiation include synchrotron radiation, Smith–Purcell radi-
ation, undulator radiation, and Compton scattering.

CL, also known as electron scintillation, occurs when an
electron beam bombards a substance. Typically, it is found in
materials with radiative energy levels, such as semiconductors
and defect-doped media. The free electrons that strike the
material can transfer a portion of their energy into the energy
band, make secondary electron leaps, or activate bandgap struc-
tures and stimulate the creation of radiation. For instance, the
electron impact on a semiconductor following electron loss en-
ergy transfer to the electron–hole pair causes its excitation or
loss of energy to the excited impurity state. Because secondary
electrons are generated in this process, it is typically defined as
incoherent radiation, which is the light emission from this non-
equilibrium steady-state distribution.

CR as shown in Fig. 2(a) is the spontaneous radiation pro-
duced by the motion of free electrons in a homogenous dielec-
tric medium, whose velocity exceeds the phase velocity of light
in the medium. In 1934, the Soviet physicist P. A. Cherenkov
experimentally discovered this phenomenon[46]. In 1958, P. A.
Cherenkov, I. M. Frank, and I. Y. Tamm were awarded the
Nobel Prize for discovering and physically understanding the

effects of CR. When the condition ve > vph � c∕n is satisfied,
the transverse direction of electron motion has a real wave vec-

tor component kCR � ke
��������������������
1 − �c∕nve �

2
q

, where ke is the electron

wave vector, n � ���
ε

p
is the refractive index of the homogeneous

medium, and ε is the dielectric constant of the medium. The
dispersion relation is given by ωk � cjkj∕n. From the conser-
vation of momentum and energy, the CR angle can be estimated
as cos θ � c∕nve � 1∕βn. The number of photons emitted as a
function of the wavelength λ is given by

∂2N
∂x∂λ

� 2πα

λ2
�1 − 1∕β2n2�: (18)

The spectral density of the CR per unit propagation length is
described by the classic Frank–Tamm formula[18,47]

dE
dωdz

� z2e2

c2
ω

�
1 − 1

β2ϵ�ω�

�
H�z��βn − 1�; (19)

where H�z� is the Heaviside step function [when z > 0, then
H�z� � 1; otherwise, H�z� � 0]. In addition, the Heaviside
function defines the Cherenkov threshold as βn > 1. CR is uti-
lized in numerous domains including the detection of high-
energy particles[4,48–50], nonlinear optics[51–53], dose diagnosis, and
medicine[54]. In addition, CR has been widely employed in other
domains, including cosmic rays, the detection of energetic par-
ticles in the universe, nuclear physics, geophysics, and cosmology.

Transition radiation, shown in Fig. 2(b), is the radiation
generated at the boundary between two media with different di-
electric constants by a moving charged particle, where there is
an abrupt change in the electromagnetic field (e.g., when a high-
energy electron enters a material from a vacuum). As far-field
radiation, transition radiation can be intuitively understood as
the difference between the electromagnetic field wave vectors
produced by electrons in two discontinuous media. Depending
on the energy of the incident electrons and the dielectric
response function at the dielectric boundary, the spectrum of
transverse radiation is often broad and extends from IR to UV,
and even X-rays. The free electrons in vacuum that strike a per-
fect conductor with positive incidence are viewed as two
electrons with a relative velocity that collide at the boundary,

Fig. 2 (a) Cherenkov radiation, (b) transition radiation, (c) synchrotron radiation, (d) Smith–Purcell
effect, (e) undulator radiation, and (f) inverse Compton scattering.
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causing the free electrons to decelerate simultaneously.
Ginzburg’s original formula for calculating the spectral distri-
bution of the crossing radiation can be written as[55]

dU
dωdΩ

� μ0e2β2c
4π3

sin2θ

�1 − β cos θ�2 : (20)

Recent experimental studies have studied the generation of a
strong THz SPP on a wire waveguide by means of a coherent
transition radiation process using a 3 MeV electron impinging
on a metal tip[56] as well as the dispersion relation of the THz
SPP[57,58].

The coherent synchrotron radiation shown in Fig. 2(c) is a
collective effect of free-electron radiation, which mostly arises
when the trajectory of an electron beam is curved in a dipole
magnet. Because the particle paths in most accelerators are de-
flected by a magnetic field, synchrotron radiation is also known
as magnetic bremsstrahlung radiation. Depending on the inten-
sity of the magnetic field and electron energy emitted, the light
spectrum can range from the microwave to X-ray region.
Assuming that the path of the free electrons in the bending mag-
net is circular, we can derive the radiation per unit steric angle
and radiation power per unit frequency using the following
equation[59]:

d2U
dΩdω

� e2

16π3ϵ0c
γ2
�
ω

ωc

�
2

�1� γ2θ2�2

×
�
K2

3∕2�ξ� �
γ2θ2

1� γ2θ2
K2

1∕3�ξ�
�
: (21)

In 1988, Professor Paul Hartman of Cornell University
(Cornell University had conducted experimental research in the
area of synchrotron radiation) delivered the first talk at a sym-
posium on the early development of synchrotron radiation[60]. In
1947, during the commissioning phase of a 70 MeV electron
synchrotron constructed at the General Electric Company
Laboratory (GE lab) in Schenectady, New York, United States,
the first historical observation of synchrotron radiation was
made. There are two primary types of synchrotron radiation fa-
cilities: storage ring-based sources and linear-accelerator-based
sources. More than 50 synchrotron radiation sources are now
operational in 23 countries around the world. In the 1990s, the
European synchrotron radiation device (ESRF), U.S. Advanced
Photon Source (APS), Japan’s Super Photon Ring-8 (SPring-8),
and other third-generation synchrotron radiation sources with
electron emission degrees of approximately 3 nm rad remained
the backbone of synchrotron radiation facilities, demonstrating
the durability of such large light-source devices. Modern
technology has advanced to third-generation synchrotron
radiation light-source devices, such as the U.S.-based Stanford
Synchrotron Radiation Light Source (SSRL), Germany’s
DESY-PETRA III, ESRF, Italy’s synchrotron radiation facility
(Elettra), China’s Shanghai Synchrotron Radiation Facility
(SSRF), and Japan’s SPring-8. The 3.5 GeV SSRF, constructed
in 2009, is a medium-energy third-generation synchrotron radi-
ation facility with 16 beamlines in operation, with 16 new beam-
lines and experimental auxiliary systems added in 2016. It is the
driving force behind China’s advanced light sources and is
widely used in X-ray diffraction, scattering, spectral diagnosis,
and X-ray imaging.

The Smith–Purcell radiation (SPR) shown in Fig. 2(d)[61] is
far-field radiation released by charged particles traveling close
to the grating structure’s surface. This radiation phenomenon
was first discovered by two American physicists, Smith and
Purcell, in 1953[3]. The wavelength of SPR is determined by
the velocity of free electrons and the geometry of the periodic
structure. As a light source that can be tuned, SPR can generate
microwave to X-ray frequencies. The SPR effect has been in-
vestigated extensively[62,63] and utilized extensively in investiga-
tions of particle identification[64,65], particle acceleration[66], and
free-electron stimulated radiation[67], among other applications.
Similar to CR, SPR is the spontaneous emission of CR as Bloch
photons in a periodic medium. When the phase-matching con-
dition ve · �k� G� � ω�k� is satisfied, electron radiation can be
coupled to Bloch photons, where ve is the free electron velocity,
k is the Bloch wave vector in the first Brillouin zone, and G is
the inverse lattice vector. SPR is produced when the harmonics
of the wave vector k� G are diffracted into the far field. The
frequency of the emitted photons is dependent on the free elec-
tron velocity and the periodic structure of the photonic crystal
(spatial period of the grating), which is expressed as
ω � �ve · G�∕�1 − β cos θ�. Today, the progress in nanotech-
nology has significantly contributed to the advancement of
SPR research, whose ultimate goal is to achieve integrated
on-chip light sources by minimizing free-electron energy and
photonic structural space[68–70]. Thus far, SPR has developed
from near-UV[71] to X-rays[72]. With advancements in micro-
and nanotechnologies, such as photolithography, electron beam
exposure, and ion beam etching, grating structures with reduced
spatial dimensions can be manufactured[73–76], thereby permitting
SPR radiation on some nonperiodic structures[77]. Electron beam
emissions generated by field emitters/integrated all-silicon
structure circuits have been reported in several studies[78,79]. It
is anticipated that SPR produced in photonic crystals of the
same periodic material will result in an increase in radiated
power[80]. It was also discovered that the analogous spatial
period of photonic crystals is on the sub-nanometer scale, and
that these qualities permit the emission of UVor X-rays by elec-
trons with low energies[81–84].

2.3 Self-Amplified Spontaneous Emission

An FEL is one such source, and because of the Doppler fre-
quency upconversion of relativistic electron radiation, this
mechanism is ideally suited for producing short-wavelength
X-rays. In FEL operation, the wavelength of the radiation is pro-
portional to the square of the electron’s energy γ. The upcon-
version of the Doppler frequency renders this mechanism
ideal for producing X-rays of short wavelengths, since no other
light pulses are of such short durations and high energies.
Madey et al.[85] introduced the initial FEL concept in 1971 and
proposed two experimental configurations for the development
of FELs: an FEL oscillator and an FEL amplifier[22]. An FEL is a
combination of physics and technology of particle accelerators
and lasers, and usually consists basically of an electron accel-
erator and an undulator magnet. The coupling of electromag-
netic radiation and free electrons is necessary to activate
free-electron amplification in an FEL amplifier. Otherwise, in
the absence of such radiation, free-electron radiation amplifica-
tion can be triggered by self-generated incoherent spontaneous
radiation or background noise in a so-called self-amplified
spontaneous emission (SASE) FEL. SASE FEL is one of the
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simplest and intuitive configurations for realizing FEL. Apart
from the SASE FEL, the recently developed high-gain FELs
can produce higher energy output at higher frequencies using
premodulated microbunching free electrons, triggered by an ex-
ternal seed laser pulse. This mode of operation is known as
seeded FEL and permits the generation of harmonics at the
oscillation frequency of electrons. Consequently, the emitted ra-
diation is completely coherent because its properties are deter-
mined by the seed laser pulse—exactly why it has recently
become more and more favored. Thus, SASE FEL is the most
compact and direct method for achieving FEL in the seed-trig-
gered free-electron stimulated radiation process.

Given that free electron lasers rely on relativistic free elec-
trons, FEL facilities are typically constructed near the storage
rings of synchrotron light sources or radiofrequency (RF) linear
accelerators. The radiation modulator is the central component
of FEL, where the most common devices can be classified into
“undulators” and “wigglers” as shown in Fig. 2(e). Because an
undulator consists of a periodic array of a large number of
extremely powerful dipole magnets as compared to a secondary
bent iron in coherent synchrotron radiation, it results in greater
X-ray energy and electron radiation flux. In addition, the struc-
ture of the undulator resembles that of a wiggler, however, with
smaller magnetic field amplitude and weaker transverse modu-
lation of free electrons. Consequently, in comparison with wig-
glers, undulators provide improved collimation and coherence
of light, which results in a frequency upconversion squared
by Lorentz factor γ and radiation in the X-ray range with an
intrinsically narrowband and harmonic output. Essentially, de-
spite the distinct working modes of the two magnetic field
forms, they may be reconciled by the same resonance equation;
hence, we will now discuss undulator radiation.

For the SASE FEL process, since the initial electron beam
pulse length is much longer than the radiation wavelength,
the distribution of electrons can be considered homogeneous
and spans multiple optical cycles. As a result, electrons in
the radiation field experience both acceleration and deceleration,
giving rise to the random absorption/emission of the photons of
the radiation field. Spontaneous radiation arises from the
stochastic noise fluctuation of this process. After several inter-
action cycles, electrons in different phases undergo different en-
ergy modulations. The energy modulation is then transformed
into density modulation, which ultimately leads to the bunching
of electrons. As such, the stochastic spontaneous radiation ends
up with stimulated radiation due to the bunching process, which
transforms the electron pulse to be smaller than the radiation
wavelength. Thus, the SASE process is originated from stochas-
tic spontaneous radiation and is therefore inherently partially
coherent. For this reason, the radiant energy of SASE FEL is
regarded somewhere between spontaneous radiation and stimu-
lated superradiation.

To further optimize the FEL radiation coherence and radiant
energy, some groups have proposed the seeded FEL by pre-
bunching free electrons (i.e., microbunching) before injecting
them to the undulator, where the external input coherent laser
as a seed in direct interaction with the pre-bunching electrons
leads to high-gain mode. Currently, three approaches have been
proposed: high-gain harmonic generation (HGHG)[86–88], echo-
enabled harmonic generation (EEHG)[89,90], and phase-merging
enhanced harmonic generation (PEHG)[91,92]. The modulator
segment pre-bunches the free electrons into an ultrashort beam,
resulting in direct high gain and high-harmonic radiation mode

in the second-stage undulator. This seeded FEL setup accom-
plishes radiative harmonic production while retaining the excel-
lent coherence of the seed light. As a result, this flexible
approach, which can independently adjust the microbunching
modulation of free electrons, has now become the standard FEL
scheme.

The basic FEL mechanism is described below to qualitatively
investigate the radiation wavelength and resonance relationship
of the FEL. We can consider a moving free-electron pulse as a
current source. The stimulated radiation of the current source
was investigated when modulated by a periodic transverse force
in an undulator. The current source trajectory can be modeled as
a simple transverse sinusoidal oscillation with a constant period
λu and constant velocity ve:

x�z� � x0 sin�kuz� �
ψ

ku
sin�kuz� �

K
γku

sin�kuz�; (22)

where ku � 2π∕λu is the wave vector, x0 is the amplitude, and ψ
is the maximum angle between the electron velocity and the
longitudinal unit vector ez as shown in Fig. 3(b). The undulator
parameter K � γψ is a fundamental dimensionless parameter,
which can be written in experiment as K � eB0λu

2πmec
for the static

magnetic field B0 and period λu. Also, it represents the normal-
ized undulator vector potential amplitude and plays an impor-
tant role in FEL theory. Therefore, by applying the gradient
operation to Eq. (22), the longitudinal velocity component is
obtained as

βz ≃ β

�
1 − K2

2γ2
cos2�kuz�

�
; (23)

β̄z ≃ β

�
1 − K2

4γ2

�
� 1 − 1

2γ2

�
1� K2

2

�
: (24)

The radiation of electrons subjected to continuous Lorentz
forces is also periodic. When the radiation emitted by a free
electron in a given cycle resonates with that emitted in the pre-
vious cycle, it is referred to as coherent radiation. As seen in
Fig. 3(b), the initial position of the electron is z � 0 (at
t � 0), the undulator spatial period is λu, and the period of
the electron trajectory is T � λu∕β̄zc, where the electron is in
a periodic phase (φ � 0 and φ � 2π) with the same amplitude
(A1 � A2). Coherent enhancement of the radiation produced by
electrons at φ � 0 and φ � 2π requires the corresponding
optical path to be separated by an integer multiple of the wave-
length: mλ. Thus, we can obtain the undulator radiation reso-
nance relation

mλ � λu
βz

− λu cos θ ≃
λu
2γ2

�
1� K2

2
� γ2θ2

�
: (25)

Equation (25) represents the classical radiation spectrum of
an undulator, which must indicate the fundamental frequency
ω � 2πc∕λ. In addition, a general formation, including its har-
monics, can be composed by considering axial radiation[20]:

λ ≈
λu

2mγ2

�
1� K2

2

�
; (26)

where m � 1; 2; 3;… is the harmonic number of the radia-
tion. A more detailed theoretical analysis[93] shows that only
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odd-harmonic wavelengths of radiation, that is, h � 1; 3; 5;…,
are strongly emitted along the axis.

