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Abstract

Using the newly developed 530 MeV positron beam from the Mainz Microtron MAMI and
employing a bent silicon crystal, we demonstrate the first successful manipulation with high
efficiencies of the trajectories of positrons through planar channeling and volume reflection. This
uncovered the presence of fine structure within the angular distribution of charged particles when
they are channeled between the planes of bent crystals. The alignment of our experimental findings
with simulation results not only demonstrates a deeper understanding of the interactions between
charged particle beams and bent crystals but also signals a new phase in the development of
innovative methodologies for slow extraction in circular accelerators operating in the GeV range,
with implications for worldwide accelerators. Our results also mark a considerable progression in
the generation of advanced x-ray sources through the channeling process in periodically bent
crystals, rooted in a comprehensive understanding of the interactions between positron beams and
such crystals.

If a charged particle impinges with respect to atomic planes or axes of a crystal at an angle smaller
than the critical angle for channeling, it gets captured by the potential well created by the electric
fields of the atoms aligned in rows or planes [1]. Consequently, the particle follows a trajectory
parallel to the crystal plane or axis and can penetrate the crystal with minimum interaction with
the material. This results in minor losses of energy and larger penetration depth with respect to the
case of non-alignment [ 1, 2]. The applications of particle channeling in crystals are broad, spanning
from microelectronics [2] to recent innovative ideas in space exploration [3], nuclear research [4],
particle physics [5-8].

The concept becomes particularly intriguing when applied to bent crystals, where the curvature
allows for novel ways to steer particle beams. Building on this groundbreaking concept introduced
by Tsyganov in 1976, use of channeling in bent crystals has evolved into a sophisticated technology



for steering particle beams without relying on the large magnetic fields traditionally required in
particle accelerators [9]. This cornerstone idea has developed a technology that nowadays
leverages planar [10] and axial channeling [11-13], along with volume reflection (VR) [14-16], to
steer particle beams across a wide energy spectrum spanning from MeV [17] to TeV [18-21].
Notably, the integration of bent crystals into the Large Hadron Collider (LHC) exemplifies the
practical benefits of this technology, enhancing beam collimation capabilities [ 18] and showcasing
the potential of bent crystals in high-energy and particle physics applications [5, 6, 8].

Following figure 1, when positively charged particles enter a bent crystal aligned with its atomic
planes at the entry face, they become channeled conforming to the curvature dictated by the crystal.
However, as particles penetrate deeper into the crystal, scattering events lead to dechanneling,
causing particles to leave the channeled path. Motion of channeled particles is characterized by
oscillations between neighboring atomic planes; particles experiencing the least oscillation
amplitude—those whose paths are least likely to approach the crystal lattice atoms—attain the
longest wavelengths (figure 1b). Conversely, when the crystal is oriented to align the beam
trajectory with the atomic planes throughout the crystal volume (Figure 1a), particles can be
volume reflected (VR), moving away from the crystal bend, or enter a channeling regime through
volume capture (VC).
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Figure 1: (a) Mechanisms of interaction between charged particle beams and bent crystals. When aligned tangentially
to the atomic planes at the entry face, the beam is channeled and deflected (CH). Dechanneling (DCH) arises due to
incoherent scattering, leading to inefficiency. Adjusting the crystal alignment to make the beam tangent within the
bulk facilitates volume reflection (VR) or volume capture (VC). (b) Depicts the trajectories of channeled (black) and
dechanneled (red) particles, emphasizing the oscillatory motion of the channeled particles. Simulation is carried out
for (111) planes of silicon, characterized by atomic planes alternating every 0.78 A and 3.13 A. (c) Potential well
confining channeled particles, calculated for the (111) planes of a silicon crystal bent at a radius of 30 mm.

The observation that particles undergoing channeling exhibit oscillatory motion, known as “planar
channeling oscillations™ [2, 22] extends beyond the initial understanding of the phenomenon as
merely occurring within the internal channels and lays the foundation for groundbreaking
technological advancements. An example of their application is in the field of Rutherford



backscattering spectrometry in channeling mode. This involves ions with MeV-range energy and
represents a key technique in the evolution of modern microelectronics [2], where study of planar
channeling oscillations has yielded critical insights into how particle beams interact with crystals,
playing a relevant role in refining the methods used in semiconductor manufacturing and analysis.
In addition, always at low energies, planar channeling oscillations have been used to deflect a beam
through interaction with a nanometric lamella with a thickness equal to half the oscillation period
[17]. Despite significant theoretical advancements and the potential applications suggested by
simulations [23], particularly for steering ultra-high energy particle beams using bent crystals, the
practical application of these oscillations remains an uncharted territory in the field of ultra-
relativistic particle beams interacting with bent crystals. In this letter we demonstrate the steering
of'a 530 MeV positron beam through channeling and volume reflection in a bent crystal, alongside
the observation of planar channeling oscillations. These interactions, potentially surpassing those
observed in electron channeling in terms of emitted radiation characteristics [24-28] and steering
efficiency [29], underscore the importance of this investigation. The lack of research focused on
sub-GeV positron energies—attributable to the challenges in securing suitable positron beams and
crystals [30]—stands in stark contrast to the extensive studies conducted on high [29, 31-34] and
moderate energy positron beams [16, 33], as well as the in-depth analysis of sub-GeV electron
behavior [24, 25, 35-39].

