
ETH Library

Transverse confinement of
electron beams in a 2D optical
lattice for compact coherent x-ray
sources

Journal Article

Author(s):
Fallahi, Arya; Kuster, Niels; Novotny, Lukas 

Publication date:
2021-08

Permanent link:
https://doi.org/https://doi.org/10.3929/ethz-b-000502085

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
New Journal of Physics 23, https://doi.org/10.1088/1367-2630/ac1a99

Funding acknowledgement:
 - Relativistic Particle Trapping for Compact Coherent X-Ray Sources ()

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0002-9970-8345
https://doi.org/https://doi.org/10.3929/ethz-b-000502085
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1367-2630/ac1a99
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


            

PAPER • OPEN ACCESS

https://doi.org/10.1088/1367-2630/ac1a99


New J. Phys. 23 (2021) 083033 https://doi.org/10.1088/1367-2630/ac1a99

OPEN ACCESS

RECEIVED

11 May 2021

REVISED

24 July 2021

ACCEPTED FOR PUBLICATION

4 August 2021

PUBLISHED

23 August 2021

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

PAPER

Transverse confinement of electron beams in a 2D optical
lattice for compact coherent x-ray sources

Arya Fallahi1,2,∗ , Niels Kuster1,2 and Lukas Novotny1

1 Department of Information Technology and Electrical Engineering (D-ITET), Swiss Federal Institute of Technology (ETH Zürich),
CH-8093 Zürich, Switzerland

2 IT’IS Foundation, Zeughausstrasse 43, 8004 Zurich, Switzerland
∗ Author to whom any correspondence should be addressed.

E-mail: afallahi@ethz.ch

Keywords: compact x-ray sources, computational physics, free-electron lasers, electron beam, radiation physics

Abstract
Compact coherent x-ray sources have been the focus of extensive research efforts over the past
decades. As a result, several novel schemes like optical and nano-undulators for generating x-ray
emissions in ‘table-top’ setups are proposed, developed, and assessed. Despite the extensive efforts
in the past decades, there exists no operational FEL based on optical or electromagnetic
undulators. By combining the particle confinement capability of optical cavities with wiggling
motion inside an optical undulator, this paper proposes a new concept for making a compact
coherent x-ray source. The full-wave solution of first-principle equations based on finite-difference
time-domain and particle-in-cell is performed to simulate inverse-Compton scattering (ICS) off
both free and confined electrons. It is shown that the strong space-charge effect in a low-energy
electron beam (5 MeV) is the main obstacle in acquiring coherent gain through the ICS
mechanism with a 10 micrometer laser. Subsequently, it is shown that by confining the electron
beam at the field nodes of an optical cavity, the space-charge effect is compensated, and
additionally, the ultrahigh charge density enables high FEL-gain at confinement spots. The
full-wave numerical simulations predict enhancement of about three orders of magnitude in the
radiation efficiency when ICS is carried out with confined electrons compared to free electrons.
These theoretical results show promising potential as a new scheme for implementing a compact
coherent x-ray source.

1. Introduction

Conventional compact x-ray sources include bremsstrahlung tubes [1], channeling radiation [2],
triboluminescence [3], and inverse Compton scattering (ICS) sources [4–8]. The first three make use of
non-relativistic electron (e-) beams of about the same energy as that of the desired x-ray photon. Through
an interaction between the e-beams and a properly designed structure, the energy of non-relativistic
electrons is transferred to photons. While these sources are highly mature and stable technologies, they have
certain drawbacks as they: (a) emit with very low directivity, i.e. into 4π solid angles, except for ICS sources;
(b) emit incoherently, resulting in fluxes that increase only linearly with the number of electrons; (c) except
for ICS sources are generally not wavelength-tunable; and (d) have difficulties to achieve both high-flux and
ultra-small source sizes, as is desirable for various applications. Currently, the only x-ray sources that do not
suffer from these drawbacks are free-electron lasers (FEL) [9–12], which, however, require giant facilities.
Thus, research efforts world-wide are focused on the development of more compact x-ray sources.

In an FEL setup, x-ray radiation is produced from interactions between relativistic e-beams and an
undulator [13]. In the low-gain regime of FEL, incoherent radiation is generated from wiggling motion,
whereas, in the high-gain regime, the self-amplification of incoherent radiation due to micro-bunching
results in highly coherent and bright radiation. The majority of the methods currently under investigation
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adhere to the FEL scheme. Investigators either try to produce relativistic electrons in a small facility,
i.e. perform compact accelerator research, or elaborate on realization of short wavelength wiggling motion in
a compact undulator device.

The ultimate goal in compact accelerator research is to boost the average accelerating gradient. The use
of the plasma environment for particle acceleration engendered the research field of laser-plasma wake-field
acceleration (LPWA) [6, 14–18]. This method uses a high-intensity laser that is focused on an atomic gas
jet, creating a plasma and in turn inducing extremely high field gradients in the plasma area surrounding
the laser. Electrons in the plasma can find the right phase and accelerate to high energies [19, 20]. Gradients
of tens of GeV m−1 in few millimeters of the acceleration path have been demonstrated [16], and cascades
of these interactions have been implemented in a multistage setup [21]. Another group of techniques make
use of increasing the operating frequency of accelerators. The higher operation frequency shrinks the device
dimensions, which in turn reduces the energy required for particle acceleration, and relaxes limitations on
the maximally tolerable fields due to pulsed heating [22–24]. Furthermore, higher field emission thresholds,
as well as the easier realization of short pulses at high frequencies, assist in obtaining high-gradient
accelerators [25, 26]. Dielectric laser accelerators [27–30] as the second method and terahertz driven linear
electron acceleration [31–35] as the third are promising high-frequency accelerators. A fourth method,
ultrafast accelerator technology, is based on ultrashort pulses employed for electron acceleration [36–38]. In
addition to the aforementioned methods, there exist numerous other ideas toward high-gradient
accelerators, which are investigated in detail. Some examples are the inverse free-electron laser scheme [39],
inverse Cerenkov acceleration [40], laser plasma acceleration [41–43], and beam-driven acceleration
[44, 45].