Coherent interaction takes place between the radiation field
and amplification of stimulated radiation due to the free elec-
trons under suitable phase-matching conditions, with an exter-
nal radiation field serving as the seed and free electrons as the
gain medium. The spectrum, polarization, and phase of the pho-
ton modes produced by the free electrons are compatible with
the modulated light field.

Furthermore, new concepts for plasma acceleration and op-
tical undulators have emerged, facilitated by the development of
free-electron physics and ultra-intense lasers. This research area
is particularly attractive since it can provide compact light
sources with controllable polarization, tunable radiation spec-
trum, and high photon brightness in an ultrafast manner.
Simultaneously, an innovative compact radiation light source
was investigated using free-electron radiation based on nano-
photonics. In this approach, the geometric structure of the ma-
terials is used to control and boost the photon emission mode by
utilizing the unique electromagnetic response qualities of 3D
and 2D materials. Alternatively, a laser-like mode can be formed
by modulating and producing coherent stimulated radiation us-
ing new photon modes (for example, SPP, surface phonon–po-
lariton, exciton, or other quasi-particle free electron radiation
modes). In an FEL, the free electrons and their radiation propa-
gate along the longitudinal axis of an undulator in the same di-
rection. The interaction in FEL is essentially a positive-feedback
mechanism. The free electrons in the undulator are subjected to
a transverse force to produce radiation, where this radiation
modifies the position (phase) of the free electrons so that they
continue to emit radiation, eventually resulting in coherent emis-
sion. This interaction mechanism is at the core of modern X-ray
FEL technologies and designs.

3 Compact Free-Electron-Driven Radiation
Sources

In recent years, scientists have pursued miniaturization of FELs,
especially for X-band FELs, which have wide applications in
various fields. Based on the laser wavelength radiation theory

described in Section 2, there are two physical quantities that de-
termine the characteristics of radiation: one is the relativistic
electron energy γ and the other is the undulator period λu.
According to Eq. (26), there are two main experimental means
towards miniaturization that are expected to be realized. With
the development of ultra-intense ultrashort lasers, the integration
of the accelerator and undulator with these lasers makes minia-
turization of the FEL possible, and it is from these two key
physical quantities that the LWFA is developed. A recent in-
crease in the quality of electrons obtained by LWFA is one
of the promising ways. The most anticipated application for
the maturation of laser plasma electrons is the replacement of
kilometer-long acceleration devices to obtain high-quality,
high-energy electron beams at shorter distances. LWFA high-
quality free electrons now show strong potential as electron
sources, on which several international groups have conducted
experimental verifications and demonstrations.

Scientists have been working on the downsizing of FEL in
recent years, particularly the commonly utilized X-ray FEL
systems. According to the laser wavelength radiation theory pre-
sented in Section 2, there are two main technological avenues
for miniaturization. Specifically, according to Eq. (26), the
wavelength of FEL light is primarily influenced by two physical
parameters: the period λu and the relativistic energy γ of the free
electron. On one hand, the application of the laser wakefield
with rapid advancements in ultra-intense and ultrashort lasers
allows for the miniaturization of the acceleration stage of elec-
trons from the kilometer to a few meters scale. LWFA is distin-
guished by an acceleration gradient of up to 100 GV/m in a
plasma bubble[94]. The first experimental demonstration of
LWFA-based FEL in the 27 nm extreme UV (EUV) band was
made possible by recent improvements in the quality of elec-
trons collected using LWFA[95]. These electron beams have ki-
netic energy of approximately 500 MeV, charge of tens of
pico-Coulombs, and an energy spread as low as 5‰. The asso-
ciated FEL parameter is estimated to be of the order of 0.1%,
presenting a substantial obstacle to the realization of a high-
gain FEL, although conventional X-ray FEL(XFEL) devices
require an electronic energy dissipation of 0.01%–0.1%[96–98].
Consequently, multiple research organizations worldwide are

Fig. 3 (a) Schematic diagram of undulator radiation in the SASE regime. Due to the random elec-
trons at the entrance of the undulator, incoherent radiation is emitted, and subsequently the elec-
tron beam undergoes density modulation to achieve microbunching on the radiation wavelength
scale. With increased coherence, the radiated power along the undulator eventually achieves ex-
ponential gain amplification. (b) Illustration of the free-electron trajectory in an undulator and the
instantaneously emitted radiation. ψ represents the maximum angle between the electron velocity
and the propagation axis, Δθ represents the opening angle of the radiation cone, while λ repre-
sents the spatial period of the radiation emitted in the direction of the observation angle θ.
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focusing on the experimental improvement of LWFA-based
compact FELs, particularly in terms of the LWFA’s stability
and their capacity to reach shorter radiation wavelengths.

On the other hand, the shortening of the undulator period of
free-electron transverse modulation provides a distinct means of
circumventing the large energy required by conventional undu-
lators. Commonly utilized undulators are designed with a peri-
odic magnetic field on the centimeter scale. With this technique,
hundreds of cycles are often required to attain stimulated radi-
ation production; therefore, the volume and cost of the entire
device are extremely high. The cost and size of FEL can be sig-
nificantly reduced by decreasing the spatial periodic size of the
undulator, enabling a completely new field for modulating
free electrons with a laser light field. According to Eq. (22), de-
creasing the undulator period λu reduces the electron energy re-
quired while maintaining the same radiation wavelength λ. This
permits a reduction in the size of both the accelerator and un-
dulator. During the past two decades, numerous experimental
advancements have been made towards this goal. For example,
micro undulators have been proposed to generate electron radi-
ation by confining a strong localized near field on the surface of
a material or by modulating free electrons using a strong laser
field directly in free space[24,26,99–102]. According to the scaling
law, if the oscillation period of the undulator is shortened by
a factor of λm � λu∕m, then the corresponding free electron en-
ergy requirement is also scaled down according to γm � γ∕

����
m

p
.

Hence, this idea is expected to further reduce the volume of free-
electron coherent light sources.

The development of electronic acceleration technology and
novel light-field-modulated electronic radiation has enabled the
miniaturization of FELs. By concentrating on the rare and more
valuable X-ray band by the stimulated radiation of free elec-
trons, this section will primarily introduce the most current re-
search results on the downsizing of FELs from these two
perspectives, and examine the necessary directions for future
development.

3.1 Compact FEL Driven by Laser Plasma Accelerator

Owing to the limited acceleration field supplied by the RF wave-
band, the production of relativistic particle energies requires
the use of massive and expensive devices. This has prompted
the rapid growth of the research field LWFA. In 1979,
LWFA was initially presented by Tajima and Dawson[94]. In
2004, three experimental groups from the Imperial College
(UK)[103], Lawrence Berkeley National Laboratory (USA)[104],
and Laboratoire d’Optique Appliquée (France)[105] obtained
quasi-mono-energy electron beams based on LWFA, which
pushed the laser plasma electron acceleration closer to reality.

Since then, a series of experiments have verified the funda-
mental ideas and innovative approaches for laser plasma accel-
eration and electron injection. These advancements are regarded
as providing the possibility of manufacturing high-brightness
electron beams that exhibit low emittance[106], short time (fs),
and high peak current intensity (kA)[107,108]. LWFA is theoreti-
cally capable of creating electron beams of competitive quality.
However, the reliability and reproducibility of these methods
pose significant challenges. This is primarily because each
acceleration drives the plasma to build a new acceleration
cavity, and even a slight laser or plasma fluctuation can induce
unanticipated jitter in the performance of the electron beam. Use
of highly statistical experimental methods[109] and integration

of artificial intelligence algorithms with active feedback adjust-
ment[110] are well suited to address the issue. In 2020, a team
from Universitat Hamburg and Deutsches Elektronen
Synchrotron (DESY)[111] achieved the first 24 h stable operation
of a laser–plasma accelerator using statistical data to link laser
and electronic parameters. In the same year, a research team
from Imperial College London experimentally coupled the
6D variable Bayesian optimization of LWFA with an optimizer
betatron radiation process to obtain outstanding results. These
achievements paved the way for engagement feedback loops
and active performance control in LWFA.

To date, in this area of research, the particular benefits of
electron acceleration in the laser wakefield have primarily man-
ifested in three characteristics.

(1) Miniaturization. The length of ultrashort laser devices
rarely exceeds 10 m owing to the use of laser devices as the
source of electron acceleration. This design can be adopted
in several conventional laboratories.

(2) Extremely steep acceleration gradients. The LWFA gra-
dient is three orders of magnitude (up to 100 GVm−1) greater
than that of the RF accelerator. This characteristic makes it a
desirable candidate for driving small free-electron X-ray lasers.

(3) Acceleration distances of the order of centimeters.
Owing to this super-high acceleration gradient, free electrons
with GeV-level energies in the experiment require an accelera-
tion distance of only a few millimeters to a few centimeters,
which is thousands of times shorter than the same target electron
acceleration distance achieved using a conventionally large and
expensive RF accelerator.

A limitation of the application of LWFA technology in prac-
tical FEL applications is the stability and quality of the electron
beams, which are still inferior to those of traditional RF accel-
erators. To efficiently produce radiation in an FEL, the electron
beam must have high 6D brightness, which is defined as the
ratio of the peak current of the electron beam core to the product
of the root mean square (RMS) transverse normalized emittance
and RMS fractional energy diffusion in units of 0.1%:

B6D � I

ϵnxϵny0.1%
ΔW
W

; (27)

where I is the longitudinal charge density, ϵnx; ϵny are the nor-
malized emittances in both directions, and ΔW∕W is energy di-
vergence.

To solve the previously mentioned difficulties in beam emit-
tance and energy dispersion, several research groups have de-
veloped various methods, including a small cryogenically
cooled undulator FEL experimental system based on high-
gradient quadrupoles (permanent-magnet quadrupoles) with no
strong focusing proposed by LAOLA, a collaborative team
at the University of Hamburg and DESY[112]. In addition, to
shorten the electron beam stream, the Bella Center at Lawrence
Berkeley National Laboratory combines ultrahigh gradients
in excess of 3000 Tm −1 active plasma lens[113] and a 4 m long
intensely focused visible-infrared SASE amplifier (VISA) un-
dulator. The high-energy electrons produced by the LWFA
are managed in various ways to maximize their injection into
the undulator during the excitation process, as described in
the preceding section. A four-stage iron beam collimation sys-
tem from a traditional acceleration field is the most effective
method for collimating and selecting the energy of the LWFA.
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Multiple international research groups have experimentally
validated the FEL driven by LWFA, where nonlinear exponen-
tial gain to generate a stimulated radiation amplification output
has been demonstrated. Wang et al.[95] from Shanghai Institute of
Optics and Fine Mechanics, for example, used a 200 TW ultra-
intense and ultrashort laser drive to obtain 490 MeV of energy,
less than 0.5% of energy dispersion, about 30 pC of beam
charge, and about 0.2 mrad of LWFA electron beam emitted
by RMS, where the downstream magnets consisting of two qua-
druples are employed for energy selection, as shown in Fig. 4(a).
Furthermore, the experimental validation of SASE FEL expo-
nential amplification in the 27 nm wavelength region has set
a precedent for the advancement of LWFA in practical FEL
light-source applications.

In 2021, Pompili et al.[114] from Laboratori Nazionali di
Frascati, Italy, experimentally verified a compact FEL driven
by a laser plasma wakefield accelerator (PWFA) free-electron
beam, as shown in Fig. 4(b). The experiment was conducted
at the SPARC LAB testing facility[115]. They used a cautious
technique, feeding the electrons generated by a photocathode
electron source into a centimeter-scale beam-driven PWFA
for acceleration. In addition, two triplets of movable permanent
magnet quadrupoles (PMQs) were used in this configuration to
focus the beam onto the plasma and retrieve it following its ac-
celeration into the undulator. Their measured high-energy elec-
tron beam current with a high-quality 6D phase space was
comparable to that of state-of-the-art RF electron accelerators.
The exponential gain of SASE in the 830 nm IR region was
experimentally validated.

The above two compact LWFA-driven FEL systems are
based on a SASE scheme, with radiation beginning with ran-
dom-phase electron shot noise. Because spontaneous undulator
radiation emissions are stochastic, the SASE FEL is chaotic and
lacks longitudinal coherence (temporal coherence). Therefore,
extensive attempts have been made to overcome these chal-
lenges by maximizing the effective bandwidth and improving

radiation coherence, particularly temporal coherence. To date,
several techniques have been developed to achieve this goal,
with experimental techniques drawing on cutting-edge FELs
such as HGHG[86,116], EEHG[90,117], and PEHG[91,92], which rely
on high-quality and fully coherent external laser pulses as
the available seed source. This seeded FEL approach accurately
exploits the ultrashort temporal properties of LWFA electrons to
perform optical-scale electron beam phase–space manipulation,
resulting in microbunching at the harmonic wavelength of the
seed laser. As a result, it can not only enter the exponential gain
process swiftly but also preserve temporal coherence. Using this
seeded FEL technique, it is theoretically possible to employ an
electronic source to drive the LWFA process simultaneously. In
2022, a research team led by Marie Labat[118] from Synchrotron
SOLEIL, France, confirmed that LWFA electron-driven seeded
FELs may attain temporal coherence, as shown in Fig. 4(c). The
LWFA stage is tuned for high-charge and low-divergence beams
at peak energy Ee � 188 MeV with an energy spread σE �
6.3%� 0.8% (RMS� s:d:). Their configuration is similar to
that of the HGHG FEL, where the beam is decompressed in
the chicane and simultaneously injected into the undulator with
a seed laser pulse. The radiation wavelength of the FEL was set
at 270 nm using external seeds. Observing the phase-locked in-
terference fringes between the seed pulse and the FEL pulse
provided longitudinal coherence.

