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Abstract 
Inverse Compton scattering (ICS) sources are one of the 

promising compact tools to generate short wavelength ra-
diation from electron beams based on the relativistic Dop-
pler effect. Nonetheless, these sources suffer from a few 
shortcomings such as incoherent radiation and low-effi-
ciency in radiation generation. This contribution presents a 
novel scheme based on the scattering of an optical beam 
from a confined/trapped electron beam inside an optical 
cavity. Inverse-Compton scattering off both free and con-
fined electrons are simulated using a full-wave solution of 
first-principle equations based on FDTD/PIC in the co-
moving frame of electron beams. It is shown that the strong 
space-charge effect in low-energies is the main obstacle in 
acquiring coherent gain through the ICS mechanism. Sub-
sequently, it is shown that by confining the electron beam 
to the cavity nodes, the space-charge effect is compensated, 
and additionally, the ultrahigh charge density enables high 
FEL-gain at confinement spots, thereby augmenting the 
coherence of the output radiation and concurrently increas-
ing the source efficiency by three orders of magnitude.  

INTRODUCTION 
The advent of x-ray free-electron lasers (FELs) led to 

breakthrough progress by increasing the x-ray source peak 
brightness by up to ten orders of magnitude when com-
pared to synchrotron radiation facilities [1, 2]. This remark-
able progress revolutionized light source development spe-
cifically in the x-ray domain, and enabled studies with ul-
trashort time resolutions and/or ultra-high spectral resolu-
tion [3]. This breakthrough is emphasized by calling FELs 
fourth generation light sources [4]. After the successful im-
plementation of the first soft x-ray FEL, FLASH at DESY 
in 2005 [5], and the first hard x-ray FEL LCLS at SLAC in 
2010 [6], implementation of various x-ray FEL facilities 
have been triggered. FEL facilities in South Korea [7], Ja-
pan [8] and Italy [9] are now successfully operating for 
many years. The 3.4 km long facility European-XFEL 
started operation initially at a wavelength of 1.4 nm 
(900 eV) in 2017. 

Despite the unprecedented possibilities offered by FEL 
technology, the requirement for building a large facility to 
produce the output x-ray beamline considerably hampers 
the research progress in this field. These giant lasers are not 
portable, operate with high energy consumption, and more-
over their upgrade usually demands substantial effort and 
longtime shutdown of the facility. These challenges have 
motivated extensive research efforts around the world to 

realize the so-called “table-top” x-ray sources that offer x-
ray generation with the same efficiency but in a compact 
setup. To this end, different techniques such as laser- 
plasma wakefield acceleration (LPWA), THz acceleration, 
dielectric-laser acceleration (DLA), cryogenic undulators, 
optical undulators and nano-undulators are being examined 
in various institutes. For a more detailed review on com-
pact x-ray source research, the reader is referred to [10]. 
Here, we present a new scheme for realizing a compact x-
ray source which is based on confining electron beams to 
weak field regions inside an optical/electromagnetic cavity. 
Hence, we name the proposed device as confined/trapped 
electron laser compared to the conventional free electron 
laser. 

The theory of free electron laser based on static undula-
tors was pioneered by R. Bonifacio and L. Pellegrini in 
1984 [2]. Four years after the proposal of FEL, the theory 
of optical undulators was developed by Gallardo et al. [11]. 
Nonetheless, there exists no operational FEL facility today 
based on optical or electromagnetic undulators. This con-
tribution, through full-wave simulation of optical undula-
tor radiation using FDTD/PIC algorithm in the Lorentz-
boosted framework, firstly demonstrates that the strong 
space-charge forces in the low-energy electron beams pre-
clude the coherent gain in the radiation inside an optical 
undulator. Secondly, it is shown that by adding the fields 
of an optical cavity that transversally confines the electron 
beam to field nodes, the coherent gain can be triggered. 

NUMERICAL RESULTS 
Figure 1 schematically illustrates the proposed confined 

electron laser setup compared with the conventional FEL 
with optical undulator mechanism. The device consists in 
an electron beam wiggled by a counter propagating laser as 
in an optical undulator or inverse Compton scattering 
setup. However, the interaction is performed inside an op-
tical cavity which imposes ponderomotive (gradient) 
forces to the electrons. These forces trigger three interde-
pendent phenomena in the electron beam propagation and 
radiation: (i) The gradient forces suppress the increase in 
beam transverse size that consequently minimizes the ef-
fective beam emittance, (ii) The ponderomotive forces pre-
vent the transverse expansion of the beam size due to Cou-
lomb forces, and (iii) the single e-beam with low charge 
density is divided into multiple micro-beams with dramat-
ically higher charge densities that have stronger potentials 
for micro-bunching and lasing. 

