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The radiation emitted by 855 MeV electrons via planar channeling and volume reflection in a
30.5-μm-thick bent Si crystal has been investigated at the MAMI (Mainzer Mikrotron) accelerator.
The spectral intensity was much more intense than for an equivalent amorphous material, and peaked in the
MeV range in the case of channeling radiation. Differently from a straight crystal, also for an incidence
angle larger than the Lindhard angle, the spectral intensity remains nearly as high as for channeling. This is
due to volume reflection, for which the intensity remains high at a large incidence angle over the whole
angular acceptance, which is equal to the bending angle of the crystal. Monte Carlo simulations
demonstrated that incoherent scattering significantly influences both the radiation spectrum and intensity,
either for channeling or volume reflection. In the latter case, it has been shown that incoherent scattering
increases the radiation intensity due to the contribution of volume-captured particles. As a consequence, the
experimental spectrum becomes a mixture of channeling and pure volume reflection radiations. These
results allow a better understanding of the radiation emitted by electrons subjected to coherent interactions
in bent crystals within a still-unexplored energy range, which is relevant for possible applications for
innovative and compact x-ray or γ-ray sources.
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The electromagnetic radiation emitted in the interaction
of electron or positron beams with crystals has been
investigated for years and in some cases exploited for
the production of intense electromagnetic radiation [1–4].
The main feature of this kind of radiation [5–7] is the higher
intensity of hard photoproduction compared to the case
of bremsstrahlung in an amorphous medium, which is
described by the Bethe and Heitler formulation (BH) [8].
The enhancement of the bremsstrahlung spectrum of
electrons or positrons crossing the periodic structure of a
crystal, which appeared for the first time in the works of
Ferretti [9], Ter-Mikaelian [10], Dyson and Uberall [11],
leads to the possibility of exploiting this type of radiation

as a source of intense x rays or γ rays, far harder than
the photon energies achievable in magnetic undulators at
the same primary electron beam energy. Such an effect
took the name coherent bremsstrahlung (CB) and was
experimentally proven true by Diambrini-Palazzi et al. at
Frascati in 1960. In 1964, Lindhard introduced the concept
of coherent scattering of charged particles by the atoms of a
crystal when the particle trajectory is nearly aligned with a
crystal axis or plane. In such low-angle approximation,
correlations between successive collisions of a particle with
the atoms in the same row or plane occur [12] and one can
replace the potentials of separate atoms with an average
continuous potential of the crystal atomic string or plane.
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The atomic string or plane steers a particle away from or
toward the lattice atoms, depending on the particle’s charge
sign. If the incident angle with respect to the crystallo-
graphic axes or planes is smaller than θL ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2U0=pv
p

,
charged particles can be confined inside the axial or planar
potential well, U0 being the potential well depth, p and v
the particle momentum and velocity, respectively. This
effect is called channeling and, even though it was
discovered by computer simulations in 1963 [13], only
the introduction of the continuous potential by Lindhard
allowed a simple description and understanding of such a
phenomenon. Channeled particles oscillate during their
motion inside the planar or axial potential well, leading to
a peculiar process of radiation emission by electrons or
positrons, thereby called channeling radiation (CR) [14].
Even though CB and CR in straight crystals have been

extensively investigated, new opportunities for intense
production of electromagnetic radiation are offered by
the usage of bent crystals. In particular, the radiation
accompanying volume reflection (VR) in curved crystals
is promising for relevant applications, spanning from a
γ-ray or a positron source to a crystal-based collimation in
future electron or positron colliders [15–17]. VR consists
of the deflection of over-barrier particles to a direction
opposite that of the crystal bending by an angle of the order
of θL [18]. Because the particles that suffer VR are found in
over-barrier states, they cannot be affected by dechannel-
ing, leading to higher deflection efficiencies than for the
channeling case, for either positive [19,20] or negative [21]
particles. The lower dependence of the radiation accom-
panying VR on the particle charge sign makes this radiation
very attractive for applications in electron accelerators,
which are much more common, less expensive, and often
offer the best performance in terms of emittance than
currently available positron accelerators. Another advan-
tage of the radiation accompanying VR is the large and
adjustable angular acceptance for its generation. Indeed, the
angular acceptance is practically equal to the bending angle
of the crystal and considerably exceeds those for CB and
CR in a straight crystal [22]. This feature would open up
new possibilities in application with the usage of relatively
poor-emittance electron beams.
The few existing studies on VR radiation have been done