The three preceding investigations validated the realization of
FEL in the EUV, IR, and UV bands utilizing the LWFA mecha-
nism as an electron source-driven undulator. Furthermore, the
current results indicate that enhancing the 6D brightness charac-
teristics of the electron beam is required for LWFA electron
sources driving shorter wavelengths, such as X-ray FEL. Because
the 6D brightness characteristics are interdependent, it is vital
to perform parallel processes and optimize the three key in-
dicators of emittance, peak current, and energy dissipation
during the initial LWFA step. A team led by Habib et al.[119] from
the University of Strathclyde in England proposed a small

Fig. 4 (a) Wang et al. experimentally verified LWFA free-electron injection into a conventional
static magnetic undulator to achieve SASE-FEL operation in the 27 nm EUV band to achieve
exponential gain[95]. (b) SASE-FEL operation in the 830 nm IR band using a compact laser plasma
accelerator[114]. (c) LWFA electron-source-driven SASE-FEL at 270 nm with excellent longitudinal
coherence for high-gain coherent radiation and amplification at SOLEIL laboratory, France.
(d) PWFA electron-source-driven X-ray FEL experimental design.
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attosecond-angstrom FEL concept based on the PWFA mecha-
nism, as shown in Fig. 4(d). Using this method, they achieved
unprecedented low emissivity and high brightness for sub-
femtosecond duration electron beams within the emissivity at sev-
eral nm rad levels. The overall device length in the planned testing
setup was approximately 25 m. In contrast to LWFA, PWFAs are
powered by powerful particle bunches such as relativistic electron
beams and can maintainGVm−1 plasma wakefield. PWFAs have
three distinct advantages over LWFAs in terms of the acceleration
of high-quality electron beams. First, with a longer diffraction
length, the plasma wakefield excited by free electrons can be
guided to several meters by plasma focusing. Second, there will
be no phase slippage, which is unavoidable in LWFA. Third, the
technology for producing high-energy density electron beams
with high average power is mature and efficient. However, the
main disadvantages of PWFAs are their high repetition rate,
long-term stability, and reproducibility[120]. Recently, a DESY
group investigated the maximum limit of PWFA repetition rates
at megahertz frequencies[121]. This finding suggests that PWFA
and LWFA could be developed as realistic high-repetition-rate
energy boosters for particle physics and photon science facilities,
for both the present and future.

This acceleration mechanism has a far higher acceleration
gradient than RF accelerators, making it the most promising
next-generation particle acceleration technology. This plasma
acceleration mechanism is based on the advantages of ultra-
intense and ultrashort laser pulses, which provide an accelera-
tion field thousands of times greater than that of conventional
acceleration cavities. Hence, the electron beam energy re-
quired for X-ray FEL can be obtained within a few tens of cen-
timeters of an accelerator, rather than a few kilometers. Laser
plasma accelerators (LPAs) have led to considerable advances
in the generation of FELs utilizing plasma-accelerated electron
sources. However, numerous factors, such as the acceleration
stage, beam transmission, and beam injection undulator, must
be considered. The inherent energy dissipation and emissivity
between the electrons in the LWFA mechanism constrain these
crucial factors. Multiple research teams are currently working
on developing conditions for steady and dependable electron-
beam acceleration. Although the current LWFA performance
does not match the performance of existing FEL systems that
generate similar-wavelength radiation[88], its performance is con-
sidered comparable. Many challenges remain in LWFA-driven
FEL implementation in X-ray bands. However, in the future, the
stability, repetition rate, and efficiency of electron beam transfer
to radiation may be enhanced. This development paves the way
for ultracompact accelerator-driven FELs, which can be used
to build free-electron light sources in small- to medium-sized
facilities[122]. Usability is a requirement for a new tool that facil-
itates discovery and is anticipated to increase the global usability
of FELs.

3.2 Micro Undulator Based on Surface Electromagnetic
Fields

In addition to the aforementioned innovative mechanism for
reducing electron accelerators and generating compact tabletop
FEL light sources, miniaturization of the undulator is another
attractive research area. In microscale structures, laser-driven
surface electromagnetic modes or unique spatial electromag-
netic modes on interfaces are efficient means of modulating free
electrons. With the advancement of nanophotonics in recent

years, emerging 2D materials and microfabricated structures
have shown great capabilities to modulate the light field at
the micro- and even nanoscale, which enables access to a desir-
able compact on-chip electronic coherent light source. Metal
SPPs, graphene surface strong binding plasmon laser fields,
and new atomic-level light fields of vdW[123,124] materials are
good examples. These plasmon-, photon- or polaron-based
“generalized undulators” can produce extremely high-photon-
energy radiation without the use of highly relativistic electrons
or high-intensity lasers. This innovative method of creating mi-
croscopic electromagnetic fields achieves a reduced spatial
period compared to a typical periodic static magnetic field
undulator, leading to the production of shortwave radiation
for modulating electrons with energies ranging from keV to
MeV. In other words, according to the radiation equation of the
undulator, the electron energy can be scaled in tandem with the
spatial period of the undulator. The relativistic free-electron en-
ergy γ is scaled down by a factor of 100 if undulator period λu is
reduced by a factor of 10,000. In addition, the optical near-
field enhancement effect permits the construction of a micro
undulator with an increased equivalent modulation intensity
and improved energy conversion efficiency. Importantly, this
idea of an optical near-field nano to micro undulator is not spe-
cific to a particular material or mating surface design; rather, it is
generated in a general sense by manipulating the dielectric re-
sponse function (εr�ω�; μr�ω�) or a new micro–nano geometry
design.

The ability of this near-field miniature optical undulator to
drive the optical field directly to produce tunable control
and optimized radiation properties by adjusting the optical
frequency, material dielectric response function, and matesur-
face geometry is a significant advantage over conventional
undulators.

In 2004, Andriyash et al.[99] proposed an experimental
scheme for an ultrashort laser-driven nanoarray micro undulator,
as shown in Fig. 5(a). In this experiment, an array of nanowires
is placed perpendicular to the direction of laser propagation.
When a laser pulse is incident on a nanowire, the nanowires
are ionized by the laser field which, simultaneously produces
a radial electric field. During this interaction, the relativistic
electrons experience an initial modulation of the electro-
static field, resulting in the emission of radiation resembling
undulator modulation. The electron transverse spatial period
can be decreased to the point where the entire contact length
is compressed to a very short length, because the matching un-
dulator in this arrangement can be as small as a few microm-
eters. As a result, the photon energy can range from 12 keV to
106 keV, lowering the electron emittance requirement. Because
the undulator inside the FEL facility is tens of meters long, the
input electron beam emittance must be smaller than the radiation
wavelength, ε < λr∕4π, and the beam energy dispersion must be
smaller than the FEL parameter, σE∕E < ρ, where ρ � 1

γ �
ωpau
4ωu

�23
is the Pierce parameter[125,126], which gives a measure of the
strength and scaling of the electron–radiation FEL coupling
and its saturated efficiency; ωp is the plasma frequency of
the electron beam, au � − e

mec2
Bu
ku

cos�kuz�; ωu and ku are
the frequency and wave vector of the undulator, respectively.
Furthermore, a shorter interaction distance reduces the need
for electron emittance, allowing an electron beam stream with
a divergence angle of milliradians to optimize its larger electron
flux prior to natural divergence.
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In 2016, Wong et al. proposed the use of graphene as a micro
undulator platform to generate EUV to X-ray radiation, as shown
in Fig. 5(c)[100]. Graphene plasmons are materials with well-studied
optical properties and are characterized by their enhanced local
density of states in the light field, strong-field confinement, and
local-field enhancement. These features make graphene of great
interest for optical applications. The periodic electromagnetic field
of the subwavelength spatial period supplied by the graphene sur-
face functions similarly to an ultrashort-period undulator. This
allows electron beams with far less energy to generate shortwave
radiation, such as X-rays[127]. In addition to the light generated by
tuning the electron beam energy and plasma wavelength, graphene
can be tuned by adjusting the Fermi energy level[128,129]. To boost
the luminosity of X-rays, in 2019, Pizzi et al.[101] proposed multi-
layer graphene metamaterials, as a micro undulator technique for
enhancing the electron–plasmonics interaction area, as shown in
Fig. 5(d). Consequently, the output radiation intensity was up to
580 times greater than that of single-layer graphene. Theoretical
simulations indicate that a high-energy photon output of 2.7–
12 keV can be achieved by utilizing 5MeVelectrons in a graphene
array micro undulator mechanism. Recently, it was confirmed that
a carrier-excited optical near field functions as an optical undulator
to control electron-generated radiation[130]. In addition to SPPs,
electromagnetic vacuum fluctuations at IR and visible frequencies
near and within the photonic crystal structures can be regarded as
micro undulators, as shown in Figs. 5(e) and 5(f).

In 2019, Rivera et al.[131] presented photon–polaron two-
quantum (spontaneous) emission processes. They theoretically
demonstrated that this type of radiative emission can be used to
control light emission at extremely high frequencies, such as
X-rays. A nontrivial optical response in the polariton mode co-
incides with a significant connection between the polarization of
light and the material. Therefore, the surface electrons were af-
fected by the electromagnetic field fluctuations induced by the

quantum fluctuations of the polarization current within the
material. Although the expected value of this fluctuation field
is zero, its variance is also zero, which may result in photon
emissions in a distant field. In this study, the authors also claim
that nanostructures or materials with resonances associated with
plasmons, phonons, excitons, or magnon–polaritons enable ro-
bust coupling between electrons and polaritons. Therefore, it
can be generalized to the concept of an optical micro undulator.
The statement is supported by the dominant formula for fre-
quency conversion of its radiation:

ω � ωq
βn�ωq� cos θq − 1

1 − β cos θ
: (28)

When free electrons carry high energy (β ≈ 1) and
receive radiated photons in the axial direction (θ � 0),
�1 − β cos θ�−1 ≈ 2γ2. Multiplying the numerator and denom-
inator by 1� β, at θ � 0, 1 − β2 � γ−2, we have

ω � ωq
βn�ωq� cos θq − 1

1 − β cos θ
≈ 2ωqγ

2�βn�ωq� cos θq − 1�; (29)

where ω is the frequency of the emitted photon, ωq is the fre-
quency of the emitted polariton, θ is the angle between the di-
rection of the emitted photon and that of the electron, and θq is
the angle between the polariton wave vector and that of the elec-
tron. Equation (29) suggests two methods for dramatically in-
creasing the photon frequency. The first is to increase the energy
of the electron, and the second is to use a structure that allows
polariton modes with high wave vectors and effective mode in-
dices simultaneously.

An exponential gain in the radiation power is desired to in-
crease the photon luminosity of the micro undulator. In addition,
the spontaneous radiation of free electrons must be transformed

Fig. 5 (a) Electric-field-driven micrometer-scale optical undulator fabricated from nanowire arrays
excited by ultrashort laser pulses[99]. (b) Femtosecond-laser-driven wire-guided helical undulator
for intense terahertz radiation generation[24]. (c) Subwavelength SPPs on a graphene layer serve
as the optical undulator, which can modulate the free electrons to emit X-rays even with low-
energy electrons[100]. (d) SPP undulator based on multilayer graphene, which could significantly
increase the brightness of photons emitted by the undulator[101]. (e) Photon–polariton pair emission
in a second-order two-quantum (spontaneous) emission process using a nanophotonic-structure-
based undulator[26]. (f) Mating surface paired with graphene in an SPP undulator for producing
harmonic emissions[102].
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into stimulated radiation to attain higher coherence. This re-
quires a strong connection between the free electrons and their
radiation field, as well as a constant flow of energy between the
radiation and stimulated processes. As a result, similar to a
seeded FEL, the stimulated radiation of free electrons can be
realized by injecting an external coherent radiation that matches
the fundamental frequency or harmonic frequency of the micro
undulator. In 2017, our group[132,133] developed a femtosecond-
laser-driven wire-guided helical undulator for intense THz
radiation, as shown in Fig. 5(b). In this mechanism, the free
electrons are constrained by the charge separation field on the
wire waveguide, and the motion of the electrons along the wire
is governed by the relativistic Lorentz equation and the energy
equations. The electron trajectories in the numerical simulation
are shown in Fig. 5(b). The time width of guided electrons along
the longitudinal forward direction is ps (picoseconds) scale. The
frequency of SPPs radiated by free electrons is determined by
their trajectory and energy as ω ∼ eE∕�meγv⊥�1 − β∥ cos θ��.
Therefore, the motion state determines that the free-electron
radiation frequency band of 100 keV is mainly located near
the 0.30 THz band. In the far field, an ultrahigh energy-
conversion efficiency of 1% was obtained for optical THz

energy conversion, resulting from vacuum heating of a phase-
locked electron source, which was produced in phase with the
THz SPP seed source[134,135].

It should be noted that all conventional lasers operate accord-
ing to the same fundamental principle: the stimulated radiation
emission of photons (electromagnetic radiation). By injecting
energy into a material known as a gain medium, the bound elec-
trons in the medium can attain higher energy levels. Obviously,
these higher-energy states can be “stimulated” by irradiating the
gain medium with spontaneous emission corresponding to the
same wavelength or triggered by other coherent radiation.

Photons can induce the emission of free electrons in the same
manner as electrons in the atoms of the gain medium in tradi-
tional lasers. When a free electron passes through an electro-
magnetic field near the crest of an electromagnetic wave, it
decelerates and releases energy that is transferred to the field
with the same wavelength, direction, and polarization as that
of the electromagnetic wave[136]. This modulation is the primary
cause of free-electron-stimulated radiation in laser-stimulated
photon emission.

These challenges were addressed by our group using a differ-
ent approach (Fig. 6). Instead of using a high-energy electron

Fig. 6 (a) SPP generation and amplification processes, in which the femtosecond-laser-produced
electron bunch coherently interacts with the weak seed field it spontaneously emitted in the first
stage, resulting in SPP amplification. The color-coded map behind the SPP waveguide represents
a close-up view of the SPPs. (b) Feynman diagram depicts the seed formation (stage I) and stimu-
lated amplification (stage II) processes: a first-order spontaneous emission followed by a higher-
order process in which the ultrashort bunch length can result in stimulated radiation emission
within the instantaneous SPP field[36]. (c) Snapshot showing the electron pulse envelope (black
solid line) inside the Ez component of the THz SPPs. The red (blue) area of the field indicates the
Ez is in the positive (negative) direction. (d) Simulated electron phase dependence on the THz
SPP field in a rest coordinate of the SPP field. It is noted that the space and phase variables in
(a) and (b) can be used equivalently via ϕ � 2π�z − vpτd �∕λ, where λ is the wavelength of THz
SPPs and vp is the phase velocity of the THz SPPs. The orange and blue sections of the curve
represent, respectively, the deceleration/acceleration phase of the THz SPPs (a.u., arbitrary
units).
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source, the ∼100 keV ultrashort electron pulse is driven by
irradiating a micro meta wire with an IR pulse of 30 fs duration.
This micro metal wire serves as a “waveguide” for guiding
both THz SPPs and electron pulses, which has been well
studied[58,133,137,138]. Ionization-generated electrons are acceler-
ated by a large laser field[132,139] whose charge kinetic energy fol-
lows the Iλ2 scaling of the pump laser[140] and results in a high
velocity (approximately 0.6c), where I and λ respectively de-
note the laser intensity and wavelength, and c is the vacuum
speed of light.

