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Abstract We report on the measurements of the spectra of
gammaradiation generated by 855 MeV electrons in bent sili-
con and germanium crystals at MAMI (M Ainzer MIkrotron).
The crystals were 15 pm thick along the beam direction
to ensure high deflection efficiency. Their (111) crystalline
planes were bent by means of a piezo-actuated mechanical
holder, which allowed to remotely change the crystal curva-
ture. In such a way it was possible to investigate the radiation
emitted under planar channeling and volume reflection as a
function of the curvature of the crystalline planes. We showed
that, using volume reflection, intense gamma radiation can
be produced — with intensity comparable to that obtained in
channeling but with higher angular acceptance. We studied
the trade-off between radiation intensity and angular accep-
tance at different values of the crystal curvature. The mea-
surements of radiation spectra have been carried out for the
first time in bent germanium crystals. In particular, the inten-
sity of radiation in the germanium crystal is higher than in
the silicon one due to the higher atomic number, which is
important for the development of the X-ray and gamma radi-
ation sources based on higher-Z deformed crystals, such as
crystalline undulators.

1 Introduction

Since the 1960s, it has been known that electrons and
positrons interacting with strong crystalline fields can gener-
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ate radiation which is more intense than that resulting from
standard bremsstrahlung [1-3]. Indeed, the electric field of a
crystalline plane or axis can be very high, reaching the values
of 10°-10'2 V/cm. For comparison, such a value cannot be
artificially created by magnets or by electrostatic deflectors.
The first effect discovered was the coherent bremsstrahlung
(CB) [1], which occurs when the momentum transferred by
the electron/positron to the medium matches a reciprocal lat-
tice vector. It manifests itself for small incidence angle of
the charged particles w.r.t. the crystal planes or axes. On the
other hand, if the incidence angle of electron/positron tra-
jectory is lower than the critical value, namely the Lindhard
angle 6; = /2Uy/E [4], Uy being the planar/axial poten-
tial well depth and E the initial particle energy, the particle
is forced to move almost parallel to the planes, oscillating
between/around them, depending on the charge sign. This is
the channeling effect [4], while the radiation produced dur-
ing such a motion is called channeling radiation (CR) [5,6].
CR is typically softer but more intense than the CB. How-
ever, CR is limited by a low angular acceptance, i.e. within
the Lindhard angle, which decreases with the square root
of the particle energy. Another limit of CR is dechannel-
ing [7,8], i.e. the process for which charged particles escape
from the channeling condition due to scattering of the parti-
cles on nuclei and electrons of the crystal. Since the intensity
of CR depends on the number of charged particles fulfill-
ing the channeling condition, the crystal length must be at
most comparable with the dechanneling length, namely the
typical length after which a channeled particle suffers the
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Fig. 1 Scheme of the experimental setup at MAMI B. After the inter-
action with Si target mounted on a high precision goniometer, the
855 MeV electron beam is deflected horizontally by a bending mag-
net. A LYSO detector downstream of the crystal measures the beam
distribution after interaction. Then a ionization chamber is positioned
after a second dipole-magnet, which deflects particles along the vertical
direction. It is employed to detect channeling. Just in front of the beam

dechanneling effect. Soon after its discovery, channeling has
been extensively investigated in experiments with MeV and
GeV electrons and positrons [9-15] and the possibility of
constructing intense tunable X- and y-ray sources has been
explored.

In the last decade, channeling and the related effects have
been investigated in bent crystals, mostly for beam steering
applied to collimation and extraction in hadronic accelerators
[16-20]. Recently, such investigations were extended to the
cases of electrons and positrons [21-29], for which the pro-
cesses of radiation emission are modified by the presence of
the crystal curvature. In fact, a bent crystal possesses a larger
variety of effects than a straight one. An effect that occurs
only in bent crystals is the so-called volume reflection (VR)
[30], in which the particle trajectory is reflected by bent crys-
tal planes if its incidence angle is a little bit higher than the
Lindhard angle. Since VR occurs for over-barrier particles,
i.e. for not channeled particles, it is not affected by dechan-
neling. Therefore, VR has a higher deflection efficiency than
channeling, while its deflection angle is comparable to 6, . In
fact, the VR deflection efficiency is limited by the contribu-
tion of volume capture, which consists in the trapping of over-
barrier particles in the channeling regime caused by incoher-
ent scattering with lattice atoms while crossing the crystal
plane near the reflection point. Nevertheless, the VR deflec-
tion efficiency remains higher than for channeling [27,28].
On the other hand, VR is limited by a deflection angle of the
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dump the beam spot can be monitored with a ZnS luminescent screen
and a CCD camera. The photon beam its a Nal scintillator detector after
8.627 m from the crystal. The Nal detector is shielded by a 100 mm
thick lead wall with a 40 mm opening to accept most of the photons.
Top-left corner: sketch of the bent crystals. Primary curvature, quasi-
mosaic curvature, and crystallographic orientation of the channeling
planes are highlighted

order of 67, which would make it unsuitable for applications
that require larger deflection. Nevertheless, since VR is not
affected by dechanneling, thicker crystals can be employed.