Techniques for the realization of compact undulators include cryogenic undulators [46] and optical
undulators [47–50], where the oscillations in an electromagnetic (EM) wave realize the wiggling motion of
electrons. Sources based on optical undulators are typically referred to as ICS sources. The first ICS x-ray
sources were proposed soon after the discovery of lasers in 1963 [51, 52] and experimentally demonstrated
just one year later [53]. The compactness and ability to produce photons of very high energy up to the
gamma (γ-) ray regime is a remarkable peculiarity of ICS sources [54]. Techniques other than those listed
above—e.g. transverse gradient undulators [55], travelling-wave undulator [56], and interaction with an
optical lattice [57]—have also been proposed for x-ray radiation generation.

In addition to the aforementioned schemes, researchers have explored novel approaches for generating
coherent x-ray radiation. Wiggling a modulated electron beam to enable intense superradiant x-ray
generation is one example. The electron modulation can be produced either by field-emitter arrays
combined with emittance exchange [58], by field-emission from flat emitter arrays [59] or by electron beam
diffraction from a perfect crystal combined with emittance exchange [60]. Moreover, the interaction of an
electron beam with a periodic nanostructure leads to radiation through the inverse Smith–Purcell effect
[61–63]. Such sources are currently under investigation in various frameworks including metallic gratings
realizing surface plasmon polaritons [64], 2D materials [65], and dielectric nanostructures [66]. Various
research institutes around the world are pursuing compact x-ray sources by combining one or more of the
above-listed technologies.

All techniques described for the realization of compact x-ray sources are based on the radiation equation
in the wiggling motion, namely

λx =
λu

2γ2

(
1 +

K2

2

)
, (1)

where λx, λu, and γ are the radiation wavelength, undulator period, and Lorentz factor of the electron
beam, respectively. K = eB0λu/2πmec, with B0 being the maximum magnetic field of the undulator
magnets, represents the undulator parameter. This equation changes to

λx =
λ0

4γ2

(
1 +

a2
0

2

)
(2)

for ICS interactions with a counter-propagating laser of wavelength λ0 and strength parameter
a0 = eA0/mec2, where A0 is the amplitude of the magnetic vector potential of the laser beam. Some
techniques elaborate to reach the required Lorentz factor γ in a small setup, others to reduce λu so that the
Lorentz factor required for output radiation λx is decreased. Nonetheless, accounting for the 3D dynamics
of FEL radiation, it can be shown that there are strong fundamental challenges in achieving coherent gain
[67–70]. Some examples are meeting the lasing condition ε < λx/4π with ε being the electron beam
emittance, preserving the transverse coherence of the beam, delimiting the longitudinal energy spread, and
circumventing the space-charge effects. These effects are safely covered in the theoretical studies only if
full-wave solvers based on first-principle equations are used for simulation of the radiation phenomenon.
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Figure 1. Schematic illustration of different ICS setups: (a) conventional ICS mechanism with optical beam interacting with a
free electron beam, and proposed ICS mechanism with optical beam interacting with a confined electron beam inside (b) optical
cavity and (c) superposition of counter-propagating beams, respectively.

Therefore, the methodology in this study is using a 3D full-wave solver based on FDTD/PIC to assess the
performance of the introduced scheme.

The theory of FEL using an optical undulator has been proposed in the 1980s for the first time [48, 71].
However, despite the extensive efforts in the past decades, there exists no operational FEL based on optical
or EM undulators. Some studies try to explore the main challenges in free-electron lasing of low-energy
electrons using the available simulation tools [49, 50]. Fulfilling a detailed investigation on obstacles in FEL
operation using optical undulators, similar to the study in [72] for LPWA based sources, is out of the scope
of this paper. This paper argues that the strong space-charge forces between electrons are the main
impediment in achieving a coherent gain in the radiation. Afterward, we aim at establishing a mechanism
based on particle beam confinement for relativistic electrons to propose an unconventional approach for
tackling the compact coherent x-ray source problem. The proposed setup is illustrated in figure 1, which
shows the conventional optical undulator (figure 1(a)) setup compared to the new technique. It is known
that charged particles inside a spatially varying field profile are influenced by gradient forces, driving them
toward the area of weaker field strengths [73–75]. This occurs inside an optical cavity (figure 1(b)) or when
two counter-propagating twin beams impinge on the electron bunch (figure 1(c)). It is hypothesized and
additionally demonstrated that when the electrons in a beam are transversely confined, many of the existing
challenges emanating from transverse motions and repulsive forces are overcome, thereby achieving the
coherent-gain regime is alleviated.
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2. Full-wave simulation of FELs

Numerical simulation of an x-ray FEL in a full-wave fashion based on first-principle equations was for a
long time impossible due to the involvement of dramatically multidimensional EM effects. For instance, the
undulator wiggling period is around 1–3 cm with a total undulator length of 10–100 m, whereas the
radiation wavelength of the radiation source is 0.1–100 nm. As a result, very high computation costs are
needed to resolve all the involved physical phenomena, which is not practical even with the existing
supercomputer technology.

In 2007, the breakthrough theory of simulation in a Lorentz-boosted framework was pioneered by Vay
[76]. This theory had direct implications on the problem of x-ray FEL simulations, which was further
discussed in [77]. The coordinate transformation results in the expansion of bunch size and optical
wavelengths and the contraction of the undulator period. Interestingly, the transformation to electron
moving frame transforms these very different length scales to values with the same order of magnitude.
Consequently, the length of the computation domain is reduced to slightly larger than the bunch
dimensions making the full-wave simulation numerically feasible. Based on this principle, the code
MITHRA was developed which provides a full-wave simulation tool for FEL mechanism [78]. This code is
widely benchmarked against standard simulation tools in FEL and accelerator physics [79] and is currently
incorporated into the OPAL platform [80]. All simulations presented in this paper are performed using
MITHRA. The data for reproducing the presented results in this paper are open-source and available under
https://github.com/aryafallahi/mithra.