In the experiment as shown in Fig. 6(a), coherent SPP am-
plification is achieved by passing an ultrashort free-electron
pulse over a photonic structure that supports SPPs, such as metal
wire, flat conductor surface, or the recently emerging vdW ma-
terials, including graphene. In a more basic physical model, as
shown in the Feynman diagrams in Fig. 6(b), the SPP amplifi-
cation process incorporates two stages: (I) seed creation, and
(II) SPP amplification through electron–SPP energy exchanges.
In stage I, SPPs can be excited either directly via free-space cou-
pling with mode and momentum matched or by breaking the
symmetry of charge translation on the surface, such as electron
emission produced by femtosecond laser pulses. The initially
excited SPPs were weak in terms of field strength for strong
coupling effects. This structure–mode-matched polariton is
henceforth referred to as the seed for the subsequent emission
processes. When considering an electron pulse that is spatially-
temporally shorter than the SPP seed and co-propagates with the
seed field, stimulated superradiant radiation is produced as the
co-propagating electrons are decelerated by the SPP field. This
process underlies the coherent SPP amplification in stage II, in
which the emitted photons reinforce the SPPs on the optical
medium.

Essentially, the superradiant process is a high-gain FEL
process, where the electrons interact with the optical field as
a positive feedback process—the electrons emit radiation, which
affects their position (phase) to emit radiation with higher co-
herence. In stimulated superradiant radiation, because the elec-
trons are injected directly into the optimal phase of the radiation
field, more efficient generation of coherent radiation than SASE
FEL is allowed, and requires a much shorter undulator. Here,
due to the pulse width of the electrons shorter than the SPPs’
wavelength, as shown in Figs. 6(c) and 6(d), the interaction of
free electrons with SPPs is a superradiant process. Specifically,
the width of the electron pulse in the experiment is 100 fs scale,
while the SPP period is ∼4 ps at the center frequency of
0.3 THz. It is noteworthy that the interaction process of SPP-
modulated electron radiation occurs on the surface of the wave-
guide, which provides subwavelength confinement and field en-
hancement of the SPPs. Thus, the radiation emitted by free
electrons can be viewed as scattering of virtual photons that cou-
ple to the waveguide and coherent superposition to amplify the
SPPs energy. The strong SPP field would act on the free elec-
trons as a stimulated process that constantly modulates the elec-
trons to maintain energy exchanges. From the SPP energy
evolution curves shown in Fig. 7, an exponential amplification
of the SPP energy (green shaded area, from 0.32 ps to 1.73 ps)
was found after an initial quasi-superradiant stage (0–0.32 ps).
Eventually, the total SPP energy saturates gradually owing to the
decrease in emitted polaritons.

In recent advances in coherent X-ray radiation in combina-
tion with FEL devices, the use of long-distance interaction and
shorter pulse widths of electrons in this miniature undulator

scheme can be extended to coherent X-ray radiation. We ana-
lyzed the microscopic dynamics of the interaction between elec-
trons and THz SPPs, confirming the stimulated radiation with
THz SPP. As shown in Figs. 6(c) and 6(d), the initial electron
pulse is close to the zero-crossing of the longitudinal electric
field Ez of the THz SPPs, and most of the electrons are main-
tained in the deceleration phase as they move along the �z
direction. This phase stability is caused by two distinct mech-
anisms: (1) THz SPP seed generation coincides with the swift
electron emission process, and (2) a large quasi-static field is
established on the wire surface[141,142], which always draws back
the electrons, as shown in Fig. 6(c). Because the speed of the
electrons is lower than the phase velocity of the THz SPPs, it
gradually broadens and slips towards the tail of the half-cycle
wave before it walks off. Consequently, the electrons remain in
the deceleration phase during the interaction, leading to a net
energy transfer from the electrons to the surface waves.

Our recent research demonstrated the energy exchange be-
tween free electrons and light fields, in which we separately de-
duced the radiation scaling and electron energy losses using a
point-like electron source within the light field. Similar to the
Rabi oscillation in a two-level system[143,144], an electron can suc-
cessfully exchange energy with a light field if its phase is
carefully controlled.

3.3 Radiation from Laser Plasma Undulator

The plasma cavity produced in LWFA can not only act as a co-
propagated accelerator, but also serve as a wiggler or undulator.
The transverse component of the electric field built into the
plasma cavity exerts a modulation similar to that of the undu-
lator radiation inside the plasma and produces highly colli-
mated, high-photon energy, and ultrashort radiation. In general,
when an intense laser propagates in a low-density plasma, its
ponderomotive force drives the establishment of a large ampli-
tude plasma wakefield, emptying the electrons in the plasma and
generating an ion cavity known as the “plasma bubble” as
shown in Fig. 8(a). In addition to the accelerated longitudinal
field, this spherical plasma cavity has a very strong built-in

Fig. 7 SPP energy amplification by free-electron pumping at the
waveguide surface presents a high-gain free-electron laser gain
pattern, which undergoes superradiant radiation, exponential
gain, and gain saturation owing to dephasing between electron
and SPP wave packets.
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transverse electric field throughout the LWFA process, as dis-
cussed in Section 3.1. When relativistic electrons pass through
these fields, their transverse momentum is modulated at a par-
ticular frequency, causing free electrons to oscillate laterally
while accelerating. This corresponds to the undulator radiation
mentioned in Section 2.2 and can be directly compared with the
synchrotron radiation in the undulator, known as betatron radi-
ation. Rousse et al.[145] have experimentally demonstrated colli-
mated X-ray synchrotron radiation emission up to keV energy
by betatron radiation, which originates from acceleration and
transverse oscillation of free electrons in plasma, as shown in
Fig. 8(b). Because the oscillation period of plasma bubbles
as undulators in laser–plasma interactions is substantially
shorter than that of ordinary magnetostatic undulators, they
can emit strong X-rays. Rousse et al.[145] and Kiselev et al.[146]

hypothesized and demonstrated the feasibility of betatron
radiation. Subsequently, brilliant collimated X-rays (keV) were
measured experimentally[147–149]. Subsequently, Németh et al.[150]

theoretically calculated microbunching of free electrons in a
plasma undulator with a period approximately of a driving laser,
which leads to coherent radiative emission. In this regard,
obtaining higher emission power by increasing the interaction
distance[151] and improving beam stability[152] as well as combin-
ing artificial intelligence[153] has been explored, as shown in
Figs. 8(c) and 8(d).

The betatron mechanism represents a significant advance-
ment in the realm of plasma X-ray generators because it is
the first optically driven plasma undulator radiation and serves

as a reference for the possibility of undulator downsizing. The
maximum electric field and radius of the cavity are[154]

E � meωpc
�����
a0

p
∕e; (30)

rb � �2∕kp�
�����
a0

p
; (31)

where ωp � �ne × e2�∕�me × ε0�1∕2 denotes the plasma fre-
quency. Hence, the electron trajectory in betatron radiation is
analogous to that in undulator radiation, and parameters K,
λu remain therefore valid, with the corresponding local electron
period λu and local strength parameter K expressed as[45]

λu �
�����
2γ

p
λp; (32)

K � γβkp
��������
γ∕2

p
: (33)

Here, the electron motion is assumed to be confined in a

plane with a betatron amplitude of γβ �
����������������
x2β � y2β

q
.

4 All-Optical Undulator Free-Electron
Radiation

In addition to the FEL with a conventional undulator or micro
undulator using a waveguide platform, periodic magnetic or sur-
face light fields must rely on a specific medium or its surface to
modulate the states of the electrons. In this way, the transverse

Fig. 8 (a) Schematic diagram of the betatron radiation driven by laser plasmonic bubbles.
(b) Laser-driven plasma undulator that produces coherent synchrotron radiation. The laser plasma
functions as both an accelerator and a wiggler[145]. (c) Simulation of controlling free electrons real-
izing micro bunching (red) in plasma wakefield (green)[150]. (d) Controlling the temporal laser pulse
shapes in a bubble-enhanced betatron radiation system to achieve longer oscillation periods[151].
(e) Generation of X-rays with controllable polarization in the betatron regime. Using ionization-
induced injection, the radiation-emitting orbits of relativistic electrons are controllable and repro-
ducible with a lower divergence angle[152]. (f) Betatron radiation optimization through artificial
Bayesian algorithm[153].
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electromagnetic field can be associated with its electric and
magnetic field components in free space, such as Compton scat-
tering mechanisms[155]. Intriguingly, this leaves a question of
whether it is possible to employ a light field as an optical un-
dulator in free space. Such undulators bypass the need for static
magnets or media and have the advantages of shorter undulator
period, rapidly adjustable polarization direction, no damage
threshold limitation, large aperture, and high current strength.

ICS is a physical process in which free electrons in a laser
beam are periodically modulated to release radiation. The pro-
cess is comparable to that of a conventional undulator and can
therefore be considered as an all-optical undulator that charac-
terizes the high-energy photon radiation created by free elec-
trons subjected to optical field modulation in a very powerful
laser field. The ICS has physical characteristics essentially
identical to the spontaneous coherent synchrotron radiation or
undulator radiation found in large conventional synchrotron fa-
cilities. Because the laser wavelength is considerably shorter
than the static periodic magnetic field of an undulator, the en-
ergy required for electron creation of hard X-rays is many orders
of magnitude smaller than in big synchrotron facilities. Recent
research has uncovered a number of compact synchrotron X-ray
sources that utilize ICS and are room-sized. X-ray radiation is
characterized by the physical parameters of the X-ray band-
width, photon flux, source size, and divergence angle, which
can be merged into a single quality factor, brightness:

B � photons∕second
�mrad�2�mm2 source area��0.1%band width� : (34)

Instead of static magnetic undulators, these recent research
works use optical undulators that operate based on the principle
of ICS. In addition, in ICS, if the free-electron pulse width sat-
isfies the requirements of superradiant radiation, it can enter the
stimulated radiation regime and ultimately produce coherent ra-
diation, as described below.

4.1 Inverse Compton Scattering

First, we provide a brief explanation of the physical mechanism
of ICS, which is the opposite of Compton scattering, as its name
suggests. Here, the collision of electrons with photons results in
the scattering of photons at higher energies. Formally, it is
designated as e− � phL → e− � phH. The interaction can be
illustrated by schematic and Feynman diagrams, as shown in
Fig. 9(a).

Assuming that a free electron with energy γ interacts with a
photon with energy EL, the energy EH of the scattered photon
by the ICS process can be expressed as follows[156]:

EH � 2γ2ef�a0�
1� cos θL

1� �γeθγ� � a20 � 4γeEL
mec2

EL; (35)

where γ � 1∕
��������������
1 − β2

p
is the Lorentz factor for free electrons of

kinetic energy Ek � γemec2, me is electron mass, a0 � eEλL
2πmec2

is
the normalized vector potential of the laser pulse, f�a0� is a non-
linear factor determined by the laser intensity, f�a0� � 1 for the
linear ICS process, EL is the fundamental photon energy, θL is
the angle of incidence, θγ is the scattering angle, and

4γeEL

mec2
is the

electron recoil parameter. If the θL � 0, β ∼ 1 condition is met,
then, by ignoring the quantum recoil effect[157], a simple form
can be obtained as

λγ ≃
λL
4γ2e

1

f�a0�

�
1� a20

2

�
: (36)

The relationship between the photon energy of ICS and the
energy of the colliding free electrons is consistent with that of
the undulator radiation, which is proportional to γ−2e . The scat-
tered photon energy reaches its maximum when the backscat-
tered photon collides in the direction of the electron beam.

Therefore, it is straightforward to present mathematical and
theoretical explanations of the optical undulator nature of ICS.
In the ICS process, the oscillating electromagnetic wave of the
laser is equivalent to the alternating magnetic field in the undu-
lator, because both the electric and magnetic fields are
perpendicular to the electron’s direction of motion and orthogo-
nal to each other. A mathematical explanation can be described
as follows[158]. Assuming that the electron crosses an optical un-
dulator with periodicity T, the period of its motion will also be
T. Hence, Ti � λu

βc � λL−λu
c , where λL − λu represents the dis-

tance that the laser’s wave crest travels in the time interval
Ti (in the rest coordinate system of the electron), and the cor-
responding oscillation period is given by

λu �
βλL
1� β

≈
λL
2
: (37)

Because the ICS process assumes a collision angle in oppo-
site directions, the magnetic and electric fields would reinforce
each other. The relationship between the electric field strength E
and magnetic field strength B is B∕E � ωL∕k � c, where c �
2.998 × 108 m∕s is the speed of light in vacuum. So, the cor-
responding equivalent magnetic field can be written as

Fig. 9 (a) Schematic representation of ICS. (b) Feynman diagram of ICS.
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Bu � B� E
βc

� �1� β�B
β

≈ 2B: (38)

Thus, in the laboratory frame, the radiation wavelength λγ is
given by

λγ
λu

� ku
kγ

� 1� �1� β�K2∕4� β�1� β�γ2θ2L∕2
β�1� β�γ2 : (39)

The corresponding equation for the undulator radiation
wavelength is given by

λu �
λL∕2
2γ2

1

f�a0�

�
1� a20

2

�
; (40)

where a0 � eEλL
2πmec2

� ecB�2λu�
2πmec2

� e�cBu∕2��2λu�
2πmec2

� e�Bu��λu�
2πmec

� K is
the normalized amplitude of the laser, which can be interpreted
as the undulator parameter K, and E is the electric field intensity
of the laser. Therefore, if we replace the equivalent magnetic
field Bu with the magnetic field B of the plane wave, and the
equivalent undulator period λu with the wavelength λL of the
plane wave, both parameters are identical to those of the undu-
lator in the laboratory frame. The ICS equivalent undulator
period is half of the colliding laser wavelength, i.e., λL∕2,
and the corresponding magnetic field intensity is twice the laser
magnetic field strength.

The laser normalized amplitude a0 can be compared with
parameter K ∼ 1. In this case, the laser field can be viewed as
an undulator of free-electron radiation. The radiation wavelength
in ICS is several orders of magnitude smaller than that in a
conventional static magnetic undulator facility operating at the
light wavelength scale. Consequently, high-energy electrons
can enter the hard X-ray bands directly. In particular, the nonlin-
ear ICS process happens when a0 ≫ 1. This process usually
involves multiple photons and thus can produce higher bright-
ness, analogous to an optical wiggler whenK ≫ 1. Alternatively,
electron energy can be released for the samewavelength of light.
Therefore, the ICS is a technological method for generating
miniature and compact free-electron light sources. This arrange-
ment could be expanded to include optical undulators. In
sectors such as nuclear fuel optical diagnosis, in situ imaging
of nuclear materials, photonuclear physics research, and stacking
imaging, gamma-ray light sources are now frequently employed
for development[156,159–161].