A positron beam was generated at the new beam line of the MAMI (Mainz, Germany) accelerator
after pair conversion of bremsstrahlung generated by the 855 MeV electron beam in a 10 um thick
self-converting tungsten target [40]. The energy of the positrons is selected to 530+10 MeV in an
external open electron beam bending magnet and a slit system. Intermediate magnetic focusing
elements are used to prepare a parallel beam in the crystal chamber at around 6 m from the tungsten
target. Additional aperture systems at the location of the crystal reduce the size of the beam spot
to 0.25x1.5mm?. The vertical divergence of ~60 prad is well below the critical angle for channeling
(~300 prad). The beam manipulation utilized specially designed bent silicon crystals, notably
effective for their ability to deflect sub-GeV electrons [35, 41] — a process considerably more
challenging than channeling positrons. These crystals are plate-like silicon with a thickness of
29.940.1 pm along the beam's direction [42, 43], exploiting the quasi-mosaic effect for bending
[44] and oriented to utilize the (111) crystallographic planes [45, 46] for deflection. The positrons
are detected at a distance of 8 m after the crystal and detected by a combination of an octagonal
scintillation counter [47] and a silicon pixel detector with a pixel size of 80 um x 80 um [48].
Figure 2(a) reports experimental data describing how the angle between atomic planes and a
beam's direction affects their interaction, identifying six key areas. In 1 and 6, the beam perceives
the crystal as amorphous due to angular misalignment. Area 2 shows particles deflected by
channeling while 2 correspond to dechanneling, containing particles that veer oft course due to
inelastic collisions. Volume Reflection and Volume Capture (VC) phenomena, prominent in areas
4 and 5, involve particles being reflected or channeled within the crystal bulk, respectively.
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Figure 2. (a) Experimental "angular scan" observed during the interaction of the crystal with positron beam, identifying
six regions of interest: in (1) and (6) the crystal is not aligned to the beam. (2) Indicates channeling, (3) points to
dechanneling, (4) identifies VR, and (5) identifies VC. (b) Angular distributions when interacting with an aligned
crystal. Continuous curves represent experimental data, while dotted ones simulations. Under alignment for
channeling (blue and orange curves), a considerable part of the beam shifts towards the crystal's deflection angle
(970£10 prad), with the left peak filled by particles in over-barrier states at the entry of the crystal and the space
between peaks occupied by particles undergoing dechanneling. Under alignment for VR (black and red curve), the
beam predominantly shifts toward negative deflection angles, with a peak at -350+10 prad and a smaller one due to
VC at positive angles.

Figure 2(b) compares beam profiles under conditions of channeling or VR alignment (solid curves)
against Geant4 [49] Monte Carlo simulation forecasts [50, 51] (dotted curves). The simulations
are grounded on an inter-planar potential derived from empirical atomic form factors for silicon
[52], and they model the dynamics of positrons interacting with the crystal lattice taking into
account suppression of multiple scattering [S1, 53]. The blue curve's right peak is indicative of
particles deflected through channeling, with a Gaussian fit indicating a deflection angle of 970+10
urad. The fraction of particles deflected within £3c of the channeling peak is 72.2+1%, a figure
that concurs with the simulations' anticipation of 73.0+0.5%. The left peak of the blue curve is
attributed to the deflection of particles which were not captured under channeling at the entry face
of the crystal because they were found in “over-barrier” states [54]. Experimental data also allows
extraction of nuclear dechnneling length [55-57], which results to be 18.5£1.5 pum, in good
agreement with simulations (18.8+0 um). In the same figure the black curve represents the
deflection observed when the crystal is aligned at the center of the VR region. A Gaussian fit of
the beam's reflected distribution indicates an efficiency of 78+1%, corroborating the 79+0.5%
forecasted by Monte Carlo simulations. The VR efficiency is lower than what is seen in high-
energy experiments [58, 59] due to a heightened likelihood of competing Volume Capture (VC)
at lower energies [60].