Typical finite-difference time-domain particle-in-cell (FDTD/PIC) codes like WARP and OSIRIS employ
the Yee algorithm to solve Maxwell equations and a symplectic algorithm like Boris scheme to solve for the
particle motion. Such a framework is not able to capture the Coulomb forces between the charged particles,
i.e. the so-called space-charge effect. To this end, the Poisson equation needs to be solved in conjunction
with the Maxwell and motion equations. MITHRA implements the FDTD/PIC algorithm on potential
equations, namely

∇2A − 1

c2

∂2A

∂t2
= −μ0J (3)

∇2ϕ − 1

c2

∂2ϕ

∂t2
= − ρ

ε0
, (4)

where A, φ, J and ρ are the time- and space-dependent magnetic vector potential, electric scalar potential,
current density, and charge density, respectively. The electric and magnetic fields are extracted from
potential fields to update the particles’ phase-space coordinates. Subsequently, the charge and current
densities, J and ρ, are updated according to the motion in the latest time step. The updated values for J and
ρ are inserted in (3) and (4) to solve for the backaction of particles’ motion on the EM fields. Through such
an implementation, the space-charge effect is covered in the simulations (example 4 in [79]). Although the
space-charge effect is negligible in conventional x-ray FELs owing to the ultra-relativistic beam energies, as
will be seen later, it dramatically influences the operation of compact x-ray sources.

In addition to the space-charge effect, the EM recoil and quantum effects also should be addressed. In
[81], it is shown that the finite-difference formulation for potential equations coupled to a symplectic
algorithm for the equation of motion preserves the symplectic two-form associated with the original
Hamiltonian systems, similar to an exact solution. In other words, such an algorithm should also capture
the EM recoil effect. On the other hand, the classical treatment of electron-wave interaction within
MITHRA does not allow for any consideration of quantum mechanical effects. The ratio ρ1 = �ω/γmc2,
with ω = 2πc/λx, representing the amount of quantum recoil due to each photon emission, quantifies the
quantum mechanical effects. Furthermore, ρ2 = (�ω/2ρFELγmc2)2 with ρFEL being the FEL parameter,
estimates the level of recoil influence on the gain process [82, 83]. The simulated cases in this paper hold the
condition ρ1 � 1 and ρ2 � 1 thus the use of MITHRA software and its implemented formulation is
justified.

3. Challenges in lasing of optical undulators

The Pierce or FEL parameter, ρFEL describes the conversion efficiency from the electron beam power into
the FEL radiation power. In a one-dimensional ideal case, where detrimental effects originating from energy
spread, emittance, diffraction, space-charge, and time-dependence of the beam and radiation profile are
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Table 1. FEL parameters configuration with optical undulator.

FEL parameter Value

Current profile Uniform
Bunch RMS size (σx = σy) 5 μm
Bunch length (σz) 10 μm
Bunch charge (Q) 0.32 pC
Bunch energy (E) 5.12 MeV
Bunch current (I) 19.2 A
Longitudinal momentum spread (σγβz ) 2.5 × 10−3

Normalized emittance (ε) 50 nm rad
Laser wavelength (λ0) 10 μm
Laser strength parameter (a0) 1.0
Pulse duration (cT) 18 mm
Laser pulse type Flat-top
Radiation wavelength (λx) 37.6 nm

neglected, the FEL parameter for planar undulator can be derived from [12]

ρFEL =
1

4γ

(
μ0e2

2π2me
K̂2λ2

une

)1/3

, (5)

where K̂ = K(J0(ξ) − J1(ξ)) with J0 and J1 being first and second order Bessel functions and
ξ = K2/(4 + 2K2). In addition, ne stands for the electron density in the beam. For an optical undulator,
after considering the transformations λu ↔ λ0/2 and K ↔ a0, the equivalent FEL parameter is obtained
from

ρFEL =
1

4γ

(
μ0e2

8π2me
â2

0λ
2
0ne

)1/3

. (6)

The main goal in utilizing optical undulators is to achieve a targeted λx using a smaller λu and γ. By
accounting for a constant λx, equations (6) and (2) yield the following equation for the FEL parameter:

ρFEL =

(
μ0e2

32π2me

â2
0λ

2
x

(1 + a2
0/2)2

γne

)1/3

. (7)

The laser strength parameter a0 is often constant and set close to one to procure maximum efficiency on
one hand and avoid disadvantageous nonlinear effects on the other. Hence, it can be deduced that obtaining
the same coherent radiation efficiency (ρFEL) for low-energy electrons requires a proportionally higher
electron density (ne). This requirement is completely contrary to the space-charge effect, which becomes
considerably stronger in the low-energy regimes. As a result, an electron density which may be easily
achievable for electron beams with GeV energy can be difficult to realize at MeV electron energies let alone
the thousand times higher density dictated by equation (7).

In addition to the realization of the required electron density, maintaining this high density throughout
the whole interaction length is of utmost importance. In other words, the Pierce parameter for the high
density beam needs to stay constant for the whole saturation length. As a rule of thumb the saturation
length is around 10–20 times the gain length, which is derived from

Lg0 =
λu

4π
√

3ρFEL
. (8)

For a typical radiation efficiency of ≈ 10−3, the gain length is obtained as ≈ 46λ, which in turn leads to
460–900 required undulator periods for the saturation to happen. This means that any mechanism for
increasing the FEL parameter must be able to retain this condition over around thousand wiggling periods.