The current ICS process, however, has not reached the super-
radiant regime because the pulse duration of the free electron
corresponding to superradiant radiation in the optical band
(about 100 attoseconds scale) is yet challenging. The following
section will discuss conditions and recent efforts towards the
superradiant optical undulator.

4.2 Superradiant Radiation of Electrons

Let us start with electron radiation in an undulator as an exam-
ple. In general, the incoherent and coherent radiation of free
electrons in quasiperiodic motion can be described as the unified
radiation energy given by

P �
����XNe

j�1

A�r; t� exp�iωt� φj�
����2 � jA�r; t�j2

×

 XNe

j�1

Ne �
����XNe

j�1

XNe

k�1

exp�i�ωtj � ωtk � φj − φk��
����2
!
;

(41)

where φj is the relative phase of one emitted radiation electron
with an electric field strength A�r; t�, and Ne represents the total
electron number of an electron pulse. Usually, Ne ≫ 1. Hence,
the total power of incoherent radiation and coherent radiation
of Ne electrons can be accessed according to Eq. (41).
Specifically, the first term represents the incoherent radiation
through a random superposition from electrons without phase
correlation. The outcome is a random phase distribution of
the radiation field of a single free electron within the pulse
envelope, with the overall radiation intensity P, proportional
to Ne; P ∝ Ne. The second term is extremely sensitive to the
phase connection between two electrons, and hence has no sig-
nificance during the random phase-down period. To reach
stimulated radiation to realize higher-energy radiation, the
phases of all electrons must be strongly correlated, as φj ≈ φk.
That is, once the free electrons realize microbunching, electron
pulse length is less than the wavelength of the radiation
cβτe ≪ λ, and the phase of each electron is nearly fixed with
a high degree of correlation. Consequently, the radiation emitted
by each electron is correlated too, resulting in coherent
radiation. At this point, the overall power of the radiation equals
the power of a single particle multiplied by P ∝ N2

e. Therefore, it
is possible to efficiently extract energy from pre-bunched elec-
trons that matches well with the coherent radiation wave at the
appropriate 6D volume in Liouville’s phase space. This operat-
ing model is worth receiving particular attention.

In 2019, Gover et al.[136] systematically introduced the stimu-
lated superradiant radiation of bunched electron beams.
Through stimulated superradiance in the presence of a seed-
injected radiation field, the coherent emission brightness of
bunched electron beams can be further improved. In particular,
for undulator (wiggler) radiation and new free-electron modu-
lation methods, both spontaneous and stimulated free-electron
emissions are possible, if the free electrons are pre-modulated
by microbunching. So as mentioned above, the most promising
superiorities based on bunched electron stimulated superradiant
radiation should be miniaturized, high-brightness, and high-
coherence light sources. Thus, the injection of pre-bunched free
electrons into the external coherent light field converts the spon-
taneous emission into stimulated radiation emission. To realize
superradiant radiation in coherent spontaneous emission or
stimulated radiation emission, free electron pulse widths must
satisfy the condition[136]

2σtb < T � 2π∕ω; (42)

where ω is the radiation emission frequency, and σtb is the du-
ration of the electron bunch. In the space domain, the condition
can be written as lb < λ∕2, where lb � σtb · cβ is the electron
bunch length. We consider a pre-bunched electron pulse that in
any kind of radiation emission scheme interacts with a trans-
verse mode at frequency ω. Each electron will emit in free space
into the radiation mode a radiation wave packet of duration
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τr � Nu · 2π∕ω, where Nu is the number of oscillations per-
formed by the electrons in the interaction length (if in FEL,
it is the undulator periods). In the far field, each electron has
a delay and Doppler frequency shift corresponding to the radi-
ation frequency ω � 2π∕T, and radiation pulse duration NwT.
All radiation wave packets propagate in phase and coherent
superposition, resulting in the emitted radiation energy and in-
stantaneous power of the wave packets proportional to the num-
ber of electrons of the bunch N2

e. The superradiant radiation
bandwidth is Δω∕ω ≅ 1∕Nu. Microbunching in a SASE FEL
results in radiation amplification with an exponential increase,
which is compatible with the superradiation discussed here[20].

As noted previously, superradiant radiation occurs when the
electron beam has a pulse duration shorter than half the period of
the radiation wave. This often occurs when a tightly bunched
electron train collides with the interaction region at a frequency
equal to the radiation or harmonics of the radiation wave. This
generic spontaneous or stimulated superradiant radiation can
arise in any scheme for the emission of free electrons[162–164].
The free-electron superradiant radiation is evidenced by the pro-
duction of coherent synchrotron radiation[8], coherent transition
radiation[165,166], undulator radiation, SPR[61,167], CR[168–170], and di-
electric waveguide radiation.

When electrons with the same phase or a tightly clustered
free-electron pulse have an envelope smaller than the wave-
length of the radiation and are at the same frequency or its har-
monics, a related fascinating coherent emission occurs. These
electrons are exposed to a radiation field, and in any radiation
emission scheme, all electrons experience the same deceleration
force and release in-phase-stimulated superradiant radiation.
Similar to the phase-correlated Rabi oscillation between two

quantum levels, this process can create coherent stimulated
superradiant radiation[143,144,171].

4.3 Optical Field Modulation by ICS

Because of the duration of the laser pulse, the optical period
experienced by free electrons in the traditional ICS method is
generally considerably less than the multiple cycle interactions
that are present in other systems. Consequently, a short interac-
tion period is the most pertinent challenge present in ICS radi-
ation. Moreover, the scattering cross section determines the
photon production in the associated ICS process. To improve
photon yield, the photon density of the interaction process must
be increased. Consequently, a concentrated beam is typically
used to collide with a free-electron pulse. However, during this
process, it is bound by the Rayleigh distance, resulting in a con-
siderably constrained distance between the laser and electron
interactions. To resolve this issue, some researchers have
proposed utilizing Bessel-beam focusing to obtain longer
Rayleigh distances to increase the interaction period of the laser
modulation field with electrons, thereby enhancing the process
of coherent radiation. By contrast, the optical cavity mode can
be employed to construct an optical storage ring, allowing the
free-electron sequence to interact with the light field in the
optical cavity to produce a higher photon yield.

In 2009, Graves et al.[172] suggested the construction of a tiny
ICS light source at the Massachusetts Institute of Technology
(MIT) as shown in Fig. 10(a). The proposed method combines
the features of a free-electron linear accelerator with the struc-
ture of a resonant laser cavity. The goal of this project was to
create a miniature, low-cost, shortwave light source suitable for

Fig. 10 (a) Miniaturized X-ray source for ICS based on a linear accelerator, proposed by MIT in
2009[172]. (b) All-optical undulator based on ICS configuration[174]. (c) Laser-driven highly confined
plasmon modes to modulate electron radiation for demonstrating an equivalent strong-field effect
of nonlinear Compton scattering. The electron converts multiple driving photons into a single plas-
mon. Reprinted with permission from Ref. [177]. Copyright 2019, American Physical Society.
(d) Interaction of an FEL with the graphene surface light field can also be compared to an
ICS process in which identical harmonic generation occurs[176].
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universities and industry laboratories. The crucial point is that
the laser cavity design boosts the photon yield while improving
the stability of laser collisions with free electrons. Given the
characteristics of a linear accelerator, its design suggests two
operating modes: a 100 MHz high-repetition frequency and a
10 pC high charge. In 2014[173], an experimental validation of
a 1 kHz repetition rate laser with an optical field storage ring
using a laser optical cavity with a linear accelerator high-energy
electron repetition rate ICS process was performed. Using this
configuration, several laser pulses were amplified and stored
in the ring cavity to match the linearly accelerated electron pulses.
The generated X-ray has 12.4 keV photon energy and 5 ×1011 s−1

flux with a 5% radiation bandwidth.
In 2012, another all-optical ICS approach was presented by

Ta Phuoc et al.[174], based on ultra-intense and ultrashort LWFA.
This approach extensively utilizes the features of laser plasma
accelerators to generate high-flow-intensity electrons using a
plasma mirror, shown in Fig. 10(b). A highly straightforward
and effective ICS process was realized that obtained 100 keV
broadband X-ray spectra. The ICS is obtained by reflecting
the laser pulse in front of the laser plasma mirror for collision
with the accelerated electrons, which can maintain a very high
beam intensity before the dispersion of free electrons at a very
short distance after electron acceleration in the laser wakefield.
The forward laser pulse is reflected by the plasma mirror and
subsequently collides with the accelerating electrons to com-
plete the ICS process. Therefore, in this configuration, both
the free electrons and the laser are provided by a single-laser
device, known as an all-optical ICS. In this all-optical ICS
scheme based on an ultra-intense, ultrashort laser, the duration
of the laser pulse and the electron beam involved in the inter-
action are both of the femtosecond order; therefore, such a short
electron beam is not possible with a conventional electron ac-
celerator. However, the high-energy electron beam accelerated
by the laser wakefield mechanism has the characteristics of a
femtosecond pulse width. Such a convenient high-energy ray
source is urgently required for nuclear physics and fusion en-
ergy research. In addition, all-optical ICS can replace the ex-
pensive traditional electron accelerator device and achieve
all-optical driven gamma-ray output, which involves electron
acceleration, a collisional laser, and laser pumping. This can
be very convenient to achieve femtosecond synchronization
and repetition rate matching, which can greatly reduce the op-
erational difficulty and improve the efficiency of gamma-ray uti-
lization, with good operability.

In addition to ICS schemes for free-space laser electron
modulation, nanophotonic material-supported highly con-
strained near-field modes, such as surface plasmons, also vali-
date their potential for Compton scattering modulation. The
emitted plasmons can be nanosized and of femtoseconds dura-
tion. The extreme subwavelength nature of plasmons lowers the
necessary input light intensity relative to state-of-the-art strong-
field processes of ICS. Rivera et al.[175] and Rosolen et al.[176]

proposed and experimentally verified that surface-confined
near-field plasmonic modes supported by nanophotonic materi-
als and metasurfaces can serve as effective modulators, leading
to free electrons emitting high-frequency photons equivalent to
free-electron ICS. The mechanism of plasmon emission can be
understood as a field modulating the electron trajectory; this un-
dulatory motion induces plasmon emission, as shown in
Figs. 10(c) and 10(d). The subwavelength periodicity of the meta-
surface allows the X-ray regime to be accessed with much lower

electron energies than those required in a free-space Compton
process. In principle, the physical concept here is combined with
the micro undulator, introduced in Section 3.2. Shortening the
modulation period of the undulator results in the expansion of
the radiation band to short waves and simultaneously reduces
the requirement of electron energy, which paves the way for
miniaturized free-electron light sources.

In summary, the development of optical resonance cavities
enables high-brightness radiation by increasing the number of
electron–laser collisions. Also, exciting perspectives in coherent
radiation are expected with the superradiant radiation mecha-
nism where free-electron pulses can be considered in-phase
under the external optical field (optical undulator). The most
recently emerged photonic quasiparticles and novel light fields
have offered a convenient opportunity for controlling and
enhancing electron pulse radiation by engineering different
properties of periodic structures or photonic materials. It is an-
ticipated to facilitate the development of new light sources with
high brightness, high coherence, and miniaturized footprints,
which are regarded as the ultimate goals in the free-electron
physics field.

5 Future Prospects and Conclusion

5.1 Coherent Electron Radiation Modulated by 2D
Materials

This novel photonic quasiparticle is supported by nanophoton-
ics and 2D vdW materials. Photonic quasiparticles have large
photon momenta and small space–period dimensions. Under
the condition that the superradiant criteria are satisfied, the ra-
diation generated in the interaction with free-electron wave
packets can produce a coherent light source of shorter wave-
length and high gain.

In 2020, Shentcis et al.[28] reported an experimental result that
uses vdW materials to produce X-rays. The X-ray radiation en-
ergy spectrum and angular distribution can be changed by modi-
fying the incident electron energy γ or by adjusting the
composition and stacking of the vdW material structure. In this
case, the atomic structure of vdW materials is represented by
periodic dipole arrays, upon which the incident electrons expe-
rience compact periodic modulation defined by the atomic crys-
tal lattice, as shown in Fig. 11(a). This concept is consistent with
our proposed micro undulator concept, in which the microm-
eter–nanometer-scale periodic modulation force provided by
the optical material and geometrical structure can significantly
reduce the energy requirement of free electrons for X-ray radi-
ation. Owing to the advances in micromachining, it is now pos-
sible to integrate electron sources and photonic materials into a
chip. In this regard, the CR threshold has already been broken
by focused ion beam (FIB) etching of artificial hyperbolic ma-
terials, enabling on-chip low-energy free-electron radiation gen-
eration[178]. Researchers have proposed integrating electron
sources and 1D, all-silicon nanogratings to form an on-chip
SPR light source; see Fig. 11(b)[79]. Hence, the emitter can be
placed into a silicon chip and is frequency adjustable by tuning
the electron energy or grating period. In addition, on-chip hyper-
bolic phonon polarization excited by electrons is conceivable, as
shown in Fig. 11(c)[124], which reverses CR in hyperbolic
crystals with negative group-velocity dispersion, as shown in
Fig. 11(d)[179].

Phase-matching is one of the key conditions in the interaction
of free electrons with light. A recent study showed that optical
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flat bands can overcome this mismatch and thus remarkably
boost their interaction. In general, the phase-matching condition
involves only the longitudinal momentum of the emitted radi-
ation. However, a continuum of transverse momenta remains
owing to the nature of the photonic crystal band structure.
The optical flat bands provide a window that allows both
longitudinal and transverse momentum matching at a certain
frequency. Thus, flat bands can considerably modify and inten-
sify free electron radiation, as experimentally demonstrated by
the SPR, as shown in Fig. 11(d)[180]. In this regard, there are still
numerous hypotheses seeking experimental validation and nu-
merous theories to study. The development of stimulated inter-
actions between free electrons and novel light fields, particularly
the creation of high-brightness and high-energy coherent light
sources, is a promising future endeavor.

