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Abstract
Recent advancements in gamma-ray light sources have cat-

alyzed the exploration of novel methods alternative to the tra-
ditional Free-Electron Lasers (FELs) and Inverse Compton
Scattering techniques. The TECHNO-CLS project, under
the European Innovation Council’s PATHFINDER initia-
tive, investigates the use of crystalline light sources (CLSs)
employing linear, bent, and periodically bent crystals. By
leveraging the intrinsic electrostatic fields within these crys-
tals, akin to magnetic undulators, sub-millimeter oscillation
periods are achieved, allowing GeV electron beams to gener-
ate high-intensity, monochromatic X- and gamma-rays up to
tens of MeV. We ouline the foundational techniques for creat-
ing crystalline undulators and the channeling phenomena in
various crystal configurations, along with preliminary simu-
lation results. These insights are crucial for the development
of the next generation of gamma-ray sources.

INTRODUCTION
Crystalline Light Sources (CLSs), employing linear, bent,

and periodically bent crystals, represent a new approach
for hard X and 𝛾 radiation sources. These memthods are
based on the intaraction of ultrarelativistic 𝑒± interacting
with the strong electrostatic fields within crystals to achieve
shorter oscillation periods, enabling GeV particle beams to
produce 100 keV − 100 MeV photons. The adaptability of
CLSs offers practical benefits over traditional methods by
allowing adjustments in the sample design to meet specific
application requirements. This paper will discuss the es-
sential concepts and methods for using crystal structures to
manipulate cherged particle beams and improve radiation
output. We’ll explore the operational principles, address
manufacturing challenges of crystalline undulators, their
potential as effective and versatile 𝛾-ray sources.

RADIATION EMISSION IN CRYSTALS
Straight Crystals

When charged particles traverse a crystal at a small angle
to a principal axis or plane, they experience coherent inter-
actions. This alignment results in correlated collisions with
atoms along the same row or plane, thus the particle collec-
tively interacts with entire crystalline planes or axes. Such
interactions not only alter the dynamics of charged particles
within the crystal but also modify the bremsstrahlung radi-
ation emission process. The first discovered phenomenon,
∗ riccardo.negrello@unife.it

known as coherent bremsstrahlung (CB), occurs when the
particle’s momentum transfer aligns with a reciprocal lattice
vector, akin to Bragg/Laue diffraction processes [1]. Under
these conditions, the bremsstrahlung cross-section, typically
averaged over interactions with individual atoms, acquires
an additional component through constructive interference.

At even smaller incidence angle, when the velocity of
a charged particle is nearly parallel to a crystal axis/plane,
channeling occurs provided the incidence angle is less than

the critical angle, 𝜃𝑐 = √2𝑈0
𝑝𝑣 , where 𝑈0 denotes the poten-

tial well depth, 𝑝 the particle’s momentum and 𝑣 its velocity
[2]. Under these circumstances, the particle’s path becomes
confined within the planar or axial potential wells, leading to
an oscillatory motion, which in turn triggers a distinct type of
electromagnetic radiation called channeling radiation (CR)
[3]. The frequency spectrum of this radiation is influenced by
the harmonic oscillation of the particle’s trajectory, with the
angular frequency of the first harmonic photon being calcu-
lated approximately as: 𝜔 = 2𝛾2𝜔0 = 4𝛾3/2/𝑑𝑝√2𝑈0/𝑚.
While CR typically exhibits a softer yet more intense radi-
ation than CB, it is constrained by a narrow angular range
defined by the Lindhard angle and is affected by the scatter-
ing with crystal nuclei and electrons, particles can escape
from the channeling condition, i.e., the dechanneling effect
[4].

Figure 1: Radiation spectra emitted by 600 MeV e- interact-
ing with a diamond crystal of 0.31 mm thickness along (100)
planes at different orientations, channeling and CB peaks
can be observed.