VR results in the emission of radiation [31,32], which
has a higher angular acceptance w.r.t. CR, being equal to
the bending angle of the crystal [24-26], while the radia-
tion intensity is comparable for both the effects. In partic-
ular, the radiation accompanying VR could be exploited to
develop intense radiation sources with poor beam emittance
[26] with the addition of beam deflection, which may find
application in the collimation of future linear colliders [33],
in the extraction from electron accelerators and for the devel-
opment of volume-reflecting undulators as proposed in [34].
In fact, another mechanism of radiation generation in a bent
crystal is by means of a crystalline undulator (CU) [6,35-38].
This device implies channeling in a periodically bent crys-
tal. The use of a CU would allow to increase the radiation
intensity and to decrease the radiation cone angle w.r.t. CR.
However, the application of a CU is limited by channeling
acceptance and dechanneling. Actually, the study of the radi-
ation generation in a bent crystal is a necessary step for the
development of a CU. In particular, one should study how the
spectral intensity depends on the crystal alignment w.r.t. the
beam, as well as on the crystal curvature. Additionally, one
should develop and validate a simulation model that predicts
the radiation spectra.
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An important factor for the realization of an innovative
crystal-based radiation source is the choice of the crystalline
material. The most frequently used material for channeling in
bent crystals is silicon (Si), since the techniques for the pro-
duction of high-quality bent Si monocrystals are well estab-
lished and its lattice provides high electric field. However,
even higher electric fields can be obtained in materials of
higher Z, for instance germanium (Ge), which can be manu-
factured by similar procedures and with a similar quality as Si
[27,39,40]. Therefore, higher-Z crystals are very appealing
to increase radiation intensity [41].

In this paper, we show the experimental results obtained
via CR and VR radiation in ultrashort Si and Ge bent crystals
at the Mainz Mikrotron (MAMI), using an 855 MeV electron
beam. We compared the experimental spectra with simula-
tions as a function of curvature radius and crystal alignment,
both for Si and Ge samples. In particular, the radiation in a
Ge bent crystal and its dependence on the crystal curvature
are studied for the first time.

2 Experimental setup

The experimental setup for both beam steering and radiation
measurements at MAMI is shown in Fig. 1. In particular, the
MAMI B 855 MeV electron beam was used. Beam size and
angular divergence in the plane of the crystal bending were
105 pwm and 21 prad, respectively. The divergence was con-
siderably less than the Lindhard angle, which is 232 prad
for Si (111) and 274 prad for Ge (111) for 855 MeV elec-
trons. The samples were 15 pm thick, while their lateral size
was optimized to suppress parasitic anticlastic deformation
across the central region of the crystal, resulting in a cylindri-
cal surface [42]. Small imperfections caused by the glueing
procedure resulted in a residual variation of the (111) plane
orientation [27]. The beam entered the samples in the center
of their largest surfaces, i.e. traversing 15 pwm of material, as
shown in the top-left corner of Fig. 1. The beam was aligned
with the (111) planes, which were bent by the quasi-mosaic
effect [43,44].

Both crystals were mounted on a piezo-driven dynamical
holder [27,45], which allowed to modify the sample curva-
ture (6p) without replacing the samples and without breaking
the vacuum of the experimental apparatus. The holder was
installed on a high-precision goniometer with 5 degrees of
freedom. The goniometer was used to align the crystals with
the electron beam. The measurements were done at three
different bending angles of the (111) planes for the Si sam-
ple (550, 750, and 1080 prad) and three values of the (111)
planes for the Ge sample (820, 1200, and 1430 jrad).

The electrons passed through the samples. Then, they were
deflected by a dipole magnet onto a LYSO screen, which was
used for the measurement of the deflection angle distribution.