Based on our recent study[36] an SPP-type FEL concept was
proposed, as shown in Fig. 11(e). When the phase-matching and
superradiant conditions are met, the pre-bunched free-electron
pulse train interacts with the decelerated phase of the multi-
cycle SPP light field, resulting in stimulated radiation amplifi-
cation. Theoretically, this radiation gain method is analogous to
that of FEL with high gain. To develop insight into the under-
lying energy exchange between free electrons and the light field,
we separately deduced the radiation scaling and electron energy

losses with a point-like electron source within the SPP field. The
peak power of a single-electron beam can be calculated based on
the principle of energy conservation:

P � ε0E2Σve �
1

2
η2I2pZ0

f2

β

z2

Σ
; (43)

where E is the radiation-field strength, ve is the electron velocity,
η is the energy transfer efficiency between the electron and the
light field, and Ip and Σ are the current intensity and cross-sec-
tional area of the electron beam, respectively. β refers to the elec-
tron velocity normalized with respect to the speed of light c, Z0 is
the vacuum impedance, f is the form factor of the electron bunch,
and z represents the interaction length. This form of radiation
power resembles that of the FEL-type energy gain[181] in the sense
that a similar dependence on the current intensity and interaction
length is found. Assuming an electron bunch with N individual
pulses [see Fig. 11(e)], the inter-electron bunch interference is
PN2 in addition to the prolonged inner-bunch interference. The
curve in Fig. 11(e) (solid blue line) considers a phase-matched
condition for the maximum radiation power. Assuming a mono-
chromatic electron bunch train, the simulation showed FEL-type
growth owing to the constructive interference of coherent

Fig. 11 (a) Free electrons interact with the vdW material and undergo atomic-level undulator
modulation to achieve high-energy X-ray coherent emission[28]. (b) On-chip 1D, all-silicon nano-
grating Smith–Purcell radiation light source with, for instance, (gated) silicon field emitter arrays[79].
(c) On-chip hyperbolic phonon polarization excited by electrons[124]. (d) High-phase-matched
Smith–Purcell emission with optical flatband structure in the meta-surface structure plane[180].
(e) Proposed conceptual scheme and theoretical calculation of the gain curve of the multi-cycle
SPP seeded FEL experiment.
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radiation between different electrons. Compared with the exper-
imental condition in Figs. 6(c) and 6(d) with a rapidly dephasing
electron beam, the optimized electron pulse magnified the radi-
ated THz SPP power by 100 orders of magnitude.

Additionally, the integration and shrinkage of free-electron
light sources on chips are critical for the advancement of scien-
tific studies in this field. This research will lead to a better under-
standing of the amplification of photon quasiparticles, such as
highly bound polaritons over nanosized and femtosecond time
scales. This will also lead to the development of new techniques
for high-resolution, ultrafast, and high-energy-demand dynamic
imaging, particle detection, information optics, and other
applications.

5.2 Superradiant Light Sources Driven by Ultrashort
Free Electrons

In the future, compact coherent radiation sources based on ultra-
short electrons produced by optical field emission or optical
field modulation will be developed. These ultrashort electron
modulation techniques will facilitate the development of

free-electron superradiant coherent light sources, especially
for long-desired spectral bands such as THz and X-ray. The pre-
diction focuses primarily on three factors: first, the advancement
of ultrashort electron sources owing to field emission; second,
the advancement of electron compression bunching technology
based on light-field modulation; and third, the rich mechanism
and scheme of a compact short interaction distance in micro
undulators.

Photocathode field-emission electron sources can be imple-
mented in various ways, including optical excitation probe-
enhanced field emission[182], carbon nanotube emission[183], and
silicon arrays that enable the acquisition of electron sources
equivalent to the width of optical field pulses. In particular,
the development of phase-locked electron emission and metrol-
ogy techniques has enabled the generation of attosecond elec-
tron pulse trains from laser-driven solid plasmas, as shown in
Figs. 12(a)–12(c)[184]. Furthermore, recent advances in research
have obtained excellent ultrashort electron pulses with a pulse
width of τ � 53 as� 5 as using sub-cycle laser-pulse-driven
metal nanotip field emission, as shown in Fig. 12(e)[185]. Carbon
nanotubes are a promising monochromatic electron-emitting

Fig. 12 (a) As an intense laser pulse is reflected on the plasma mirror, it expels electrons at sev-
eral narrow specific phase windows of the field. These sub-cycle attosecond electron pulses then
experience an integrated momentum kick as they surf the laser electric field (laser streaking) and
form periodic fringes in the far field. How the attosecond electron bunches are pulled out from the
plasma surface at each optical cycle and form a sharp density peak is illustrated[184]. (b) The atto-
second electron bunches are pulled out from the plasma surface at each optical cycle and form a
sharp density peak, where z is the direction along the target surface in the incidence plane, and y
represents the normal direction of the target surface. (c) Spatial distributions of the electric field
amplitude En (red line) and locked phase electron density (blue line). Reprinted with permission
from Ref. [132]. Copyright 2012, American Physical Society. (d) Ultrashort terahertz-driven (red)
ultrashort electron emission from a metallic nanotip. 800 nm near-IR (NIR; blue) pulses measure
this photocurrent, and spectra are recorded as a function of relative pulse delay[186]. (e) Sub-cycle
laser pulse focuses on tungsten nanotips. Field emitting attosecond electron pulses are recorded
by a time-of-flight spectrometer[185]. (f) Laser-driven carbon nanotube field emission of ultrashort
electron pulses[183].
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material in which the emitted electrons are with excellent high
coherence, high field emission quantum efficiency, and low en-
ergy dispersion compared to metallic nanotip-electron emitters[183].
These ultrashort electron-generating techniques and experimental
designs will significantly advance superradiant light source re-
search and encourage the development of new electron-coherent
light-source technologies. With the renewal and availability of
such ultrashort electron sources, it is expected that superradiant
light sources driven by ultrashort electron pulses directly are on
their way soon.

Apart from the direct generation of ultrashort electron
sources, optical modulating attosecond electron pulse chains
appear to be a more implementable scheme for obtaining ultra-
fast electron sources in experiment. Coherent interactions be-
tween electron wave packets and light allow the transfer of
attosecond timing control from the optical domain to the elec-
tron. In general, there are two methods to modulate the light
field of free electrons: standing wave and traveling wave
modulation. Two physical approaches are conceivable for their

application, both of which include the addition of time-
dependent energy modulation of propagating electrons and
the subsequent ballistic compression induced by electron
dispersion in vacuum. Based on these approaches, the com-
pression modulation free-electron pulse can be regulated at
optical sub-cycles, leading to generation of attosecond electron
bursts[187–190].

The first modulation method, based on a standing wave, ne-
cessitates the utilization of a particular dielectric structure to
construct a half-period electromagnetic field along the axial
component. This field is then used to modulate the energy of a
continuous or extended electron pulse, as shown in Figs. 13(a)
and 13(b)[191,192]. This eventually transforms energy modulation
into density modulation. When electrons possessing a specific
momentum enter or exit an area where a laser field is already
oscillating with non-zero amplitude, they have the ability to ef-
ficiently exchange energy through the absorption or release of
photons within the laser field. During electron emission, the
maximum energy exchange takes place in the region where

Fig. 13 (a) Attosecond streaking of free-electron pulses at 25 keV. A laser pulse (red) and an
electron pulse (blue) intersect at an ultrathin metal mirror (gold), which is penetrable with the elec-
trons. The noncollinear geometry provides laser fields in forward and backward directions along
the electron trajectory (red). The transition of the electrons out of the field occurs within 200 as,
which is less than half an optical cycle[191]. (b) Optical standing wave structure in the THz band for
sub-cycle compression and streaking of free-electron pulses. SHG, second harmonic generation;
THz, terahertz source. Reprinted with permission from Ref. [192]. Copyright 2016, The American
Association for the Advancement of Science. (c) The energy of sub-relativistic electrons is strongly
modulated on the few-femtosecond time scale via the interaction with a traveling wave created in
vacuum by two colliding laser pulses at different frequencies. The ponderomotive potential of the
optical standing wave can serve the attosecond ballistic bunching of electrons. vg and ve re-
present traveling wave group velocity and electron velocity, respectively[194]. (d) Concept of the
generation of the attosecond electron pulse train via the interaction of electrons with the first optical
traveling wave and its characterization via the detection of electron spectra as a function of the
relative phase Δφtw between the first and second traveling waves, separated by a drift distance d .
Four infrared pulses (ω�1�

1 , ω�1�
2 , ω�2�

1 , ω�2�
2 ) with controlled relative time delays for the generation of

the two phase-locked optical traveling waves. Reprinted with permission from Ref. [195].
Copyright 2018, American Physical Society.
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the electric field is directly proportional to the initial momentum
of the electron and the field’s amplitude along the beam. By
employing a semi-classical approach, it is possible to calculate
the maximum energy gain transferred from the optical field to
the electron as[193]

ΔW � eλ���������
2me

p
πc

�������
W0

p
Emax; (44)

where W0, e, and me are the initial energy, charge, and mass of
the electron, respectively, and Emax is the peak electric field of
the laser along its trajectory. Hence, the synchronous electrons
experience a time-dependent energy exchange process in rela-
tion to the oscillating field. This process offers a means for tem-
poral characterization, enabling potential sub-femtosecond
resolution in measuring the time-domain properties of electrons
and streaking the envelope of free electrons[187].

The second modulation approach relies on the interaction be-
tween electrons and the ponderomotive potential created by a
co-propagating optical traveling wave. The wave is generated
in vacuum by two optical fields of different frequencies. In this
method, no extra near-field structures, such as dielectrics or
metal membranes, are required for energy exchange to occur
between electrons and the optical field. The modulation of
low-energy electron standing waves can effectively overcome
the issue of magnetic-field deflection. The propagation velocity
of the traveling waves is synchronized with the velocity of the
electrons, resulting in the formation of an optical standing wave
in the remaining frame of the electrons, as shown in Figs. 13(c)
and 13(d)[194,195].

The ponderomotive potential[196] is a periodic average force
derived from the gradient of the optical intensity. It is given by

FP � −∇Up � e2

4meω
2
∇EL�r; t�2; (45)

where ω is the laser frequency, EL�r; t� is the amplitude of the
laser, and r is the position vector. Two different-frequency laser
pulses ω1 and ω2, with non-zero incidence angles α and β, are
utilized, and the electron experiences an invariant phase with
respect to the light. The energy and longitudinal momentum of
electrons in vacuum (a component of momentum in the direc-
tion of electron propagation) are significantly modulated by
the ponderomotive force. Hence, the ponderomotive force ex-
pels the electron from the interaction region. Kozák et al.[195]

demonstrated the all-optical generation of trains of attosecond
free-electron pulses based on the ponderomotive potential of
an optical traveling wave formed by two femtosecond laser
pulses with different frequencies, in vacuum. These laser
beams generated an optical traveling wave that propagated par-
allel to the electron beam with a group velocity vg, vg �
�ω1 − ω2�c∕�ω1 cos α − ω2 cos β�. The incidence angle can
be adjusted to match the initial velocity of the electrons. In
the interaction region, electrons are inelastically scattered by
the traveling wave, resulting in narrowing of the electron pulse
in the time domain and broadening of their energy in the fre-
quency domain. The ponderomotive potential in which the elec-
trons are placed in an individual traveling wave generated by
two pulsed laser beams can be expressed as[188]

UP ≅ 2EL�t; t0; z; z0�
e2

me�ω1 � ω2�2

· cos
�
�ω1 − ω2��t − t0� − �ω1 cos α − ω2 cos β�

×
z − z0
c

� �φ1 − φ2�
�
; (46)

where EL�t; t0; z; z0� is the envelope of the field of the optical
traveling wave, which is temporally and spatially centered at t0
and z0, e and me are the charge and mass of the electron, re-
spectively, c is the speed of light, and φ1 and φ2 are the carrier-
phase envelopes of the two laser pulses. Here, the electron beam
propagates along the z axis, and T � 2π ∕�ω1 − ω2� is the time
period of the optical traveling wave as shown in Fig. 13(d). Only
the longitudinal component of the electron momentum was
altered by the given combination of light frequencies and inci-
dence angles of the two laser beams[194].

Consequently, in both approaches, the electrons are periodi-
cally modulated at the optical frequency. This allows the ability
to obtain sub-optical periodic ultrashort electron pulses, whereas
the formation of microbunching electron pulses in a conven-
tional periodic static-field undulator requires multiple interac-
tion cycles. In addition, because ponderomotive modulation
does not rely on a specific interaction structure, the laser inten-
sity and repetition rate are irrelevant compared to other optically
driven compression techniques. The approach is also flexible
because it requires only adjusting the laser frequency and inci-
dence angle to meet the phase-matching requirements. While
the interaction with optical near fields (membrane standing
wave modulation) is considered inefficient, electron transmis-
sion through the compression membrane diminishes the bright-
ness of the electron beam. The electric and magnetic fields form
a transient standing wave in a near-field optical modulation
scheme, where the force acting on the electrons has both longi-
tudinal and transverse components. This is an obvious potential
source of spatial beam aberrations. In contrast to ponderomotive
modulation, only a longitudinal force is present for electrons on
the axis.

In summary, these two attosecond electron modulation ap-
proaches can impress the ultrafast time features of the light field
on the electrons and produce an electron train with an attosec-
ond time scale. This highlights the advantages of optically
modulated electron time scales. These ultrafast, ultrashort elec-
trons are particularly valuable for ultrafast electron diffraction
(UED) and superradiant FEL. Their application will consider-
ably provide impetus for the development of miniature super-
radiant light sources. An example is the combination of a
micro undulator seed injection-type free-electron coherent radi-
ation light source with shortwave radiation, specifically X-ray
radiation.

Another interesting coherent emission effect of bunched
electrons involves coherent energy exchange with a copropagat-
ing wave. Specifically, if the electron pulse width is smaller than
the copropagating wave (or its harmonic) period, the electrons
ensemble would undergo deceleration and emit photons in a
coherent and superradiant manner. Recent advances in nanopho-
tonics and materials physics have ushered in a new era of light-
field modification and control. For example, the evanescent
wave field of metal-supported SPPs[36] can significantly alter
low-energy electrons, causing them to undergo a Rabi-like
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oscillation[144]. In the stimulated state, superradiant radiation is
achieved when the electron pulse width is shorter than the wave-
length of the radiation. The oscillation frequency is consistent
with the frequency of the radiation, and the electron decelerates
in phase. Theoretically, free electron radiation can couple with
surface plasmons and surface phonon polaritons supported by
2D or vdW materials to provide coherent modulation of free
electrons. This could have a positive effect on the optical
EUV–X-ray superradiant radiation emission.

5.3 Conclusion

Regarding shortwave FEL light sources, we summarize the pri-
mary mechanics of FEL radiation and describe two important
initiatives to miniaturize free-electron coherent light sources.
Several novel experimental techniques have led to the develop-
ment of new mechanisms for electron acceleration and modu-
lation in the context of ultra-intense and ultrashort lasers. These
include laser–plasma acceleration mechanisms that offer accel-
eration gradients of 100 GV/m to scale down RF acceleration
devices from several kilometers long to a few centimeters.
This has significantly accelerated the development of miniatur-
ized FELs. Several groups have conducted proof-of-concept ex-
periments at the national and international levels, the key to
which lies in enhancing the electron quality of LWFA, in terms
of both acceleration mechanisms and subsequent efforts in op-
tical focusing and compression of the electron beam flow.
Second, nanophotonics includes the discovery of a new form
of optical-field micro undulators. The micrometer–nanometer-
scale oscillation period generated by light-field-driven materials
has a lower floor area than that of conventional static magnetic
field undulators. In addition, the requirement for high-energy
free electrons is reduced, with electrons of approximately
100 keV to tens of MeV over a broad spectral range. This is
not an advantage available in ordinary undulators. As micro-
and nano-processing technologies progress, on-chip electron
emission will propel the development of a highly anticipated
on-chip free-electron coherent light sources.