To demonstrate this hypothesis, an exemplary FEL interaction with parameters tabulated in table 1 is
taken into account. The considered values are chosen based on the state-of-the-art electron gun [84] as well
as CO2 laser technologies. The interaction is simulated using the code MITHRA with and without
considering the space-charge effect. The analysis without space-charge effect is performed by setting
φ = ρ = 0 in equation (4). Note that in our study, space-charge effects refer to all effects emerging from
assuming nonzero charge density for the beam. These effects include the Coulomb repulsion, Coulomb
collisions as well as fields produced by the term ∂ρ/∂t. Since the simulations are all performed in bunch
rest frame, the particles are non-relativistic or in the regime where Coulomb forces have the dominant
contribution in the space-charge fields.

5



New J. Phys. 23 (2021) 083033 A Fallahi et al

Figure 2. (a) Radiated power and (b) bunch dimensions, namely length (red) and transverse size (blue), throughout the ICS
interaction summarized in table 1. The results with (solid lines) and without space-charge (dotted lines) are shown.

The electron and counter-propagating optical beam are directed along the z-axis and the optical beam
polarization is linear along the y-axis. In the simulations, the electron bunch is modeled by 2 × 106 particles
each representing one electron, and a shot noise is added over the particle distribution. The co-moving
computational domain around the bunch is discretized into 45 million pixels, which leads to around 16 h
simulation time on 128 parallel nodes.

Figure 2(a) shows the comparison of the radiated power from the bunch for the two simulated cases.
The predicted radiation efficiency for the simulation without space-charge consideration is 3.0 × 10−5,
which reduces to 9.1 × 10−7 when the effect is considered. It is observed that the minute radiation gain
obtained in the analysis without space-charge is completely suppressed when the Coulomb repulsion of
electrons is taken into account. Comparing the bunch sizes and lengths in the two analyses, which is shown
in figure 2(b), confirms that the space-charge forces intensify the bunch expansion. As indicated in
figure 2(b), the longitudinal size of the beam increases by 7% due to the space-charge effect. Such a large
variation in the bunch length strongly degrades the self-modulation of the bunch at the correct wavelength.
Hence, the coherent gain is hampered, and thereby the FEL radiation efficiency is dramatically reduced. The
above analysis shows that the set of phenomena accounted as space-charge effects prevent the FEL gain
process. This analysis does not specifically determine if Coulomb forces or the fields originating from the
term ∂ρ/∂t is hampering the coherent gain. Intuitively, the non-relativistic motion of particles in the
co-moving frame suggests that the Coulomb forces might be the reason for strong space-charge effects.

Our results indicate that a mechanism is required that substantially reduces the gain-length such that
lasing of the low-energy electrons is enabled before the bunch longitudinal expansion degrades the
amplification process. To this end, higher charge densities need to be realized and additionally preserved
throughout the interaction. This is in line with the hypothesis on scaling FEL operation to small undulator
periods discussed in the previous section.

4. Confinement of electron beams traversing optical cavities

It is known that when a particle is exposed to spatially varying EM fields, a so-called gradient force or
ponderomotive force influences the particle motion [85, 86]. This pondermotive force is derived from

Fp = − e2

4meω2
∇(E2), (9)

where E denotes the time-varying, i.e. oscillating electric field and ω is the oscillation frequency. This
equation suggests that a charged particle in an inhomogeneous oscillating field not only oscillates at the ω

frequency but is also accelerated by Fp toward the weak field locations. When an ensemble of charged
particles resides in the standing wave of an optical or EM cavity, owing to the existence of points with
minimum and maximum field strengths, ponderomotive forces reshape the bunch distribution. More
accurately, these forces push the particles to field nodes and pull them away from the field antinodes.
Similarly, it is expected that when an electron beam traverses an optical cavity, the transverse distribution of
the electrons is influenced by the gradient forces in an analogous fashion.

Figure 3(a) illustrates the variations in normalized charge density of an ideal beam (zero emittance)
when it passes through a cavity. This visualized data is obtained through particle-in-cell simulation of

6
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Figure 3. Evolution of normalized charge density when (a) an ideal beam (ε = 0) and (b) a diverging beam enters an optical
cavity. The charge density is normalized to the maximum density in the considered space and time window. The white dashed
line indicates the cavity boundaries where the intensity drops to half of the maximum intensity at the center of cavity.

electrons experiencing cavity fields which are formulated as a standing-wave Gaussian field distribution
(see appendix). Without loss of generality, a 2D interaction problem, as schematically shown in the figure
subset, is considered here. In this 2D case, confinement happens only along one transverse direction (x-axis
in figure 3). A second simulation tackles the extreme case, in which an exploding beam with high emittance
enters the cavity. The results of this simulation are illustrated in figure 3(b). Note that these 2D simulations
are presented to qualitatively examine the bunch evolution inside the optical cavity yet, for the sake of
brevity, the detailed parameters for the beam and cavity are not outlined. In both ideal and extreme cases
the confinement of particles in specific regions coinciding with field nodes is well observed. In the ideal
beam, due to the zero transverse momentum of particles, the confinement can be achieved with small
forces. As a consequence, the electron beam transforms to a set of confined beams faster than a diverging
beam.

Originated from this confinement effect, three closely interrelated phenomena happen simultaneously,
which are advantageous for achieving the coherent-gain. First, the confinement effect prevents the increase
in beam transverse size due to the transverse energy spread, thereby minimizing the beam emittance. It
should be emphasized that the electrons are confined inside a potential well produced by the
ponderomotive forces. Although the intrinsic emittance of the beam is conserved, since the microbeams are
no more free beams the beam divergence is not directly related to the beam emittance. Considering the
effective emittance as the product of the beam divergence with its transverse size, this parameter is reduced
inside the cavity fields. This dramatic reduction in the effective emittance facilitates meeting the
lasing-condition, ε < λx/4π, and consequently makes the electron beam a perfect candidate for an FEL
mechanism.