Example of radiation spectra from CR and CB can be
observed in Fig. 1. This experiment was conducted at the
Mainzer Mikrotron (MAMI), where a beam of electrons
of 600 MeV impinges on a 0.31 mm thick diamond crystal
along the (110) plane at various angles. Directly at angle
0 µrad, the channeling condition is respected, showcasing
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a peak at low energy. At increasing angles, the peak po-
sition shifts towards harder photon’s energies. Indeed the
periodicity of particle’s motion under CB depends on the
incidence angle, 𝜃, as 𝑑/𝜃, where 𝑑 is the interplanar dis-
tance. At larger 𝜃, the period is smaller, thereby leading to
harder photon energies, but lower intensities. CB is currently
used in different facilities to generate linearly polarized hard
gamma-rays [5].

On the other hand, even if CR is more intense than CB in
the MeV region and may found application in, for instance,
medical physics [6], its utilization for applications is still
absent.

Bent Crystals
Bent crystals have attracted considerable attention for their

beam deflection properties, which are critical in applications
such as beam collimation and extraction in current and fu-
ture colliders [7]. Recent research has expanded to include
the study of radiation emissions from 𝑒+ and 𝑒− in these
settings [8]. In bent crystals, a unique phenomenon known
as volume reflection (VR) occurs. VR involves the reflection
of a particle’s trajectory off the bent crystal planes when
the incidence angle slightly exceeds the Lindhard angle [9].
This process affects particles that are not channeled, termed
over-barrier particles, and is notably immune to dechannel-
ing. Consequently, VR provides higher deflection efficiency
than channeling, although the deflection angles are similar
to those observed in 𝜃𝑐. However, VR’s efficiency is often
moderated by volume capture (VC), a process where over-
barrier particles become trapped in a channeling state due
to incoherent scattering with lattice atoms at points near the
crystal’s reflective surface.

Figure 2: Experimental and simulated radiation spectral in-
tensities for Si and Ge samples under various orientations.
The experimental data are represented by lines, and the sim-
ulation data by points. Si and Ge crystals were bent to angles
of 750 µrad and 820 µrad, respectively. Adapted from [10].

Volume reflection not only deflects particles but also leads
to the emission of radiation, which is documented in recent
studies [8, 10]. The experiments discussed here, adapted
from [10] and depicted in Fig. 2, were conducted at MAMI
using ultrashort bent crystals of silicon (Si) and germanium
(Ge) as a target of an 855 MeV electron beam. The beam ex-

hibited a size and angular divergence of 105 µm and 21 µrad,
respectively, in the plane parallel to the crystal bending. The
crystals themselves were 15 µm thick [11]. These measure-
ments varied the angular alignment between the crystals
and the beam (𝜃𝑖𝑛), exploring positions such as channeling
alignment (𝜃𝑖𝑛 ≈ 0), volume reflection (𝜃𝑖𝑛 ≈ −𝜃𝑖𝑛/2), and
random (𝜃𝑖𝑛 ≫ −𝜃𝐶). The spectral range was selected from
0.5 MeV to 8 MeV, focusing on the region pertinent to chan-
neling radiation (CR). Notably, the Ge samples produced
more intense radiation than their Si counterparts under com-
parable alignments, attributed to Ge’s higher atomic number.
Research indicates [8] that particles captured in the channel-
ing regime at the reflection point predominantly sustain the
CR peak in VR configurations. A reduction in the number of
these captured particles corresponds with a diminished VR
radiation peak, suggesting that the radiation in VR settings
comprises contributions from both purely reflected particles
and those trapped in channeling conditions. This radiation
is associated with both CR, due to volume capture (VC), and
CB, resulting from the general orientation of the crystals.
VR radiation is particularly notable for its broader angular
acceptance relative to CR, matching the bending angle of
the crystal [8], while maintaining radiation intensity levels
comparable to both CR and CB. These properties of VR
radiation demonstrate its potential for the development of
powerful radiation sources with reduced beam emittance and
for the creation of VR-based crystalline undulators [8]. Fur-
thermore, the combination of the high-intensity of radiation
emission and the deflection power of VR can be exploited
for the collimation of future linear 𝑒+𝑒− colliders [12].