 ___________________________________________  
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Figure 1: Schematic illustration of optical undulator with 
confined electrons compared to free electrons. 

 

Table 1: Source Parameters 
Parameter Value 
Current profile Uniform 
Bunch RMS size (𝜎௫ ൌ 𝜎௬) 5 m 
Bunch length (𝜎௭) 20 m 
Bunch charge (𝑄) 0.64 pC 
Bunch energy (𝐸) 5.12 MeV 
Bunch current (𝐼) 9.6 A 
Longitudinal momentum spread (𝜎ఊఉ೥) 2.5×10-3 
Normalized emittance (𝜖௡) 50 nm-rad 
Laser wavelength (𝜆଴) 10 m 
Laser strength parameter (𝑎଴) 1.0 
Pulse duration (𝑐𝑇) 18 mm 
Laser pulse type Flat-top 
Radiation wavelength (𝜆௫) 37.6 nm 
Cavity wavelength (𝜆௖) 11.8 m 
Cavity beam size (𝑤଴௫ ൈ 𝑤଴௬) 7.4 × 0.1 mm2 
Cavity beam strength parameter (𝑎଴௖) 0.07 
Beam focal position (𝑐𝛿𝑡) 8.4 mm 
 
We use the code MITHRA 2.0 to simulate the interaction 

through a Finite-Difference Time-Domain / Particle-in-
Cell (FDTD/PIC) algorithm [12]. The interaction parame-
ters chosen based on the state-of-the-art electron gun and 
laser technology, are tabulated in Table 1. The results of the 
simulation are shown in Fig. 2, where the radiated power 
and temporal field magnitude in front of the bunch are de-
picted in terms of the propagation length. Considering the 
simulation results for laser beam scattered off a free elec-
tron beam with and without space-charge effect, it is ob-
served that the Coulomb repulsion between the electrons in 
the low energy (5 MeV) beam completely hampers the co-
herent gain. In other words, the space-charge effect that is 
typically neglected in FEL operation due to ultra-relativ-
istic energies is no more negligible. 

The results for the same simulation but with the cavity 
fields show an outstanding enhancement in the radiation. It 
is observed that the radiation begins with an initial incoher-
ent radiation, originated from the shot noise in the bunch 

electron distribution, proceeds with a gain regime in the ra-
diation and ultimately the radiated power is saturated. This 
is analogous to the conventional FEL operation.  

In Fig. 3, the field and bunch profile as well as the radi-
ated power profile are visualized at the maximum radiation 
instant. The occurrence of microbunching is clearly ob-
served in the confined microbeams, whereas the free beam 
does not show any microbunching. Furthermore, the field 
profile of the radiation indicates forward radiation as 
strong as the backward coherent radiation, which is another 
confirmation of a coherent lasing of the confined electron 
beam inside the cavity. The radiated power profile is dif-
ferent from a conventional free electron laser, where a sin-
gle beam is created. In the confined electron laser concept, 
there exist several microbeams that radiate simultaneously 
in phase parallel to each other. The radiation profile of 
these microbeams can be understood by referring to the 
theory of array antennas, where a main lobe as well as sev-
eral side lobes exist in the radiation pattern. Such a profile 
is also observed in the radiation of the confined electron 
beam. 

 
Figure 2: (a) temporal signature of the radiated field value 
sampled on-axis in front of the bunch for trapped and free 
electrons, and (b) radiated power on logarithmic scale ver-
sus undulator length for free and trapped electrons with and 
without considering space-charge effect. 

CONCLUSION 
This contribution aimed at introducing a new laser de-

vice, named as confined electron laser, that enables a com-
pact coherent x-ray sources. The device is based on inverse 
Compton scattering off low-energy electrons transversely 
confined inside fields of an optical cavity. In the fields of 
an optical cavity, there exist transverse gradient forces that 
push the particles towards regions with weak field values.
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Figure 3: Visualization of the simulation results at the instant of maximum radiated power: (a) bunch profile, (b) field 
profile, and (c) beam power profile in front of the bunch for confined electrons, and (d) bunch profile, (e) field profile, 
and (f) beam power profile in front of the bunch for free electrons. 

These forces lock, or focus, the electrons to the cavity 
nodes and minimize the beam divergence due to transverse 
energy spread or Coulomb repulsion. It is theoretically 
demonstrated that the microbeams produced by this 
scheme offer the possibility of achieving fast coherent gain 
before bunch expansion. As a result, using an optimal de-
sign of the cavity parameters compact x-ray sources can be 
devised that enable efficiencies close to the existing x-ray 
free-electron lasers. 
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