Second, if confinement is enforced along both transverse directions, the ponderomotive force suppresses
the transverse expansion of the beam size due to Coulomb forces. Although this expansion marginally
reduces the charge density (see figure 2(b)), its prevention is important when high charge densities are
realized.

Third, and most importantly, is the realization of beams with considerably higher charge densities. As
shown in figures 3(a) and (b), the ponderomotive force divides a single low-charge density beam at the
cavity entrance to several beams with intensified charge densities. Inspired by the name microbunches in FEL
physics, throughout this paper, these beams inside the cavity are named as microbeams. As postulated in the
previous sections, the higher charge density of each microbeam augments their aptitude for coherent-gain
in the radiation. As a conclusion, a freely propagating electron beam passing through the cavity transforms
into several confined microbeams which are more suitable candidates for coherent radiation compared to
the original beam.

From a different perspective, the transverse confinement of particles in an optical cavity can be
considered as an emittance slicing mechanism. Each microbeam due to its smaller transverse size has a
smaller emittance thus can be focused to a smaller size. This means that the optical cavity is slicing the total
beam and simultaneously focusing them. Such an interaction is not possible using conventional focusing
schemes like solenoids and quadrupoles, or even using more advanced ones with stronger focusing forces
like a plasma lens.

7
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Table 2. Parameters of the cavity beams.

Cavity parameter Value

Wavelength (λc) 11.8 μm
Beam size along electron beam (w0z) 7.4 mm
Beam size normal to electron 0.1 mm
Beam (w0x or w0y)
Beam strength parameter (a0c) 0.07
Center position (cδt) 8.4 mm

Figure 4. (a) Radiated power and (b) bunch dimensions resulting from the ICS interaction with confined electron beams whose
specifications are tabulated in tables 1 and 2. The results with (solid lines) and without space-charge (dotted lines) are compared.

5. Inverse Compton scattering off a confined electron beam

To verify this hypothesis, the same ICS simulation as in table 1 is performed but with the fields of
standing-waves superposed on the field of the counter-propagating ICS laser. Here, two cavities configured
along x- and y-axes are taken into account such that the particle confinement happens in both transverse
directions. The cavity beam parameters are listed in table 2. The cavity wavelength (λc = 11.8 μm) and the
center position with respect to the starting point of bunch undulation (cδt = 8.4 mm) are obtained through
optimization sweeps. A physical interpretation of these values will be explained in the next sections.
Moreover, the two cavities are linearly polarized with a magnetic field along the beam direction, i.e. Bz

polarized. This is a critical requirement for the cavity configuration because an electric field along the beam
traveling direction disturbs the longitudinal motion of the electrons and consequently the formation of
microbunches. The required strength parameter a0c = 0.07 for the cavity fields is a direct consequence of
the assumed space-charge forces and transverse energy spread, i.e. beam emittance. For larger emittance
values stronger fields are required to overcome the transverse energy and impose the transverse confinement
to the electrons. The total radiated power at λx = 37.6 nm as well as the bunch dimensions for simulations
with and without space-charge are shown in figure 4. The obtained results for final radiation are compared
against the simulation without cavity fields, namely conventional ICS off free electrons (figure 2(a)).

Several effects are observed in the results which are in agreement with the previously addressed
predictions. First, the transverse expansion of the beam due to beam intrinsic emittance and space-charge
effects are totally suppressed as seen in figure 4(b). Second, the results without space-charge consideration
show that the intensified charge density leads to smaller gain-length and ultimately higher FEL efficiency.
Third, there is a considerably less detrimental effect due to space-charge fields. Despite the same
longitudinal expansion as in the free electron beam, the high density of the beam facilitates a fast coherent
gain process or a small gain length. This leads to a small saturation length that is achieved before
space-charge forces expand the longitudinal size of the beam. As a result, the ultimate radiation efficiency of
the ICS source with confined electrons increases to 2.8 × 10−4, which is close to conventional FEL sources.
Comparing the source efficiencies with and without cavity fields reveals an enhancement factor of ≈ 307
owing to the confinement effect of electrons.

Scrutiny of the bunch and radiation profile sheds more light on the radiation mechanism of a confined
electron bunch. Figure 5 shows the bunch profile at the maximum radiation instant (≈ 7 mm after entering
the cavity) for simulations with and without cavity fields. For the visualizations here, results of the
simulations capturing the space-charge effect are considered. Note that the bunch profiles viewed along the

8
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Figure 5. Bunch profiles at the maximum radiation instant: in (a)–(d) dN/dy dz (103 μm−2) with N the number of electrons is
plotted. (c) and (d) Are the zoomed-in profiles of (a) and (b) respectively, to show the microbunching. In (e) and (f) dN/dx dy
(103 μm−2) is plotted. (a), (c) and (e) Are profile visualizations for simulations with cavity fields and (b), (d) and (f) visualize the
bunch profile for simulations without cavity fields.

Figure 6. Radiation profiles in the bunch co-moving frame at the maximum radiation instant for simulations with cavity fields
and space-charge effect: (a) shows the magnitude of the electric-field viewed from x-axis at the cavity nodes and (b) illustrates
the radiated power at a detector plane located in front of the bunch.

x- and y-axis are analogous owing to the inherent symmetry of the problem. In correspondence with the
described hypothesis, the initial beam is divided into several microbeams (figures 5(e) and (f)). For
instance, the four central microbeams have transverse size equal to σ′

x = σ′
y = 0.68 μm compared to the

initial 5 μm transverse size of the beam. Considering that these four microbeams have 7.1 times smaller
current than the total beam, the charge density of the microbeams is about 8 times larger than the initial
beam, which in turn enables shorter gain-length due to higher charge density. This results in overcoming
space-charge forces and consequently the rapid formation of microbunches in each microbeam
(figures 5(a)–(d)). The radiations in the microbunches then add up coherently and lead to the observed
enhancement in the total radiation.