The direction of the deflection of the beam was orthogonal
to the deflection imposed by the magnet. The crystal align-
ment was carried out using the signal of a ionization cham-
ber installed downstream of the samples. A more precise
alignment was obtained via off-line analysis of the measured
deflected beam distribution.

The measurements were carried out by considering dif-
ferent angular alignments between the samples and the beam
(0x):

Channeling alignment, |6, | < 6r;

Volume reflection alignment, —6, < 0, < 0r;

— Random alignment, 6, > 0y ;

— “Anti volume reflection” (AVR) alignment, i.e. opposite
to the VR one, 07, < 0, < 6.

The emitted photons resulting from the interaction of the
beam particles with the samples were collected by a Nal
detector, in front of which a collimator allowed to accept
only photons emitted within the 40 mm aperture positioned
at 8.627 m from the crystal (see Fig. 1) [26,46,47].

3 Experimental results

For the sake of comparison with the spectra usually displayed
in the literature, the spectral intensities are obtained by multi-
plying the experimental spectra collected by the Nal detector
by the photon energy. Figure 2 shows the measured radiation
spectral intensities for Si and Ge samples, for comparable
sample curvatures. The bending angles were 750 prad for
Si and 820 prad for Ge in Fig. 2a and 1080 prad for Si and
1200 prad for Ge in Fig. 2b. Each of these measurements
was carried out in channeling alignment (6, ~ 0), in vol-
ume reflection alignment (at half of bending angle, i.e. 6, ~
—0p/2), and at random alignment (6, > 9 mrad).

As expected, the intensity of radiation generated in the Ge
bent sample was higher than that for Si at similar crystal-to-
beam alignment due to the higher atomic number Z of Ge.
For instance, radiation at random alignment was enhanced
for the Ge sample w.r.t. the Si sample roughly by a factor of
4. Nevertheless, one may notice that the Si CR is more intense
than that for random oriented Ge in the 0.5-8 MeV energy
range thanks to the capability of channeling to enhance the
radiation process. The Si CR is also more peaked than the Ge
CR, which could be explained by considering a weaker con-
tribution of multiple scattering to radiation [26] for a low-Z
material. On the other hand, both CR and VR radiation for the
Ge sample were stronger than both CR and VR radiation for
the Si one. Since this is indeed the first measurement of radi-
ation enhancement in a bent Ge crystal, we rotated the crystal
from random to channeling orientation, passing through VR,
in order to have a better insight on radiation features. For bet-
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Fig. 2 Experimental (lines) and simulated (points) radiation spectral
intensities for channeling (0, ~ Oprad), volume reflection (6, ~
—0p/2) and random orientation (6, > 9 mrad) for both Si and Ge
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Fig. 3 Experimental (left) and simulated (right) deflection angle distributions (top) and radiation spectral intensities (bottom) with respect to the

alignment of the Ge bent crystal with bending angle of 820 prad

ter comprehensibility, we have also plotted the distributions
of the deflected beam as a function of the crystal alignment,
which was already published in [27]. These plots demon-
strate that, as already shown for Si in [26], for a bent crystal
the radiation intensity achievable in channeling condition is
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nearly maintained also for VR orientation (bottom plot of
Fig. 3) in the whole angular acceptance —6, < 6, < 6.

To highlight this peculiar behavior of bent crystals, we
compared the radiation spectral intensities for VR orienta-
tion (6, ~ —6,/2) and for the opposite case of AVR, for
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Fig. 4 Experimental (lines) and simulated (points) radiation spectral
intensities for volume reflection (—6;/2) and anti volume reflection
orientation (0 < 6, < 6p) for both Si and Ge bent crystals. Bending
angles are 1080 prad (Si) and 820 prad (Ge)

which the crystal planes were misaligned w.r.t. the electron
beam direction by an incoming angle 0 < 6, < 6. As an
example, in Fig. 4 the direct comparison of the VR and AVR
spectra for the bending angles of 1080 j1rad and 820 prad, for
Si and Ge respectively, are presented. Here, a considerable
enhancement of the radiation intensity when in VR alignment
w.r.t. the case of an incoming angle in the opposite direction
can be observed. Indeed, as is typical for straight crystals, the
radiation intensity decreases quickly out of channeling con-
dition, becoming harder while approaching to the coherent
bremsstrahlung limit [47].