By further revisiting the basic free-electron radiation for-
mula, we find that for high-energy electrons (γ ≫ 1), the trans-
verse modulation force on the electron is more efficient than the
longitudinal modulation force in increasing the radiated power.
This is why static magnetic undulators serve as the core com-
ponent of FELs, especially in the X-ray band. Now with the
proposal of micro undulators, various light fields based on pho-
tonic quasiparticles are able to modulate the electron at optical
frequencies, and at the same time greatly relax the electron en-
ergy requirement compared to current FELs. This is an oppor-
tunity to find that for low-energy electrons (γ ≈ 1), longitudinal
deceleration modulation and transverse deflection modulation
contribute equally to the radiation of free electrons. In this prin-
ciple, a wide range of free-electron light sources based on the
micro undulator mechanism can be developed.

The ICS light source is the most illustrative example of an
all-optical undulator. An optical cycle in the strong field of a
free-space laser was used as the transverse modulator. This
method, which is not bound by the damage threshold of dielec-
tric materials such as micro undulators and can be applied in
strong fields, typically generates lasers with shorter half-wave-
lengths. The development of new small free-electron light
sources is also predicted. We consider that the free-electron
superradiant radiation is the most highly anticipated future laser

source and is also an important research area of free-electron
coherent light sources.

Acknowledgments

This work was supported by the Shanghai Pilot Program for
Basic Research–Chinese Academy of Sciences, Shanghai
Branch; National Natural Science Foundation of China
(Nos. 12104471, U226720057, and 62105346); Key Research
Program of Frontier Sciences, Chinese Academy of Sciences;
Youth Innovation Promotion Association of Chinese Academy
of Sciences; CAS Project for Young Scientists in Basic
Research (No. YSBR060); and Shanghai Sailing Program
(No. 21YF1453900).

References

1. I. E. Tamm, “General characteristics of Vavilov-Cherenkov radi-
ation,” Science 131, 206 (1960).

2. G. A. Mourou, T. Tajima, and S. V. Bulanov, “Optics in the rela-
tivistic regime,” Rev. Mod. Phys. 78, 309 (2006).

3. S. J. Smith and E. M. Purcell, “Visible light from localized sur-
face charges moving across a grating,” Phys. Rev. 92, 1069
(1953).

4. T. Ypsilantis and J. Seguinot, “Theory of ring imaging Cherenkov
counters,” Nucl. Instrum. Methods Phys. Res. 343, 30 (1994).

5. E. Ciarrocchi and N. Belcari, “Cerenkov luminescence imaging:
physics principles and potential applications in biomedical sci-
ences,” EJNMMI Phys. 4, 14 (2017).

6. G. L. Carr et al., “High-power terahertz radiation from relativistic
electrons,” Nature 420, 153 (2002).

7. J. M. Byrd et al., “Observation of broadband self-amplified spon-
taneous coherent terahertz synchrotron radiation in a storage
ring,” Phys. Rev. Lett. 89, 224801 (2002).

8. F. Sannibale et al., “A model describing stable coherent synchro-
tron radiation in storage rings,” Phys. Rev. Lett. 93, 094801
(2004).

9. M. Arbel et al., “Superradiant and stimulated superradiant emis-
sion in a prebunched beam free-electron maser,” Phys. Rev. Lett.
86, 2561 (2001).

10. T. Watanabe et al., “Experimental characterization of superra-
diance in a single-pass high-gain laser-seeded free-electron laser
amplifier,” Phys. Rev. Lett. 98, 034802 (2007).

11. A. Gover and P. Sprangle, “A unified theory of magnetic brems-
strahlung, electrostatic bremsstrahlung, Compton-Raman scatter-
ing, and Cerenkov-Smith-Purcell free-electron lasers,” IEEE J.
Quantum Electron. 17, 1196 (1981).

12. W. B. Cheston, “Compton scattering,” Phys. Rev. 95, 247 (1954).
13. G. Sarri et al., “Ultrahigh brilliance multi-MeV γ-ray beams from

nonlinear relativistic Thomson scattering,” Phys. Rev. Lett. 113,
224801 (2014).

14. W. Yan et al., “High-order multiphoton Thomson scattering,”
Nat. Photonics 11, 514 (2017).

15. S. M.Wiggins et al., “Self-amplification of coherent spontaneous
emission in a Cherenkov free-electron maser,” Phys. Rev. Lett.
84, 2393 (2000).

16. Y. Adiv et al., “Observation of 2D Cherenkov radiation,” Phys.
Rev. X 13, 011002 (2023).

17. P. A. Cherenkov, “Visible emission of clean liquids by action of
γ radiation,” Dokl. Akad. Nauk SSSR 2, 451 (1934).

18. I. M. Frank and I. Tamm, “Coherent visible radiation of fast
electrons passing through matter,” Phys.-Usp 93, 388 (1937).

19. Y. Shibata et al., “Diagnostics of an electron beam of a linear
accelerator using coherent transition radiation,” Phys. Rev. E
50, 1479 (1994).

20. B. W. J. Mcneil and N. R. Thompson, “X-ray free-electron
lasers,” Nat. Photonics 4, 814 (2010).

Zhang et al.: Coherent free-electron light sources

Photonics Insights R07-25 2023 • Vol. 2(3)

https://doi.org/10.1126/science.131.3395.206
https://doi.org/10.1103/RevModPhys.78.309
https://doi.org/10.1103/PhysRev.92.1069
https://doi.org/10.1016/0168-9002(94)90532-0
https://doi.org/10.1186/s40658-017-0181-8
https://doi.org/10.1038/nature01175
https://doi.org/10.1103/PhysRevLett.89.224801
https://doi.org/10.1103/PhysRevLett.93.094801
https://doi.org/10.1103/PhysRevLett.86.2561
https://doi.org/10.1103/PhysRevLett.98.034802
https://doi.org/10.1109/JQE.1981.1071257
https://doi.org/10.1109/JQE.1981.1071257
https://doi.org/10.1103/PhysRev.95.247
https://doi.org/10.1103/PhysRevLett.113.224801
https://doi.org/10.1038/nphoton.2017.100
https://doi.org/10.1103/PhysRevLett.84.2393
https://doi.org/10.1103/PhysRevE.50.1479
https://doi.org/10.1038/nphoton.2010.239


21. G. N. Kulipanov, “Ginzburg’s invention of undulators and their
role in modern synchrotron radiation sources and free electron
lasers,” Phys.-Usp 50, 368 (2007).

22. J. M. J. Madey, “Stimulated emission of Bremsstrahlung in a
periodic magnetic field,” J. Appl. Phys. 42, 1906 (2003).

23. D. A. G. Deacon et al., “First operation of a free-electron laser,”
Phys. Rev. Lett. 38, 892 (1977).

24. Y. Tian et al., “Femtosecond-laser-driven wire-guided helical un-
dulator for intense terahertz radiation,” Nat. Photonics 11, 242
(2017).

25. A. Pizzi et al., “Graphene metamaterials for intense, tunable, and
compact extreme ultraviolet and X-ray sources,” Adv. Sci. 7,
1901609 (2020).

26. N. Rivera et al., “Light emission based on nanophotonic vacuum
forces,” Nat. Phys. 15, 1284 (2019).

27. Y. Zeng et al., “Experimental study on laser-driven electron
collimation along wire targets,” Phys. Plasmas 26, 012701
(2019).

28. M. Shentcis et al., “Tunable free-electron X-ray radiation from
van der Waals materials,” Nat. Photonics 14, 686 (2020).

29. G. Pitruzzello, “Flatbands boost light emission,” Nat. Photonics
17, 215 (2023).

30. N. Rivera and I. Kaminer, “Light–matter interactions with pho-
tonic quasiparticles,” Nat. Rev. Phys. 2, 538 (2020).

31. I. Kimel and L. R. Elias, “Coherent radiation reaction in free-
electron sources,” Phys. Rev. Lett. 75, 4210 (1995).

32. A. Frisk Kockum et al., “Ultrastrong coupling between light and
matter,” Nat. Rev. Phys. 1, 19 (2019).

33. J. Bloch et al., “Strongly correlated electron–photon systems,”
Nature 606, 41 (2022).

34. A. Karnieli et al., “The coherence of light is fundamentally tied
to the quantum coherence of the emitting particle,” Sci. Adv. 7,
eabf8096 (2021).

35. T. H. Maiman, “Stimulated optical radiation in ruby,” Nature
187, 493 (1960).

36. D. Zhang et al., “Coherent surface plasmon polariton amplifica-
tion via free-electron pumping,” Nature 611, 55 (2022).

37. R. Yu, A. Konečná, and F. J. G. de Abajo, “Inelastic scattering of
electron beams by nonreciprocal nanostructures,” Phys. Rev.
Lett. 127, 157404 (2021).

38. B. Barwick, D. J. Flannigan, and A. H. Zewail, “Photon-induced
near-field electron microscopy,” Nature 462, 902 (2009).

39. W. Cai et al., “Efficient orbital angular momentum transfer be-
tween plasmons and free electrons,” Phys. Rev. B 98, 045424
(2018).

40. G. M. Vanacore et al., “Ultrafast generation and control of an
electron vortex beam via chiral plasmonic near fields,” Nat.
Mater. 18, 573 (2019).

41. L. Schächter, “Introduction,” in Beam-Wave Interaction in
Periodic and Quasi-Periodic Structures (Springer Berlin
Heidelberg, 2011), p. 1.

42. L. Schächter, “Models of beam–wave interaction in slow-wave
structures,” in Beam-Wave Interaction in Periodic and
Quasi-Periodic Structures (Springer Berlin Heidelberg, 2011),
p. 169.

43. J. D. Jackson and R. F. Fox, “Classical Electrodynamics, 3rd
ed.,” Am. J. Phys. 67, 841 (1999).

44. J. D. Jackson, Classical Electrodynamics, 3rd ed. (Wiley, 1998).
45. S. Corde et al., “Femtosecond X rays from laser-plasma accel-

erators,” Rev. Mod. Phys. 85, 1 (2013).
46. P. A. Cherenkov, “Visible light from clear liquids under the

action of gamma radiation,” Dokl. Akad. Nauk SSSR 2, 451
(1934).

47. I. Frank and I. Tamm, “Coherent visible radiation of fast elec-
trons passing through matter,” in Selected Papers (Springer
Berlin Heidelberg, 1991), p. 29.

48. K. Nakamura, “Hyper-kamiokande—a next generation water
Cherenkov detector,” Int. J. Mod. Phys. A 18, 4053 (2003).

49. N. Horiuchi, “Cherenkov detector,” Nat. Photonics 12, 443
(2018).

50. I. Adam et al., “The DIRC particle identification system for the
BaBar experiment,” Nucl. Instrum. Methods Phys. Res. 538, 281
(2005).

51. G. Chang, L.-J. Chen, and F. X. Kärtner, “Highly efficient
Cherenkov radiation in photonic crystal fibers for broadband vis-
ible wavelength generation,” Opt. Lett. 35, 2361 (2010).

52. D. V. Skryabin et al., “Soliton self-frequency shift cancellation in
photonic crystal fibers,” Science 301, 1705 (2003).

53. X. B. Zhang et al., “Enhanced violet Cherenkov radiation gen-
eration in GeO2-doped photonic crystal fiber,” Appl. Phys. B 111,
273 (2013).

54. T. M. Shaffer, E. C. Pratt, and J. Grimm, “Utilizing the power of
Cerenkov light with nanotechnology,” Nat. Nanotechnol. 12, 106
(2017).

55. V. L. Ginzburg, “Transition radiation and transition scattering,”
Phys. Scripta T2A, 182 (1982).

56. W. P. E. M. Op ‘t Root et al., “Single-cycle surface plasmon po-
laritons on a bare metal wire excited by relativistic electrons,”
Nat. Commun. 7, 13769 (2016).

57. S. A. Maier et al., “Terahertz surface plasmon-polariton propa-
gation and focusing on periodically corrugated metal wires,”
Phys. Rev. Lett. 97, 176805 (2006).

58. K. Wang and D. M. Mittleman, “Dispersion of surface plasmon
polaritons on metal wires in the terahertz frequency range,” Phys.
Rev. Lett. 96, 157401 (2006).

59. S. P. Cramer, “Synchrotron radiation fundamentals,” in X-Ray
Spectroscopy with Synchrotron Radiation (Springer, 2020),
pp. 39–68.

60. P. L. Hartman, “Early experimental work on synchrotron radia-
tion,” Synchrotron Radiat. News 1, 28 (1988).

61. H. L. Andrews et al., “Superradiant emission of Smith-Purcell
radiation,” Phys. Rev. 8, 110702 (2005).

62. Y. Ye et al., “Deep-ultraviolet Smith–Purcell radiation,” Optica
6, 592 (2019).

63. S. Huang et al., “Enhanced versatility of table-top X-rays from
van der Waals structures,” Adv. Sci. 9, 2105401 (2022).

64. X. Lin et al., “Controlling Cherenkov angles with resonance tran-
sition radiation,” Nat. Phys. 14, 816 (2018).

65. X. Lin et al., “A Brewster route to Cherenkov detectors,” Nat.
Commun. 12, 5554 (2021).

66. J. Breuer and P. Hommelhoff, “Laser-based acceleration of non-
relativistic electrons at a dielectric structure,” Phys. Rev. Lett.
111, 134803 (2013).

67. H. L. Andrews et al., “Observation of THz evanescent waves in a
Smith-Purcell free-electron laser,” Phys. Rev. Spec. Top. Accel.
Beams 12, 080703 (2009).

68. D. Y. Sergeeva et al., “Smith-Purcell radiation from periodic
beams,” Opt. Express 25, 26310 (2017).

69. S. E. Korbly et al., “Observation of frequency-locked coherent
terahertz Smith-Purcell radiation,” Phys. Rev. Lett. 94, 054803
(2005).

70. D. Y. Sergeeva, A. A. Tishchenko, and M. N. Strikhanov,
“Conical diffraction effect in optical and X-ray Smith-Purcell
radiation,” Phys. Rev. Spec. Top. Accel. Beams 18, 052801
(2015).

71. N. Yamamoto, F. Javier García de Abajo, and V.
Myroshnychenko, “Interference of surface plasmons and
Smith-Purcell emission probed by angle-resolved cathodolumi-
nescence spectroscopy,” Phys. Rev. B 91, 125144 (2015).

72. M. J. Moran, “X-ray generation by the Smith-Purcell effect,”
Phys. Rev. Lett. 69, 2523 (1992).

73. Z. Gan et al., “High-fidelity and clean nanotransfer lithography
using structure-embedded and electrostatic-adhesive carriers,”
Microsyst. Nanoeng. 9, 8 (2023).