In figure 6(a), the radiation profile in the ICS from the confined electron beam in its co-moving
coordinate frame is visualized. The radiated field is depicted on the cavity nodes as well as on a plane
residing 5.7 μm in front of the bunch center. The results show that the forward-propagating radiation
becomes as strong as the coherent backward propagating radiation at the maximum radiation instant. The
output beam from the proposed source has a different beam profile from conventional FEL sources. Since
multiple radiation sources are produced, radiation main-lobe and side-lobes emerge as in phased array
antennas. This is observed in visualized power profile in figure 6(b).

The obtained results numerically confirm the promising potential for ICS with confined electron beam
as a new generation for x-ray sources. In the next sections, the anticipated characteristics of the proposed
x-ray source are discussed.
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Figure 7. (a) Radiated power versus interaction length for various bunch lengths and (b) saturation (maximum) radiation
power versus bunch length for the ICS interaction from confined electrons in a cavity.

6. Coherence properties of the radiation

The presented visualization of the bunch profile illustrated qualitatively the occurrence of microbunching in
each microbeam. Notwithstanding, such a data visualization does not demonstrate the event of coherent
gain in the output radiation. To demonstrate the coherent gain in radiation, and thereby theoretically
proving the functioning of a compact coherent x-ray source, the maximum radiated power was investigated
when the bunch length is varied. By changing proportionally the total number of electrons, a constant
average charge density is maintained throughout the sweep. The bunch length is directly proportional to the
number of microbunches. Thus, the variation of the saturation (i.e. the maximum) power in terms of the
bunch length shows the degree of coherent gain occurring during the interaction. Figure 7 shows the result
of this study on a logarithmic scale. It can be seen that in the small bunch length regime, the saturation
power increases slightly with the bunch length. The increase rate becomes drastically stronger for longer
bunch lengths after the coherent gain is triggered. Eventually, the radiated power is saturated and stays
constant with the bunch length. This observation is in agreement with the free-electron laser principle and
confirms the coherent buildup of the radiation from each microbunch.

It is known from FEL physics that the transverse and longitudinal coherence are two strongly
interdependent properties [69, 70]. In a conventional FEL setup, the radiation of individual microbunches
is coherently amplified if the transverse coherence of the radiation is preserved throughout the beam
cross-section. This raises an intricate question on the coherent radiation from microbunched microbeams
in the proposed scheme: why does the microbunching in all microbeams take place coherently in-phase
(see figure 5(c))?

Note that in the presented simulations, shot noise is added over uniformly distributed electrons as the
trigger source for coherent radiation [87, 88]. This shot noise is a z-dependent function, which may raise
the suspicion that the observed transverse coherence among all the microbeams is the consequence of this
assumption. To test this effect, a simulation is performed in which the electrons are distributed randomly
according to the random number generator of the simulation platform, with no additional shot-noise. It is
known that such a bunch generation algorithm leads to unrealistic clustering of the electrons and
consequently deviations from the correct simulation results [10]. However, its effect on the microbunch
formation assists in clearing up the aforementioned ambiguity. The result is shown in figure 8 where the
particle density along the traveling direction is depicted for the four central microbeams (see figure 5(e)).
As observed in the simulations, despite the random generation of particles, the microbeams are all
microbunched coherently in-phase, resulting in transverse coherent radiation.

There are two primary reasons leading to the observed effect. The first and main reason is linked to the
coupling between the microbeams through the radiated fields. As observed in the radiated field profile
(figure 6(a)), the radiation from each microbeam strongly diffracts because of the small beam size of the
microbeams. This beam diffraction effect causes a microbeam to be influenced by the superposition of
radiated fields from the whole bunch. Therefore, the microbunching of individual microbeams is a
collective effect in the whole bunch similar to a conventional FEL mechanism. As a consequence,
transversely coherent microbunching in the whole beam is anticipated in the proposed interaction. Second,
we know from FEL physics that the microbunch phase is mainly determined during the initial gain lengths
([12], pp 79–81). After the optimization process, it was always observed that the position of the cavity with
respect to the ICS interaction point is set such that wiggling motion is started before the formation of
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Figure 8. dN/dz (103 μm−1) as the longitudinal charge density is depicted along the bunch. The four red and blue lines show the
microbunching of the four central microbeams when the particle distribution is initialized according to shot noise
implementation algorithm and random generation, respectively.

Figure 9. Radiation spectra for the on-axis radiations for ICS off confined and free electron beams. Both spectra are normalized
to the maximum value of the radiation spectrum in confined e-beam case.

microbeams. As a consequence, during the time when the microbunch phase is determined no transverse
modulation exists, which results in a constant microbunching phase throughout the whole beam. This
phasing does not change after the formation of microbeams and as a result, all microbeams are
micorbunched coherently in phase.

Coherence time is an important property of any radiation source including the proposed x-ray source.
Here, the coherence time (τ ) is approximated as the inverse of spectral bandwidth for the on-axis radiation.
In figure 9, the radiation spectra of on-axis radiations are depicted for ICS off free electrons (no cavity
fields) and confined electrons. It is seen that the spectrum of the ICS source is slightly broadened when
electrons are confined in the cavity fields. Cavity fields induce a transverse oscillating motion to the electron
beams around the cavity nodes (see figure 3(a)). This means that the particles are not transversely
stationary at the cavity nodes but are oscillating around the nodes. As a result of the two simultaneously
happening oscillations due to ICS and cavity beams and the non-linear effects emanated from the
longitudinal motion of electrons, a wave-mixing process takes place which leads to a broadening of the
radiation spectrum. In other words, there exists a trade-off between the output power and spectral
linewidth of the generated radiation. The coherence times of the ICS source with free e-beam and confined
e-beam are calculated as 27.5 fs, and 116.2 fs, respectively. This means that the ∼300 times gain
enhancement is obtained at the cost of ∼4 times broader bandwidth.
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Figure 10. Maximum output power at resonance frequency in the ICS interaction off colorredconfined electron beams in terms
of the amplitude of the cavity fields, or the so-called beam strength parameter (a0c).