with hundreds-GeV beams [16,22–25]. In those experi-
ments, mm-long bent crystals were used, while, since the
dechanneling length for GeV electrons is of the order of
20 μm [26], bent crystals with a thickness comparable to
such a length are needed to steer sub-GeV electron beams.
Only very recently, such a possibility was demonstrated for
either channeling or VR [27,28]. These results opened up a
new challenge for electromagnetic radiation generation in
bent crystals within the energy range accessible by many
electron accelerators worldwide. In fact, there is somewealth
of data concerning the radiation emitted by electrons in
straight crystals in the sub-GeVor GeVenergy ranges, while

no experimental data on radiation in bent crystals exists in
the literature—only theoretical expectations [29,30].
In this Letter, we report on a study about the radiation

generated by 855 MeV electrons through coherent inter-
action with a bent crystal. The electron beam was accel-
erated at the Mainzer Mikrotron [31]. The study aims
at investigating the influence of the curvature on the
radiation emitted by electrons in a bent crystal and thereby
the radiation accompanying VR within an energy range
interesting for an x-ray or γ-ray source.
The experimental setup of Ref. [26] was upgraded with a

microstrip Si detector with a spatial resolution of 10 μm
[32] in order to reconstruct the beam profile after inter-
action with the crystal [27]. The photons emitted by the
electrons inside the crystal were separated by the charged
beam through a bending magnet and after 8.627 m arrived
at a 25.4 × 25.4 cm2 NaI scintillator detector. An aperture
of 40-mm diameter in the lead shield surrounding the
detector permitted the collection of a portion of the emitted
photons, resulting in a collimator aperture of 4.63 mrad,
i.e., equal to ∼7.8 times the 1=γ angle, for collection of
most of the emitted photons. More details on the exper-
imental setup can be found in Ref. [33]. Following the idea
presented in Ref. [34], a Si crystal was bent through the
quasimosaic effect [35] along its (111) planes. Crystal
thickness along the beam was ð30.5� 0.5Þ μm and its
bending radius was 33.5 mm, approximately 23 times the
critical radius for channeling at this energy (Rc ¼ 1.5 mm)
[27,36]. Beam divergence was about 30 μrad of standard
deviation along the direction transverse to the (111) planes,
i.e., much less than θL, which is about 220 μrad at
855 MeV.
Before measuring the radiation spectra, the particle

dynamics were investigated in order to ensure the proper
experimental conditions for channeling and VR, while
probing, at the same time, the steering capability of the
crystal [27]. Figure 1(a) represents the distribution of
the beam particles after the interaction with the crystal
vs the crystal-to-beam orientation. The labels (1)–(6) on the
figure highlight different regions of interest. In regions (1)
and (6), the crystal is not aligned with the beam, so that
neither channeling nor VR occur. Region (2) corresponds
to planar channeling, while region (3) is populated by
dechanneled particles. Dechanneling consists of the ejec-
tion of a particle from a channel, due to incoherent
scattering suffered by the particle on crystal nuclei and
electrons. After a dechanneling event, the transverse energy
of a channeled electron becomes higher than the planar
potential barrier, i.e., a particle passes from an under- to an
overbarrier state. Incoherent scattering may also cause
rechanneling of previously dechanneled particles [27].
Regions (4) and (5) correspond to VR and volume capture
(VC) [37], respectively. Those phenomena manifest them-
selves because the crystal is oriented in such a way that,
even in the case of an incidence angle larger than θL, the
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beam trajectory becomes tangent to the bent atomic planes
in the crystal bulk. Under such conditions, most of the
particles undergo VR [18], while a fraction of the beam is
captured into the channeling regime (VC) due to incoherent
scattering [19].
In order to measure the radiation spectrum, a calibration

of the NaI detector was performed by using the natural
radioactive isotopes 40K (1.461 MeV) and 208Tl-228Th
(2.6146 MeV). The energy scale has been selected in
the region of interest for CR. The experimental radiation
spectrum after interaction with the crystal as a function of
the crystal-to-beam angle is shown in Fig. 1(b). Regions
A and D correspond to the nonchanneling case, B is for
channeling, and C for VR. Region B also includes the
contribution of the radiation emitted by the particles that
were dechanneled during their motions. Similarly, the
contribution of volume-captured particles is also included
in region C. As expected, the radiation intensity is stronger
for CR (B) than for the misaligned case (A and D).
Moreover, the intensity in region C of Fig. 1(b) is still
higher than for the misaligned case within the whole
angular acceptance of VR, corresponding to ∼900 μrad.
Figure 1(b) differs considerably if compared to the case of a
straight crystal. Indeed, in the latter case the radiation
intensity falls off very rapidly out of the channeling region,