VR allows one to generate rather intense radiation, not
far from CR one, without very strict requirements on the
crystal-to-beam alignment, while the beam divergence could
be larger than the Lindhard angle, unlike in the case of chan-
neling. Since the VR angular acceptance is equal to the bend-
ing angle of the crystal, in principle one may suppose to
increase the angular acceptance for intense gamma radiation
generation by increasing the crystal bending angle as much as

needed. For this reason, it is crucial to determine the depen-
dence of the VR radiation spectrum on the crystal bending
angle. Figure 5a, b display the channeling and VR spectral
intensities for different crystal curvatures, respectively. CR
was measured at three different values of bending angles 6,
for the Si crystal, namely 550, 750 and 1080 prad and three
values for the Ge one, i.e. 820, 1200 and 1430 prad. From
Fig. Saitis evident that the main trend for CR is the intensity
decrease as the bending angle increases. This behaviour is
due to the decrease of the fraction of channeling particles
for larger curvature, for which dechanneling contribution is
stronger, i.e., the dechanneling length is shorter, as demon-
strated in [27]. This behavior is confirmed for both Si and Ge
crystals. Figure 5b confirms the same trend for the radiation
intensity, decreasing as a function of the bending angle, also
for VR. Indeed, the more the crystal is bent, the greater the
contribution of y emitted by electrons crossing the crystal
with trajectories more misaligned with respect to the crystal
planes [24]. These photons are typically harder though radia-
tion is less intense, resulting in a decrease of spectrum inten-
sity. Furthermore, due to the decrease of the critical angle
for stronger bending, less particles are volume captured in
channeling condition and, even if captured, are dechanneled
faster. Indeed, it has been demonstrated in [26] that the vol-
ume captured particles, i.e. the ones captured in channeling
regime inside the crystal at the reflection point, are the main
responsible for the maintenance of the CR peak also in VR
orientation. Their decrease in number leads to a decrease of
the VR radiation peak. For this reason, the radiation under
VR orientation results in a mixture of different contributions
coming from purely reflected particles and particles captured
in channeling conditions. Nevertheless, one may notice that
the intensity of VR radiation is comparable with the channel-
ing case for all the values of bending radius considered for
both Si and Ge bent crystals and the variation in its intensity
depends slightly less on the curvature than in the case of CR.
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Fig. 5 Experimental (lines) and simulated (points) radiation spectral
intensities for channeling (a) and volume reflection (b) alignments for
both Si and Ge bent crystals with different values of bending angles. The
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VR spectra were measured for the incoming angle 6, ~ —6;,/2 except
for the Si curvature 6, = 550 prad, for which both the measurement
and the simulation were taken at 6, ~ —0.7 6,
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Fig. 6 Simulated radiation spectral intensities in case of channeling
(red) and VR (yellow) orientations for the bent Si (left) and Ge (right)
crystals, respectively. The bending angles were 750 prad for Si and

In conclusion, it can be stated that the overall angular
acceptance for the production of high intense radiation in
a bent crystal is approximately equal to the crystal bending
angle, 6, since VR radiation intensity is similar to that of the
CR case. In addition, the radiation intensity decreases with
0p increase. This fact is quite evident in Fig. 3, where it is
shown that for the whole angular range from 6, = 0to 6, =
—0p = —820 prad the intensity of radiation is maintained
close to the CR peak. One should pay by a small decrease
of radiation intensity in order to provide considerably higher
angular acceptance.

4 Monte Carlo simulation and discussion

The interaction of the charged particles of the electron beam
with the bent crystals and the generation of radiation were
simulated with the CRYSTALRAD code [48-50], which was
already verified in several other experiments [23-28,32].
This code allows one to simulate classical charged parti-
cle trajectories, in straight and bent crystals, in the field
of crystal planes or axes [4,8] taking into account multiple
and single Coulomb scattering on nuclei and electrons. The
simulated spectral intensity E(AN/dE) vs. E, dN/dE being
the photon emission probability and E the photon energy, is
calculated through the Baier—Katkov quasiclassical method
[2]. The CRYSTALRAD code takes into account the crystal
geometry, such as anticlastic curvature, crystal torsion, mis-
cut angle (namely the angle between the physical surface and
the atomic planes of the crystal), and geometrical size of the
crystal.

First of all, all the spectra presented in Figs. 2, 3, 4 and 5
(dots) were well reproduced with the CRYSTALRAD sim-
ulation code. Some discrepancy in the radiation intensity
between simulation outcomes and experimental results may
be inferred to one of the following reasons or their combina-
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tion: the chosen model of multiple and single Coulomb scat-
tering, quantum corrections to Coulomb scattering at small
angles [51,52], and the influence of high-index planes in case
of “random orientation”. Indeed, the weaker the scattering,
the weaker the contribution of dechanneling of channeled
and captured particles. At the same time, radiation in the
case of random direction may be amplified by the presence
of high-index skew planes, which may not have been per-
fectly avoided in choosing the random orientation.