Figure 11. Maximum output power at resonance frequency in the ICS interaction off colored confined electron beams in terms
of the wavelength of the cavity fields (λc).

7. Radiation energy scaling

In the previous sections, the drastic increase in the radiated energy caused by the cavity fields was
numerically demonstrated. This section addresses the variation of output energy with respect to the cavity
parameters.

The first parameter is the beam strength parameter (a0c) which determines the ponderomotive force on
the particles around the cavity nodes. This parameter is studied in figure 10, where the output power at
resonance frequency is depicted in terms of the beam strength parameter of the cavity. It is shown that the
output power is maximized around a certain ponderomotive force, here a0c = 0.09. In other words, by
increasing the ponderomotive force the output power is not necessarily enhanced. The enhancement takes
place merely in the weak ponderomotive force regime. The reason for this effect is the oscillations caused by
cavity fields. As mentioned previously, the polarization of cavity fields should be selected such that no
oscillation happens in the propagation (z−) direction, to avoid perturbation in the microbunching process.
This means that the cavity fields wiggle the electrons along the same direction as the ICS laser beam,
thereby realizing a pondermotive focusing force. The wiggling motion due to cavity fields should be
negligible compared to those of ICS laser because the main role of the cavity in this scheme is confinement.
As a result, a compromise needs to be reached to maintain strong ponderomotive force and simultaneously
weak wiggling motion. This trade-off is the origin of the results observed in figure 10.

The next important parameter to be studied is the cavity wavelength, whose influence on the saturation
power is examined in figure 11. The illustrated simulation results show that the best efficiency is acquired
when the cavity wavelength is close to the wavelength of the ICS laser. The existence of optimal wavelengths
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for the cavity beams is anticipated because a large wavelength, on one hand, does not impose a considerable
confinement effect and a small cavity wavelength, on the other, results in a large number of tiny focal spots
that do not ultimately change the bunch transverse profile. However, the reason why this optimum
wavelength occurs at values close to the ICS wavelength is still unknown. To theoretically prove this, one
needs to derive analytical formulations for the radiation of modulated microbeams, which will be presented
in a future study. There exists a small deviation between optimum cavity wavelength and ICS wavelength.
The simulations with e-beams of larger transverse sizes showed that this deviation becomes smaller for
larger beam sizes. An anomaly in the radiation at λc ≈ 5 μm is observed in the plot. This wavelength is
equal to the wiggling period of the electrons. When the two wiggling motions induced by the cavity and ICS
laser fields are synchronous, the distribution of the ponderomotive force will be affected and the focal spots
will be disturbed. The wiggling motion induced by the optical cavity acts like a transverse Compton
scattering source. At λc ≈ 5 μm, the wavelengths of transverse and longitudinal Compton scattering
radiations coincide. This disturbs the total microbeam and microbunch formation and eventually results in
the suppression of coherent gain in the radiation generation.

8. Conclusion and outlook

This paper aimed at introducing a new roadmap for realizing compact coherent x-ray sources. A new
scheme based on ICS off low-energy electrons transversely confined inside fields of an optical cavity is
presented. The transverse gradient forces stemming from inhomogeneous cavity fields are capable of
confining and additionally focusing the electron beams close to the cavity nodes. It is shown that the
microbeams produced by this effect are more suitable choices for radiation generation compared to a free
electron beam. The possibility of achieving fast coherent gain before bunch expansion due to space-charge
forces is theoretically demonstrated. As a result, the appropriate design of the total interaction leads to
compact x-ray sources that enable efficiencies close to the existing x-ray FEL.

Maximum effort was put into simulating the proposed phenomenon based on first-principle equations
in order to capture all involved effects in the interaction between electrons, cavity and counter-propagating
beams. Furthermore, the parameters of electron and optical beams were chosen according to the
state-of-the-art e-beam and laser technology. This approach theoretically proves that the proposed scheme
may be a viable venue for realizing a ‘table-top’ coherent x-ray source. However, the realization of an x-ray
source based on the investigated scheme requires a self-consistent start-to-end simulation as well as
sensitivity studies. Particularly, the effects of existing experimental limitations on the source performance
need to be scrutinized. For instance, fluctuations in the phase front of cavity beams, non-uniform (usually
Gaussian) current profile in the electron beams, a non-uniform envelope of the ICS laser beam are
parameters that influence the efficiency of radiation generation. In addition, the required synchronization
between the electron beam and counter-propagating laser to collide at a certain position with respect to the
cavity center needs to be explored. On the other side, this paper presented the design of a soft x-ray source.
The potential of ICS off confined relativistic beams to realize a coherent hard x-ray source can be the focus
of a future study. Hopefully, the presented analysis and proposal of one possible solution for a compact
coherent x-ray source further motivates this field of research. Ultimately, these proposals are necessary to
achieve a well-performing x-ray source that can be integrated into small labs for easier access and usage by
physicists, chemists, and biologists.
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Appendix. Standing-wave fields inside an optical cavity

To consider the effect of particle confinement in cavity fields during an ICS interaction, the same ICS
analysis is performed with cavity fields superposed on the fields of the counter-propagating beam. The fields
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inside a 2D cavity as shown in figure 1 are formulated as a superposition of four Gaussian beams
propagating along +x, −x, +y, and −y directions. These beams produce a standing wave pattern inside the
cavity.