which is as large as 2θL ¼ 440 μrad, passing from CR to
CB radiation.
Figure 2(a) shows the experimental spectra for the

radiation emitted as the crystal was oriented in channeling
(α curve), in the middle of VR region (β curve), and far
from the alignment condition with bent planes (γ curve,
recorded at an angle of θin ¼ 8726 μrad from channeling).
The experimental scale has been chosen from 0.5 MeV to
8 MeV to select the region of interest for CR. The depicted
spectra are unprocessed, i.e., the deconvolution from the
detector response function has not been performed.
Nevertheless, the effect of the finite resolution would

FIG. 1 (color online). (a) Experimental deflected beam distri-
bution vs the incoming angle with respect to the bent (111)
planes. Different regions of interest are labeled by different
numbers: (1) and (6) crystal for the nonalignment case, (2) for
channeling, (3) for dechanneling, (4) for VR, and (5) for VC. This
is a reproduction of Fig. 2(a) in Ref. [27]. (b) Experimental
radiation spectrum vs the incoming angle with respect to the bent
(111) planes. Regions A and D correspond to the nonchanneling
case, B is for channeling, and C for VR. FIG. 2 (color online). (a) Experimental radiation spectra

(solid lines) for the cases of channeling (θin ¼ 0 μrad, α), VR
(θin ¼ 493 μrad, β), and far from (111) bent planes
(θin ¼ 8726 μrad, γ). Beam-off background has been subtracted.
The experimental scale has been chosen from 0.5 MeV to 8 MeV
to select the region of interest for CR. Inset of Fig. 2(a):
experimental radiation spectra (solid lines) for the cases of
channeling (α), VR (β), and far from (111) bent planes (γ),
obtained with a smaller collimator aperture (4 mm instead of
40 mm) compared to Fig. 2(a). (b) Experimental (left scale) and
simulated (right scale) radiation spectral intensities obtained by
multiplying the experimental spectra in Fig. 2(a) by the photon
energy E for the three cases. The photon emission intensity for
one electron, EðdN=dEÞ, has been obtained averaging over 1,000
trajectories.
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influence mostly the lower part of the spectra (< 0.5 MeV),
far from the CR region [26]. The intensities for both CR (α)
and the radiation accompanying VR (β) are stronger than
for the case far from channeling (γ). The experimental
spectra represent the total radiation collected by the NaI
detector, which is proportional to the number of photons by
unit of time and energy. For the sake of better comparison
with the spectra usually displayed in the literature, Fig. 2(b)
highlights the spectral intensities obtained by multiplying
the experimental spectra in Fig. 2(a) by the photon energy
E. The spectral intensity of CR peaks for photon energies
close to 1.8 MeV, which also appears in the case of VR,
though less intense. Since many applications in nuclear
physics or medicine do require nearly monochromatic
MeV photon beams [38,39], we repeated the measurements
for CR and radiation accompanying VR with a smaller
collimator aperture (4 mm instead of 40 mm) to reject the
contribution of the soft radiation emitted at large angles.
The experimental results show the possibility to pass from
the total unpeaked spectra of Fig. 2(a) to the peaked ones
displayed in the inset.
For the interpretation of experimentally recorded

patterns, we performed Monte Carlo simulations with
the code DYNECHARM++ [40] and its extension, including
RADCHARM++ [30] for radiation computation. The
DYNECHARM++ code takes into account the real particle
trajectories, and thereby the contribution of incoherent
scattering, too. The algorithm to compute the radiation
emission probability implemented in RADCHARM++ is
based on direct integration of the general formula of
Baier and Katkov for the electromagnetic radiation gen-
erated by charged particles in an external field [41].
Displayed in Fig. 2 are the simulated spectral intensities

