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High-efficiency deflection of high-energy negative particles
through axial channeling in a bent crystal
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Deflection due to axial channeling in a silicon crystal bent along the 〈111〉 axis was observed for
150 GeV/c negative particles, mainly π− mesons, at one of the secondary beams of the CERN SPS. The
whole beam was deflected to one side with the efficiency of about 90% and with the peak position at the
bend crystal angle α = 43 μrad. The deflection occurs mainly due to doughnut scattering of above-barrier
particles by the atomic strings of the crystal. However, due to a high probability of particle recapture
into bound states with the atomic strings their contribution to the deflection should be about 15% for
our case according to simulation results.

© 2009 Elsevier B.V. All rights reserved.
When high-energy charged particles enter a crystal with small
angles, θ � 1, to the atomic planes or axes their transverse mo-
tion is governed by the crystal potential averaged along the planes
or axes, respectively [1]. In this condition, there are bound and un-
bound types of the particle motion. The bound states of particles
are realized in the potential wells (channels) of one-dimensional
planar lattice or two-dimensional axial lattice of a crystal. For pos-
itive particles the potential well is formed by either two neigh-
boring planes or a few atomic strings for a planar and axial case,
respectively. For negative particles the potential well is centered at
a plane (it can be pair of planes for (111) Si) or an axis position,
respectively. The transverse energy of particles in the unbound
states is larger than the potential barrier between two channels.
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These above-barrier particles crossing the planes or scattering by
the strings pass from one crystal channel to the other.

The bound channeling states of particles are also possible in
a bent crystal if its radius is larger than the critical one Rc [2].
Particles following the bent crystal channels can be deflected by
the crystal bend angle. The deflection of positive particles due to
planar channeling in bent crystals is well studied (see the review
[3]) and such crystal deflectors are used to extract particles from
cyclic accelerators [4]. Recently the deflection of negative particles,
150 GeV/c π− mesons, in bound states with the bent planes in
short silicon crystals was observed in our experiment (will be pub-
lished separately). The deflection possibility for relativistic negative
particles in the bound states with atomic strings in a bent crystal
had been shown in the numerical experiment [5] using the model
of binary collisions of particles with the crystal atoms.

Relativistic charged particles in unbound states at the axial
orientation of a bent crystal can be deflected due to the pecu-
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liarities of multiple scattering by atomic strings. When angles of
particles with the axis direction are smaller than the critical chan-
neling angle ψ1 a uniform distribution of the transverse momen-
tum directions of particles is reached due to multiple scattering
by the atomic strings after traversing a distance λ (equalization
length) [1]. The process, which leads to such a distribution, is
called doughnut scattering. The condition for particle deflection
in a bent crystal due to doughnut scattering was first formulated
in [6]. However, the sufficient condition for the particle deflection
due to doughnut scattering was then formulated in [7] where it
was underlined that the deflection should occur also for negative
particles. According to [7] the average square of the particle scat-
tering angle by the atomic strings at the exit from a bent crystal
should be smaller than the square of the critical angle

ψ2 = λL

R2
� ψ2

1 ,

ψ1 =
√

4Z1 Z2e2

pvd
, λ(ψ1) = 4

π2Ndaψ1
, (1)

where R and L are the bend radius and length of the crystal, Z1
and Z2 are the atomic numbers of the incident particle and the
crystal atom, p and v are the momentum and velocity of the par-
ticle, d is the interatomic spacing in the string, N is the atomic
density in the crystal and a is the screening length for the particle–
atom potential (a = 0.194 Å for Si). The deflection due to doughnut
scattering of 400 GeV/c protons in a silicon crystal bent along the
〈111〉 axis when the condition (1) was satisfied was recently ob-
served in the experiment [8]. The deflection efficiency of protons
at the crystal bend angle was about 30%. Small deflection effect
had been registered in the experiments [9] with 200 GeV/c neg-
ative pions at the axial 〈110〉 orientation of a bent silicon crystal.
However, the condition (1) was not satisfied and the beam was
deflected by the angle much smaller than the crystal bend an-
gle.