Within the "channeling peak", designated as area 2 in Figure 2a, we observe a significant deviation
from the oblate distribution typically encountered in similar experiments (see [61] for a review).
Figure 3a depicts the angular distribution of particles deflected as the crystal is tilted by 150 urad



(about half the critical angle for channeling) from the optimal alignment for channeling, revealing
the existence of a fine structure within the channeling peak.
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Figure 3. (a) As the crystal is rotated by 150 urad from ideal alignment for channeling, the figure exhibits the angular
distribution of a positron beam after interaction with a crystal, underscoring refined structures at the channeling peak.
Orange curve refers to the ideal case of a zero divergent beam and infinite resolution in measurement of deflection
angle. Black and red curves refer to experimental and simulation data. (b) Angular scan simulated for the ideal case
of zero divergent beam and infinite resolution in measurement of deflection angle, highlighting the presence of a fine
structure in correspondence of the “channeling peak”. The white dashed line is located at an angle from channeling
alignment of 150 prad. (c) Example of trajectories of particles populating the peaks labeled as 1(black continuous
line) and 2 (red dashed line) in panel b. Dashed black lines represent atomic planes of the (111) family.

To further investigate the observation, we simulated the result of the interaction between a zero
divergence beam and the crystal (figure 3b) considering various orientation within the critical
angle for channeling (see also supplemental material), studying the effect on the angular
distribution of the beam after interacting with the crystal. Within this area, particles predominantly
distribute along two distinct patterns: a horizontal band (group 1) and a diagonal band with a
negative slope equal to -2 (group 2), as illustrated in Figure 3b. Assuming nearly sinusoidal

trajectories with periodicity A, (x(z) = Asin (27” (z — ZO)>, see figure 3c), amplitude A and

phase z, the lack of perfect harmonic behavior in the planar potential well (see Fig. 1c) results in



a dependence of A on the impact parameter in the planar channel and, therefore, on the amplitude
(A4). Moreover the value of A and z,, are further influenced by the angle (a) and the starting x

. . . . . . A A
coordinate x(0) with which the particle enters the crystal, in particular z, = e cos™! (;%)

[62]. Particles from the groups labeled as 1 in figure 3b undergo a full cycle of oscillations (black
trajectories in figure 3¢) and experience deflection by an angle about equal to that imposed by the
bent crystal. Their period satisfies the condition t = nA(4) + z, where, n is an integer and t the
thickness of the crystal. Particles from the groups labeled as 2 in figure 3b undergo a fractional

number of oscillations, with t = (n + %) A(A) t z, end exit the crystal as “reflected” by the atomic

planes, with an angular difference of about 2a with respect to their initial direction (see figure 3c).
Due to anharmonicity, the transmission and reflection conditions are reached multiple times as the
deflection amplitude varies. Specifically, once the incident angle is fixed, the deflection
continuously oscillates between the two situations as the input coordinate x(0) varies. Since x(0)
is random, particles are more likely to be deflected towards the extreme values given by the
periodicity conditions mentioned above. The phenomenon of “reflection” occurring at n+1/2,
closely parallels the behaviors documented for crystals with a thickness equal to one half
oscillations [17, 63] and emerges after numerous oscillations between atomic planes.

Correlation between planar channeling oscillations, characterizing motion of particles inside the
crystal, and the angular distribution of particles at the crystal exit, suggest that crystal thickness
also might play a role in determining the angular distribution of particles. Figure 4 (see also
supplemental material) shows indeed the angular distribution of channeled particles as the
thickness is varied within of 1/4 (where A~3 pm), highlight a dependence of the width of the peak
corresponding to channeled particles on the thickness of the crystal (see also supplemental
material)
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Figure 4: simulations of angular distribution of channeled particles in a 29.8 um and 30.5 um thick crystal, both has
bending angle of 970 prad. Variation in crystal thickness modifies the peak created by channeled particles,
emphasizing the significant role of planar channeling oscillations in shaping the peak formation.

The reported observation enhances our understanding of channeling within bent crystals. This is
pivotal for both confirming existing theoretical constructs, and for informing the design and



operation of innovative crystalline structures capable of radiation emission and particle beam
steering. Crystalline undulators [64-68], by leveraging the channeling of positrons through crystals
deformed along a sinusoidal path, would present an innovative approach to generating high-quality
x and gamma radiation [69]. Given that the radiation spectrum emitted by crystalline undulators is
directly influenced by the dynamics of the particles within, precise modeling ensures a deeper
understanding and predictability of the radiation's characteristics, enabling the fine-tuning of these
devices for specific applications in science and technology. Moreover, the reported results
represent a milestone toward realization of innovative slow extractions [70] schemes at worldwide
particle accelerators operating at the GeV energy range. Slow extraction in particle accelerators is
a technique used to deliver a stable and continuous beam of particles over an extended period. It
is particularly important for experiments that require a uniform particle flux and is widely applied
in areas such as fixed target experiments, nuclear physics, and medical applications like cancer
therapy. This method involves manipulating the accelerator's magnetic fields to gradually extract
the beam from the orbit, allowing for precise control over the beam delivery. Use of bent crystals
for slow extraction in the GeV-regime foreseen have groundbreaking relevance for example in
activities related to dark matter studies [71] or in healthcare dedicated particle accelerators [72].
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