EðdN=dEÞ vs E, where dN=dE is the photon emission
probability for each electron, for channeling (circles), VR
(down triangles), and misaligned cases (stars). Figure 2
shows a good agreement with the experiments in both
shape and amplitude.
In Ref. [27], it was shown that incoherent scattering

plays a crucial role in the electron dynamics under coherent
interaction with the bent 30.5 μm Si crystal, highlighting
the contribution of dechanneling or rechanneling to the
deflection efficiency. Figure 3 shows the simulated spectral
intensities for CR (circles and squares) and VR (down and
up triangles) by taking into account (circles and down
triangles) or not taking into account (squares and up
triangles) the incoherent scattering. For comparison, the
simulated Bethe-Heitler value is also shown (diamonds).
As expected, CR is suppressed by the contribution of
incoherent scattering [42]. Indeed, since CR is generated by
the oscillatory motion of particles inside the planar poten-
tial well, the scattering events that cause particle dechan-
neling lead to a reduction of CR intensity. On the contrary,
when the crystal is oriented in VR condition, the incoherent
scattering enhances the emitted radiation. This observation

is ascribed to the contribution of volume-captured particles.
More precisely, after capture into the channel, such
particles undergo dynamics typical of channeled particles,
resulting in similar radiation processes as for CR. For a
better understanding, we investigated through simulations
the dynamics of those particles that contributed to the
spectral intensity in Fig. 3 down triangles. These particles
impinged onto the crystal at 493 μrad from bent (111)
planes, thereby they are either reflected or captured as
shown in Fig. 1(a). It turned out that 68% of the initial
population undergoes VR, while the remaining 32% is
captured into planar channeling as a result of VC.
Figure 4 highlights the cases where all the particles were

ideally volume reflected (curve 3) or volume captured
(curve 1). The VR spectral intensity (curve 3) does not
show any peak due to the change in the angle between
particle trajectory and crystal planes as the particle
approaches the reflection point (see trajectory 3 in the
inset in Fig. 4) [22–24,41]. The VC spectral intensity
(curve 1) is more intense than for VR and shows the typical
spectrum for CR (Fig. 3, circles). Indeed, a captured
electron is found in channeling condition under about half
of its motion (see trajectory 1 in the inset in Fig. 4). Curve 2
represents the total contribution to radiation accompanying
VR in real cases, in which the weighted VC (curve 1) and
VR (curve 3) contributions are included.
The radiation accompanying VR is comparable in

intensity to the radiation in a straight crystal; i.e., it is a
sort of intermediate case between CR and CB, and exhibits
some important features. First of all, the radiation accom-
panying VR possesses an adjustable and broader angular
acceptance than CR and CB, which can be used for high-
intensity radiation generation with poor-emittance beams.

FIG. 3 (color online). Simulated spectral intensity EðdN=dEÞ
vs photon energy E for channeling (circles and squares) and VR
(down and up triangles) by taking (circles and down triangles) or
not taking (squares and up triangles) into account the incoherent
scattering. For comparison, the simulated Bethe-Heitler value is
also shown (diamonds). The arrows directed downward underline
the intensity decrease for CR caused by the incoherent scattering.
The arrows directed upward underline the intensity increase, due
to incoherent scattering, for the radiation accompanying VR.
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Second, the steering efficiency of VR is less sensitive to
crystalline defects compared to channeling [43], opening
up a way to the usage of higher Z materials such as W,
which usually cannot be grown with the same perfection as
a Si crystal, while being more suitable for radiation
generation [43,44]. Finally, the process of photon gener-
ation under VR conditions comes together with particle
steering and, thereby, the combination of these two
physical effects can be useful in practical applications.
As an example, it was proposed to use VR and the
accompanying radiation in a possible crystal-based colli-
mation scheme for future electron-positron colliders [15].
The choice of VR instead of channeling can be preferable
for some applications due to its higher deflection efficiency
and wider angular acceptance.
In summary, the possibility to exploit bent crystals to

generate hard and very intense electromagnetic radiation
has been experimentally demonstrated and well reproduced
by simulations. It has also been demonstrated that CR and
the radiation accompanying VR are much more intense
than for an amorphous material. In particular, it was shown
how the radiation accompanying VR naturally combines
the radiation emitted by pure volume-reflected particles
with that emitted as a result of VC. The contribution of VC
radiation renders the radiation accompanying VR similar to
that for CR in intensity, but its angular acceptance is wider
than for channeling. The combination of these features
provides interesting prospects for applications of the
electromagnetic radiation generated in bent crystals for
electron accelerators available worldwide.
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