This Letter presents the results of the observation of the de-
flection for ultra relativistic negative particles in a silicon crystal
bent along the 〈111〉 axis. The deflection has occurred mainly due
to doughnut scattering of particles but according to our simula-
tion there was also the contribution of the bound states of parti-
cles with atomic strings. The experiment has been performed with
150 GeV/c negative particles, mainly π− mesons, at one of the
secondary beams of the CERN SPS. The experimental setup was
the same as described in [8]. Four microstrip silicon detectors, two
upstream and two downstream of the crystal, were used to mea-
sure the particle angles with resolution of σa = 8 μrad, which is
limited by the multiple scattering of particles in the detectors and
the air.

A 70×0.98×0.5 mm3 silicon strip (length × width × thickness)
with the largest faces parallel to the (110) planes and with the
side faces, which are 70 × 0.5 mm2, parallel to the (111) planes
fabricated according to the technologies [10,11] was used in our
experiment. The crystal was placed with its length along a vertical
direction. The beam entered the crystal through its side face nearly
parallel to the large ones (see Fig. 1 in [8]). Thus, the 〈111〉 axis
direction became nearly aligned with the beam. The crystal was
mechanically bent along its length. The anticlastic curvature pro-
duced along the crystal width was used for the beam deflection in
the horizontal plane.

The crystal bend angle α according to the measurement of the
deflection angle of particles at the planar orientation of the crystal
was about 43 μrad. For 150 GeV/c π− mesons the critical angle of
channeling along the 〈111〉 axis is ψ1 = 33.8 μrad, and the equal-
ization length λ = 26.3 μm that gives ψ2 = 0.043ψ2
1 . Thus, the

condition (1) for π− mesons deflection due to doughnut scatter-
ing was satisfied in our experiment.

The divergence of the beam incident on to the crystal measured
with the detector telescope was characterized by the RMS devia-
tions σx = (34.4 ± 0.06) μrad and σy = (28.2 ± 0.04) μrad in the
horizontal and vertical planes, respectively. All angular parameters
in our experiment were sufficiently well determined with the mea-
surements (σa � α,σx, σy). A high precision goniometer was used
to orient the crystal with respect to the beam axis in the horizon-
tal and vertical planes with the accuracy of 2 μrad.

After the installation the scan of the horizontal orientation an-
gles θv of the crystal was performed. As a result the (110) planes
were aligned with the beam. In this angular position the deflec-
tion of particles at the bend angle due to planar channeling was
maximally efficient. This angular position of the goniometer in the
horizontal plane was fixed and then the vertical angular scan was
performed, which allowed to get the alignment of the 〈111〉 axis
with the beam in the vertical plane.

Fig. 1 shows the beam intensity distribution in the deflection
angles of particles in the horizontal θx and vertical θy planes for
the different orientation angles θv of the 〈111〉 crystal axis with
the beam direction. The narrow fraction of the incident beam with
the angles (θ2

x0 + θ2
y0)

1/2 � 10 μrad was selected. When the crys-
tal is not aligned with the beam that is the crystal axes and plane
directions are far from the beam direction, particles undergo ordi-
nary Coulomb multiple scattering as in an amorphous substance
and the beam is not deflected. When the crystal axis becomes
close to the beam direction particles are governed by the aver-
aged potential of atomic strings. They undergo multiple scattering
by the atomic strings. As a result the transverse momentums of
particles are partly randomized. We can see an arc shape of the
particle distribution for the orientation angle of the 〈111〉 crystal
axis θv = −40 μrad (a). The arc radii are determined by the parti-
cle angles to the axis direction at the crystal entrance |θv | and exit
|θv | + α. For the orientation angle θv = −20 μrad (b), the distribu-
tion shape becomes close to a circle, which is shifted to the bend
side. However, the maximum of the beam intensity continues to be
near the incident beam direction. For the nearly perfect alignment
at θv = 0 (c), the whole beam is deflected by the bend angle. In
the contrary to the case with positive particles [8] there is no any
leakage of π− mesons into skew planar channels intersecting the
〈111〉 axis because the planar motion of negative particles having
small angles with atomic strings of the planes cannot be stabilized.
Really, the impact parameters of π− mesons in subsequent colli-
sions with the atomic strings of skew planes fast decrease due to
the attractive character of forces. Therefore, they undergo strong
scattering in close collisions with the atomic strings by the an-
gle larger than the critical one for planar channeling and leave the
planar channel.