Crystalline Undulator

The concept of a crystalline undulator (CU), which ex-
ploits periodically bent crystals to produce intense and
monochromatic electromagnetic radiation, was originally
proposed in the late 1970s [13]. A CU emulates magnetic
undulators through its utilization of strong electrostatic fields
between crystal planes, that can reach values of the order of
109 V cm−1. In contrast to magnetic undulators, where the
oscillation period 𝜆𝑢 cannot be less than 1 cm, a CU allows
for significantly smaller periods, down to the sub-millimeter
range. The wavelength of the emitted 𝛾-rays is determined
by the formula: 𝜆 = 𝜆𝑢

2𝛾2 (1 + 𝑘2/2) here 𝛾 the Lorentz
factor of the beam impinging the CU, and 𝑘 the so-called
undulator strength parameter. This configuration enables the
generation of harder photons compared to those produced
by magnetic undulators. For instance, a CU with a period
on the order of 10 µm to 100 µm can generate MeV photons
using a GeV electron beam. Over time, several studies have
demonstrated the feasibility of CUs [14]. The advantage of
using periodically bent crystals lies in the ability to fine-tune
the bending amplitude and period to match specific beam
parameters. This adaptability ensures that the emitted radi-
ation can be adjusted to meet the requirements of various
applications.
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The initial methods for CU manufacturing included pat-
terned ion implantation using swift ions. This process in-
duces an amorphized region that exerts coercive forces on
the crystal bulk, creating an elastic strain field and inducing
curvature within the crystal. Specifically, the implantation
of 150 keV 𝐻𝑒+ ions has proven effective for CU fabrication
[15]. An alternative approach involves depositing a strained
layer of silicon nitride on a silicon monocrystal via low-
pressure chemical vapor deposition (LPCVD). Conducted
at high temperatures, typically around 800 °C, this method
induces thermal stress upon cooling, given the differential
thermal expansion coefficients of the film and substrate [16].
Additionally, the grooving technique, which involves engrav-
ing a series of grooves along the major surfaces of a crystal,
has also been used to induce a permanent and reproducible
deformation across the crystal [17]. This deformation is
essential for achieving the desired modulation in the crystal
lattice.

Figure 3: Simulated radiation emission probability for a
10 GeV positron beam interacting with sample 1 (solid line)
and the Bethe-Heitler amorphous emission probability for a
Si sample of the same thickness (Adapted from [18]).

As an example from [18], Fig. 3 the simulation of the radi-
ation emission probability by a 10 GeV positron beam with
30 µrad of divergence on silicon CU with 𝜆𝑢=334 µm, am-
plitude 𝐴 = 1.28 nm and strength parameter 𝑘 = 0.46. The
amplitude A surpasses the interplanar spacing d, aligning
with the requirements for a feasible CU in regimes of large
amplitude and period [14]. The spectrum in Fig. 3 shows
a pronounced peak at approximately 1.5 MeV, markedly
higher—over twentyfold—than the radiation from an equiva-
lent amorphous silicon sample within the 0.5 MeV to 2 MeV
range.

All this kind of X and 𝛾-ray sources based on oriented
crystals should be compared to the others already existing in
the literature. The most promising of which is ICS, where
an intense laser beam of visible or near-infrared photons is
scattered off an electron beam with typically a few hundred
MeV energy. Crystal-based sources offer cost advantages, as
they do not necessitate powerful, short-pulse laser systems.

However, the non-monochromatic contribution of standard
bremsstrahlung to CB/CR emissions persists, although re-
ducible with proper collimation. Nevertheless, this is not a
problem for several applications in medical physics, while in
nuclear physics the photo-tagging method is normally used
with CB sources to know exactly the photon energy [19].

CONCLUSION
This paper reviewed the application of crystalline struc-

tures to develop high-intensity, quasi-monochromatic and
tunable 𝛾-ray sources. Using linear, bent, and periodically
bent crystals, nearly monochromatic radiation can be ef-
fectively produced. CLSs offer a sustainable alternative
over traditional technologies like FELs and ICS by allow-
ing for specific tuning of radiation properties to suit var-
ious applications. We discussed the principles of coher-
ent bremsstrahlung, channeling and volume reflection ra-
diation. Future developments focus on refining the manu-
facturing techniques, promising more precise structures for
enhanced performance. The results from simulations and
experiments suggest a fruitful future for crystalline-based
radiation sources, with potential impacts across material
science, medical imaging, and nuclear physics.
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