In a (p, s, l) Cartesian coordinate system, the fields of a Gaussian beam that is polarized along p direction
and propagates along l are formulated as follows:

Ep = E0

√
w0pw0s

wp(l)ws(l)
exp

{
− p2

w2
p(l)

− s2

w2
s (l)

}

× cos

(
ω

(
t − t0 − l

c

)
− k0p2

2Rp(l)
− k0s2

2Rs(l)
− π

2
+

φp(l) + φs(l)

2

)
,

El = E0
pw0p

zRpwp(l)

√
w0pw0s

wp(l)ws(l)
exp

{
− p2

w2
p(l)

− s2

w2
s (l)

}

× cos

(
ω

(
t − t0 − l

c

)
− k0p2

2Rp(l)
− k0s2

2Rs(l)
+

3φp(l) + φs(l)

2

)
,

Bl =
E0

c

sw0s

zRsws(l)

√
w0pw0s

wp(l)ws(l)
exp

{
− p2

w2
p(l)

− s2

w2
s (l)

}

× cos

(
ω

(
t − t0 − l

c

)
− k0p2

2Rp(l)
− k0s2

2Rs(l)
+

φp(l) + 3φs(l)

2

)
,

Bs =
Ep

c
, Es = Bp = 0

where

φζ(l) = tan−1(l/zRζ),

wζ(l) = w0ζ

√
1 + (l/zRζ)2,

Rζ(l) = l(1 + (zRζ/l)2),

with ζ ∈ {s, p}. w0p and w0s represent the beam radia parallel and normal to the polarization vector,
respectively. zRp = k0w

2
0p/2 and zRs = k0w

2
0s/2 are the Rayleigh range values parallel and normal to the

polarization vector, respectively. t0, ω and k0 = ω/c are the time delay, angular frequency and wave number
of the beam, respectively.

ORCID iDs

Arya Fallahi https://orcid.org/0000-0002-5142-8934
Niels Kuster https://orcid.org/0000-0002-5827-3728
Lukas Novotny https://orcid.org/0000-0002-9970-8345

References

[1] Hettinger G and Starfelt N 1958 Acta Radiol. 50 381–94
[2] Ikeda T, Matsuda Y, Nitta H and Ohtsuki Y H 1996 Nucl. Instrum. Methods Phys. Res. B 115 380–3
[3] Camara C G, Escobar J V, Hird J R and Putterman S J 2008 Nature 455 1089–92
[4] Esarey E, Ride S K and Sprangle P 1993 Phys. Rev. E 48 3003–21
[5] Leemans W P et al 1996 Phys. Rev. Lett. 77 4182–5
[6] Rykovanov S G, Geddes C G R, Vay J-L, Schroeder C B, Esarey E and Leemans W P 2014 J. Phys. B: At. Mol. Opt. Phys. 47 234013
[7] Bech M, Bunk O, David C, Ruth R, Rifkin J, Loewen R, Feidenhans’l R and Pfeiffer F 2009 J. Synchrotron Radiat. 16 43–7
[8] Graves W S et al 2014 Phys. Rev. Spec. Top. Accel. Beams 17 120701
[9] Huang Z and Kim K J 2007 Phys. Rev. Spec. Top. Accel. Beams 10 034801

[10] Pellegrini C, Marinelli A and Reiche S 2016 Rev. Mod. Phys. 88 015006
[11] Saldin E, Schneidmiller E and Yurkov M V 1999 The Physics of Free Electron Lasers (Berlin: Springer)
[12] Schmüser P, Dohlus M, Rossbach J and Behrens C 2014 Free-Electron Lasers in the Ultraviolet and X-Ray Regime vol 258 (Berlin:

Springer)
[13] Bonifacio R, Pellegrini C and Narducci L 1984 Collective instabilities and high-gain regime free electron laser AIP Conf. Proc. vol

118 (American Institute of Physics) pp 236–59
[14] Geddes C G R, Toth C, Van Tilborg J, Esarey E, Schroeder C B, Bruhwiler D, Nieter C, Cary J and Leemans W P 2004 Nature 431

538–41

14

https://orcid.org/0000-0002-5142-8934
https://orcid.org/0000-0002-5142-8934
https://orcid.org/0000-0002-5827-3728
https://orcid.org/0000-0002-5827-3728
https://orcid.org/0000-0002-9970-8345
https://orcid.org/0000-0002-9970-8345
https://doi.org/10.1177/028418515805000406
https://doi.org/10.1177/028418515805000406
https://doi.org/10.1177/028418515805000406
https://doi.org/10.1177/028418515805000406
https://doi.org/10.1016/0168-583x(96)00167-x
https://doi.org/10.1016/0168-583x(96)00167-x
https://doi.org/10.1016/0168-583x(96)00167-x
https://doi.org/10.1016/0168-583x(96)00167-x
https://doi.org/10.1038/nature07378
https://doi.org/10.1038/nature07378
https://doi.org/10.1038/nature07378
https://doi.org/10.1038/nature07378
https://doi.org/10.1103/physreve.48.3003
https://doi.org/10.1103/physreve.48.3003
https://doi.org/10.1103/physreve.48.3003
https://doi.org/10.1103/physreve.48.3003
https://doi.org/10.1103/physrevlett.77.4182
https://doi.org/10.1103/physrevlett.77.4182
https://doi.org/10.1103/physrevlett.77.4182
https://doi.org/10.1103/physrevlett.77.4182
https://doi.org/10.1088/0953-4075/47/23/234013
https://doi.org/10.1088/0953-4075/47/23/234013
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1107/s090904950803464x
https://doi.org/10.1103/physrevstab.17.120701
https://doi.org/10.1103/physrevstab.17.120701
https://doi.org/10.1103/physrevstab.10.014002
https://doi.org/10.1103/physrevstab.10.014002
https://doi.org/10.1103/revmodphys.88.015006
https://doi.org/10.1103/revmodphys.88.015006
https://doi.org/10.1038/nature02900
https://doi.org/10.1038/nature02900
https://doi.org/10.1038/nature02900
https://doi.org/10.1038/nature02900


New J. Phys. 23 (2021) 083033 A Fallahi et al

[15] Leemans W P et al 2014 Phys. Rev. Lett. 113 245002
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