74. N. Quack et al., “Integrated silicon photonic MEMS,”Microsyst.
Nanoeng. 9, 27 (2023).

Zhang et al.: Coherent free-electron light sources

Photonics Insights R07-26 2023 • Vol. 2(3)

https://doi.org/10.1070/PU2007v050n04ABEH006237
https://doi.org/10.1063/1.1660466
https://doi.org/10.1103/PhysRevLett.38.892
https://doi.org/10.1038/nphoton.2017.16
https://doi.org/10.1002/advs.201901609
https://doi.org/10.1038/s41567-019-0672-8
https://doi.org/10.1063/1.5045270
https://doi.org/10.1038/s41566-020-0689-7
https://doi.org/10.1038/s41566-023-01162-8
https://doi.org/10.1038/s42254-020-0224-2
https://doi.org/10.1103/PhysRevLett.75.4210
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1038/s41586-022-04726-w
https://doi.org/10.1126/sciadv.abf8096
https://doi.org/10.1038/187493a0
https://doi.org/10.1038/s41586-022-05239-2
https://doi.org/10.1103/PhysRevLett.127.157404
https://doi.org/10.1103/PhysRevLett.127.157404
https://doi.org/10.1038/nature08662
https://doi.org/10.1103/PhysRevB.98.045424
https://doi.org/10.1038/s41563-019-0336-1
https://doi.org/10.1038/s41563-019-0336-1
https://doi.org/10.1119/1.19136
https://doi.org/10.1103/RevModPhys.85.1
https://doi.org/10.1142/S0217751X03017361
https://doi.org/10.1016/j.nima.2004.08.129
https://doi.org/10.1364/OL.35.002361
https://doi.org/10.1126/science.1088516
https://doi.org/10.1007/s00340-012-5329-6
https://doi.org/10.1038/nnano.2016.301
https://doi.org/10.1088/0031-8949/1982/T2A/024
https://doi.org/10.1038/ncomms13769
https://doi.org/10.1103/PhysRevLett.97.176805
https://doi.org/10.1103/PhysRevLett.96.157401
https://doi.org/10.1103/PhysRevLett.96.157401
https://doi.org/10.1080/08940888808602519
https://doi.org/10.1103/PhysRevSTAB.8.110702
https://doi.org/10.1364/OPTICA.6.000592
https://doi.org/10.1002/advs.202105401
https://doi.org/10.1038/s41567-018-0138-4
https://doi.org/10.1038/s41467-021-25822-x
https://doi.org/10.1038/s41467-021-25822-x
https://doi.org/10.1103/PhysRevLett.111.134803
https://doi.org/10.1103/PhysRevSTAB.12.080703
https://doi.org/10.1103/PhysRevSTAB.12.080703
https://doi.org/10.1364/OE.25.026310
https://doi.org/10.1103/PhysRevLett.94.054803
https://doi.org/10.1103/PhysRevSTAB.18.052801
https://doi.org/10.1103/PhysRevB.91.125144
https://doi.org/10.1103/PhysRevLett.69.2523
https://doi.org/10.1038/s41378-022-00476-x
https://doi.org/10.1038/s41378-023-00498-z
https://doi.org/10.1038/s41378-023-00498-z


75. Q. Huang et al., “Realization of wafer-scale nanogratings with
sub-50 nm period through vacancy epitaxy,” Nat. Commun.
10, 2437 (2019).

76. B. Radha et al., “Metal hierarchical patterning by direct nanoim-
print lithography,” Sci. Rep. 3, 1078 (2013).

77. J. R. M. Saavedra, D. Castells-Graells, and F. J. G. de Abajo,
“Smith-Purcell radiation emission in aperiodic arrays,” Phys.
Rev. B 94, 035418 (2016).

78. H. Ishizuka et al., “Smith–Purcell experiment utilizing a field-
emitter array cathode, measurements of radiation,” Nucl.
Instrum. Methods Phys. Res. 475, 593 (2001).

79. C. Roques-Carmes et al., “Towards integrated tunable all-
silicon free-electron light sources,” Nat. Commun. 10, 3176
(2019).

80. S. Yamaguti et al., “Photonic crystals versus diffraction gratings
in Smith-Purcell radiation,” Phys. Rev. B 66, 195202 (2002).

81. V. G. Baryshevsky et al., “Coherent bremsstrahlung and paramet-
ric X-ray radiation from nonrelativistic electrons in a crystal,”
Tech. Phys. Lett. 32, 392 (2006).

82. V. G. Baryshevsky and I. D. Feranchuk, “Parametric X-rays from
ultrarelativistic electrons in a crystal, theory and possibilities of
practical utilization,” J. Phys. France 44, 913 (1983).

83. H. Überall, “High-energy interference effect of bremsstrahlung
and pair production in crystals,” Phys. Rev. 103, 1055 (1956).

84. L. J. Wong and I. Kaminer, “Prospects in X-ray science emerging
from quantum optics and nanomaterials,” Appl. Phys. Lett. 119,
130502 (2021).

85. J. M. J. Madey, H. A. Schwettman, and W. M. Fairbank, “A free
electron laser,” IEEE Trans. Nucl. Sci. 20, 980 (1973).

86. J. Yan et al., “Self-amplification of coherent energy modulation
in seeded free-electron lasers,” Phys. Rev. Lett. 126, 084801
(2021).

87. N. S. Mirian et al., “Generation and measurement of intense few-
femtosecond superradiant extreme-ultraviolet free-electron laser
pulses,” Nat. Photonics 15, 523 (2021).

88. E. Allaria et al., “Highly coherent and stable pulses from the
FERMI seeded free-electron laser in the extreme ultraviolet,”
Nat. Photonics 6, 699 (2012).

89. Z. T. Zhao et al., “First lasing of an echo-enabled harmonic gen-
eration free-electron laser,” Nat. Photonics 6, 360 (2012).

90. P. Rebernik Ribič et al., “Coherent soft X-ray pulses from an
echo-enabled harmonic generation free-electron laser,” Nat.
Photonics 13, 555 (2019).

91. H. Deng and C. Feng, “Using off-resonance laser modulation for
beam-energy-spread cooling in generation of short-wavelength
radiation,” Phys. Rev. Lett. 111, 084801 (2013).

92. C. Feng et al., “Phase-merging enhanced harmonic generation
free-electron laser,” New J. Phys. 16, 043021 (2014).

93. J. A. Clarke, The Science and Technology of Undulators and
Wigglers (Oxford University Press, 2004).

94. T. Tajima and J. M. Dawson, “Laser electron accelerator,” Phys.
Rev. Lett. 43, 267 (1979).

95. W.Wang et al., “Free-electron lasing at 27 nanometres based on a
laser wakefield accelerator,” Nature 595, 516 (2021).

96. W. Decking et al., “A MHz-repetition-rate hard X-ray free-elec-
tron laser driven by a superconducting linear accelerator,” Nat.
Photonics 14, 391 (2020).

97. C. Pellegrini, A. Marinelli, and S. Reiche, “The physics of X-ray
free-electron lasers,” Rev. Mod. Phys. 88, 015006 (2016).

98. C. Kim et al., “Review of technical achievements in PAL-XFEL,”
AAPPS Bulletin 32, 15 (2022).

99. I. A. Andriyash et al., “An ultracompact X-ray source based on a
laser-plasma undulator,” Nat. Commun. 5, 4736 (2014).

100. L. J. Wong et al., “Towards graphene plasmon-based free-
electron infrared to X-ray sources,” Nat. Photonics 10, 46 (2016).

101. A. Pizzi et al., “Graphene metamaterials for intense, tunable, and
compact extreme ultraviolet and X-ray sources,” Adv. Sci. 7,
1901609 (2020).

102. G. Rosolen et al., “Metasurface-based multi-harmonic free-
electron light source,” Light. Sci. Appl. 7, 64 (2018).

103. S. P. D. Mangles et al., “Monoenergetic beams of relativistic
electrons from intense laser–plasma interactions,” Nature 431,
535 (2004).

104. C. G. R. Geddes et al., “High-quality electron beams from a laser
wakefield accelerator using plasma-channel guiding,” Nature
431, 538 (2004).

105. J. Faure et al., “A laser–plasma accelerator producing monoener-
getic electron beams,” Nature 431, 541 (2004).

106. G. R. Plateau et al., “Low-emittance electron bunches from a la-
ser-plasma accelerator measured using single-shot X-ray spec-
troscopy,” Phys. Rev. Lett. 109, 064802 (2012).

107. O. Lundh et al., “Few femtosecond, few kiloampere electron
bunch produced by a laser–plasma accelerator,” Nat. Phys. 7,
219 (2011).

108. J. P. Couperus et al., “Demonstration of a beam loaded nanocou-
lomb-class laser wakefield accelerator,” Nat. Commun. 8, 487
(2017).

109. P. W. Hatfield et al., “The data-driven future of high-energy-den-
sity physics,” Nature 593, 351 (2021).

110. S. Jalas et al., “Bayesian optimization of a laser-plasma acceler-
ator,” Phys. Rev. Lett. 126, 104801 (2021).

111. A. R. Maier, et al., “Decoding sources of energy variability
in a laser-plasma accelerator,” Phys. Rev. X 10, 031039
(2020).

112. Z. Huang, Y. Ding, and C. B. Schroeder, “Compact X-ray free-
electron laser from a laser-plasma accelerator using a transverse-
gradient undulator,” Phys. Rev. Lett. 109, 204801 (2012).

113. J. van Tilborg et al., “Active plasma lensing for relativistic laser-
plasma-accelerated electron beams,” Phys. Rev. Lett. 115,
184802 (2015).

114. R. Pompili et al., “Free-electron lasing with compact beam-
driven plasma wakefield accelerator,” Nature 605, 659 (2022).

115. M. Ferrario et al., “SPARC_LAB present and future,” Nucl.
Instrum. Methods Phys. Res. B 309, 183 (2013).

116. L.-H. Yu et al., “High-gain harmonic-generation free-electron la-
ser,” Science 289, 932 (2000).

117. D. Xiang and G. Stupakov, “Echo-enabled harmonic generation
free electron laser,” Phys. Rev. Spec. Top. Accel. Beams 12,
030702 (2009).

118. M. Labat et al., “Seeded free-electron laser driven by a compact
laser plasma accelerator,” Nat. Photonics 17, 150 (2023).

119. A. F. Habib et al., “Attosecond-angstrom free-electron-laser
towards the cold beam limit,” Nat. Commun. 14, 1054
(2023).

120. E. Gschwendtner and P. Muggli, “Plasma wakefield accelera-
tors,” Nat. Rev. Phys. 1, 246 (2019).

121. R. D’arcy et al., “Recovery time of a plasma-wakefield acceler-
ator,” Nature 603, 58 (2022).

122. R. W. Assmann et al., “EuPRAXIA conceptual design report,”
Eur. Phys. J. Spec. Top. 229, 3675 (2020).

123. Y. Meng et al., “Photonic van der Waals integration from 2D
materials to 3D nanomembranes,” Nat. Rev. Mater. 8, 498
(2023).

124. Q. Zhang et al., “Interface nano-optics with van der Waals polar-
itons,” Nature 597, 187 (2021).

125. R. Bonifacio, C. Pellegrini, and L. M. Narducci, “Collective in-
stabilities and high-gain regime in a free electron laser,” Opt.
Commun. 50, 373 (1984).

126. J. R. Pierce, “Traveling-wave tubes,” Bell Syst. Tech. J. 29, 608
(1950).

127. G. Robb, “Ultra-tunable graphene light source,” Nat. Photonics
10, 3 (2016).

128. K. S. Novoselov et al., “Electric field effect in atomically thin
carbon films,” Science 306, 666 (2004).

129. J. Ristein, “Surface transfer doping of semiconductors,” Science
313, 1057 (2006).

Zhang et al.: Coherent free-electron light sources

Photonics Insights R07-27 2023 • Vol. 2(3)

https://doi.org/10.1038/s41467-019-10095-2
https://doi.org/10.1038/srep01078
https://doi.org/10.1103/PhysRevB.94.035418
https://doi.org/10.1103/PhysRevB.94.035418
https://doi.org/10.1016/S0168-9002(01)01586-8
https://doi.org/10.1016/S0168-9002(01)01586-8
https://doi.org/10.1038/s41467-019-11070-7
https://doi.org/10.1103/PhysRevB.66.195202
https://doi.org/10.1134/S1063785006050087
https://doi.org/10.1051/jphys:01983004408091300
https://doi.org/10.1103/PhysRev.103.1055
https://doi.org/10.1063/5.0060552
https://doi.org/10.1109/TNS.1973.4327304
https://doi.org/10.1103/PhysRevLett.126.084801
https://doi.org/10.1038/s41566-021-00815-w
https://doi.org/10.1038/nphoton.2012.233
https://doi.org/10.1038/nphoton.2012.105
https://doi.org/10.1038/s41566-019-0427-1
https://doi.org/10.1038/s41566-019-0427-1
https://doi.org/10.1103/PhysRevLett.111.084801
https://doi.org/10.1088/1367-2630/16/4/043021
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1038/s41586-021-03678-x
https://doi.org/10.1038/s41566-020-0607-z
https://doi.org/10.1038/s41566-020-0607-z
https://doi.org/10.1103/RevModPhys.88.015006
https://doi.org/10.1007/s43673-022-00045-4
https://doi.org/10.1038/ncomms5736
https://doi.org/10.1038/nphoton.2015.223
https://doi.org/10.1002/advs.201901609
https://doi.org/10.1038/s41377-018-0065-2
https://doi.org/10.1038/nature02939
https://doi.org/10.1038/nature02900
https://doi.org/10.1038/nature02963
https://doi.org/10.1103/PhysRevLett.109.064802
https://doi.org/10.1038/nphys1872
https://doi.org/10.1038/s41467-017-00592-7
https://doi.org/10.1038/s41586-021-03382-w
https://doi.org/10.1103/PhysRevLett.126.104801
https://doi.org/10.1103/PhysRevX.10.031039
https://doi.org/10.1103/PhysRevLett.109.204801
https://doi.org/10.1103/PhysRevLett.115.184802
https://doi.org/10.1038/s41586-022-04589-1
https://doi.org/10.1016/j.nimb.2013.03.049
https://doi.org/10.1016/j.nimb.2013.03.049
https://doi.org/10.1126/science.289.5481.932
https://doi.org/10.1103/PhysRevSTAB.12.030702
https://doi.org/10.1038/s41566-022-01104-w
https://doi.org/10.1038/s41467-023-36592-z
https://doi.org/10.1038/s42254-019-0049-z
https://doi.org/10.1038/s41586-021-04348-8
https://doi.org/10.1140/epjst/e2020-000127-8
https://doi.org/10.1038/s41578-023-00558-w
https://doi.org/10.1038/s41586-021-03581-5
https://doi.org/10.1016/0030-4018(84)90105-6
https://doi.org/10.1016/0030-4018(84)90105-6
https://doi.org/10.1002/j.1538-7305.1950.tb03654.x
https://doi.org/10.1038/nphoton.2015.256
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1127589


130. I. Kaminer et al., “Efficient plasmonic emission by the quantum
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