In order to reveal the contribution of incoherent scatter-
ing, we recalculated the spectral intensities plotted in Fig. 2a
for the case of the absence of incoherent scattering in the
plane of crystal bending (see Fig. 6 dotted lines). By directly
comparing the plots in Fig. 6 with incoherent scattering taken
(dashed lines) and not taken (dotted lines) into account, it is
clear that the contribution of incoherent scattering decreases
the intensity of CR due to the dechanneling process, while
increases the VR intensity through volume capture [26]. This
trend is valid both for Si and Ge bent crystals, but it is more
pronounced for the latter, being more affected by incoherent
scattering due to its higher atomic number. In particular, in
this latter case the channeling peak disappears when incoher-
ent scattering is included, thereby highlighting the influence
of dechanneling in the radiation spectrum.

The fairly good agreement between simulations and
experiments allows us to exploit the Monte Carlo to inves-
tigate deeply the radiation generation in bent crystals. We
focused our attention on the Ge case because its usage is a
real novelty in the field and could open new possibilities for
applications. In particular, we investigated deeply the depen-
dence of Ge channeling spectra on curvature radius: Fig. 7
displays the radiation spectrum variation as a function of the
ratio of the bending radius, R, w.r.t. its critical value Rc,
namely the radius at which the potential well depth disap-
pears and channeling is not possible for value smaller than
Rc. This picture confirms that the CR intensity increases with
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the increase of the bending radius, i.e. decrease of the bend-
ing angle, 6. On the other hand, we have already shown in
Figs. 2, 3 and 4 that also VR radiation decreases in intensity
with 6}, increase, with a correspondent increase of the angu-
lar acceptance. In summary, one may find the best solution in
terms of steering capability, radiation intensity, and angular
acceptance for a particular application, such as intense radi-
ation source or beam steerer, by tuning the bending angle of
the crystal.

In general, crystals are very prospective radiation sources,
since one can apply very intense electric fields naturally cre-
ated. The channeling intense radiation can be exploited in
photoproduction experiments or to investigate nuclear struc-
tures, as already possible for CB radiation [53].

With a bent crystal, one can also exploit the Volume
Reflection radiation, which is not present among the interac-
tions with straight crystals. This effect demonstrates compa-
rable, albeit slightly lower, radiation intensity with the chan-
neling case, while the angular acceptance is considerably
larger and tunable by proper choice of the crystal bending
angle. Thus, VR in a bent crystal may overcome the problem
of low angular acceptance of CR in a straight crystal, pro-
viding comparable intensity of radiation. In particular, VR
can be employed for applications in which intense radiation
losses and beam steering can be combined.

5 Conclusions

An experiment to investigate the emitted radiation by
855 MeV electrons in 15 pm thick Si and Ge bent crystals has
been carried out at the MAMI B line in Mainz (Germany).
The radiation spectral intensities in case of planar channeling

and volume reflection (VR) orientations have been measured
and well reproduced by the CRYSTALRAD simulation code
for three different values of the crystal curvature for the Si
crystal as well as three values for the Ge one. Both experiment
and simulation outcomes showed that the radiation intensity
increases with the decrease of the bending angle, for both
channeling (CR) and VR radiation cases.

The spectra for Si and Ge bent crystals with similar curva-
ture were directly compared, demonstrating approximately a
twofold increase in the radiation intensity for Ge in compari-
son with Si. Nevertheless, the Si CR is more peaked than the
Ge CR, which could be explained by a weaker contribution of
multiple scattering to radiation for a low-Z material. Finally,
given its large angular acceptance and higher deflection effi-
ciency than channeling, VR radiation can be exploited to
produce intense radiation with poor emittance beams also
using higher Z material than Si or C, thereby opening the
way for application in future accelerators if beam deflection
combined with intense radiation generation is needed.

In summary, the results presented in this paper are rel-
evant for the generation of X- and y-ray radiation in bent
crystals, including higher-Z crystalline materials and crys-
talline undulators [34,35]. Moreover, given the good agree-
ment with experimental outcomes, the Monte Carlo model
used in this paper may be exploited to predict the results for
future experiments, which is also essential for the develop-
ment of innovative radiation sources.
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