Fig. 2 shows the horizontal projection of the two-dimensional
distribution for the nearly perfect alignment presented in Fig. 1(c).
The distribution maximum position corresponds to the crystal
bend angle, α = 43 μrad. The distribution width FWHM = (55 ±
2) μrad. The crystal considerably broadens the beam due to mul-
tiple potential scattering of particles by the atomic strings, which
leads to the randomization of their transverse momentum, and due
to strong incoherent multiple scattering on the atomic nuclei. The
efficiency of the beam deflection to one side from the initial direc-
tion P (θx > 0) = (90.6 ± 0.5)%.

Fig. 1(d) shows the two-dimensional intensity distribution of
the beam crossed the crystal at a perfect alignment, which was
obtained by simulation for the experimental conditions. The model
of atomic-string lattice [12] with the atomic potential and electron
density obtained in the Doyle–Turner approximation for the atomic
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Fig. 1. (Color online.) Beam intensity distribution in the deflection angles of particles in the horizontal θx and vertical θy planes for the different orientation angles θv

of the 〈111〉 crystal axis with respect to the beam: (a) θv = −40 μrad, (b) θv = −20 μrad and (c) θv = 0. The narrow fraction of the incident beam with the angles
(θ2

x0 + θ2
y0)1/2 � 10 μrad were selected. (d) The distribution obtained by simulation for the perfect alignment with the axis. The bend crystal angle α = 43 μrad is shown by

the dotted line in (c) and (d).
Fig. 2. Horizontal projection of the beam intensity distribution shown in Fig. 1(c).
The dotted line shows the crystal bend angle value α = 43 μrad.

scattering factors was used for simulation. There is a good agree-
ment with the experiment.

The simulation allows knowing the state of every particle dur-
ing the passage through the crystal. Fig. 3 shows the dependence
of the particle fraction in the bound states with the atomic strings,
with the transverse energies Ex < U (Rs), where U (Rs) = 99.4 eV
is the potential value at the distance equal to the string radius Rs

(half the distance between the strings), on the penetration depth
into the crystal. The capture efficiency of particles into the bound
states for the experimental conditions is about 42%. However, the
Fig. 3. Fraction of particles in the bound states with the 〈111〉 atomic strings as a
function of the penetration depth into the crystal (curve 3). Curve 1 is for the hyper-
channeled fraction. Curve 2 is for the fraction recaptured into the bound states. The
dependencies were obtained by simulation for the perfect alignment of the 〈111〉
axis with the beam.

particles fast leave the bound states due to strong multiple scatter-
ing on the atomic nuclei. The contribution of hyperchanneled par-
ticles, which have crossed the whole crystal length in the bound
states, is about 5.5% (the curve 1). However, incoherent multiple
scattering causes also the reverse process of the intense recapture
of particles into the bound states. The fraction of particles recap-
tured in the considered crystal layer is shown by the curve 2. The
recapture process occurs along the whole crystal length. The to-
tal number of particles in the bound states with the atomic strings
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Fig. 4. (Color online.) The trajectory in the transverse space calculated for the par-
ticle, which was captured into the bound state with the atomic string located at
(X, Y ) = (0,0) at the crystal entrance and then two times was recaptured by the
neighboring atomic strings. The bound states are seen by the precessing elliptical
orbits. Red dots indicate the 〈111〉 axes positions and the blue one — the position
of the entrance point of the particle.

increases due to the recapture (the curve 3). The beam fraction de-
flected at the bend angle in the bound states is about 15%.

Fig. 4 shows the trajectory of one of the particles, which un-
derwent a few recaptures crossing the crystal. The particle was
captured into the bound state at the crystal entrance. It fast left
this state and was recaptured by the atomic string next to the
neighboring one. The precessing elliptical orbit indicates the bound
state of the particle. The recapture occurred the second time by
the atomic string closest to the first one before the particle left
the crystal.

Our experimental results have shown a high-efficient deflection
of ultrarelativistic negative particles at the axial orientation of a
bent silicon crystal. The deflection mainly occurs due to doughnut
scattering of particles by the atomic strings. Besides, it was shown
by simulation that strong incoherent multiple scattering of parti-
cles on the atomic nuclei causes not only fast dechanneling but
also a high probability of the reverse capture of particles into the
bound states with the atomic strings. So, the bound states of par-
ticles should also give a contribution of about 15% in the observed
beam deflection.
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