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a b s t r a c t

The possibility of high-energy positively-charged particle beam splitting by means of a short bent axially
oriented silicon crystal was recently reported in an experiment carried out at CERN SPS H8 extracted line
with a 400 GeV/c proton beam. Here, we investigate more deeply such a possibility focusing our attention
on the efficiency of beam splitting and its modulation for different crystal-to-beam orientations. New
experimental results confirm the possibility of modulating the 400 GeV/c proton beam intensity in differ-
ent planar channels by adjusting the orientation of the crystal. Furthermore, an analysis of the beam split-
ting efficiency vs. the curvature of the crystal was carried out through simulation, highlighting that there
exists a bending radius for which the efficiency is maximal.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since in 1976, when Tsyganov proposed [1,2] to use a bent crys-
tal for particle beam deflection, such a possibility found a lot of
applications in accelerator physics. First studies on beam deflection
by a bent crystal were connected to planar orientation of the crys-
tal [1–3]. Then in 1991 there was a proposition to use axially-
aligned bent crystal [4]. The advantage of axial orientation is the
strongest potential than for planar case and the possibility to
deflect above-barrier particles. The axial case was theoretically
investigated in [5] and then experimentally proved in [6–9].

Recently, it was observed that under some crystal-to-beam
orientation is possible to split the beam of high-energy
positively-charged particles into two good-collimated parts [10].
This happens if the crystal is oriented along one of its main crystal-
lographic axes towards the beam direction and if this axis lies in
the bending plane of the crystal. In this case for some radii of

curvature particles relax from axial confinement to planar channel-
ing [11] in different skew planes during their motion in the crystal
and thus becoming well separated at the crystal exit. This possibil-
ity can be exploited to realize a multi-beam extraction point layout
at just one extraction point of a circular accelerator. Moreover, the
intensity of particles in each channel can be adjusted by tuning the
beam direction with respect to the crystal axis. In this paper we
investigated such possibility of beam intensity adjustment and
carried out the analysis of beam splitting efficiency vs. the radius
of curvature of the crystal.

2. Capture to skew planar channels

Let us consider the motion of a relativistic charged particle in a
thin bent crystal near one of the main crystallographic axes. With-
out loss of generality, let it be the h111i axis. Term ‘‘thin” here
means that the bending radius of the crystal is much higher than
the thickness of the crystal. Bent h111i axis is assumed to lie in
the bending plane. For our consideration we choose two Cartesian
coordinate systems. One is laboratory frame ðx; y; zÞ in which y axis
is orthogonal to the bending plane, z axis lies in the bending plane
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and its direction coincides with the initial direction of h111i axis,
and x axis is orthogonal to y and z. The second coordinate system
ðx0; y0; z0Þ is co-moving. This system moves with respect to the lab-
oratory frame with the speed of the particle in such a way that the
center of co-moving frame lies on the bent h111i crystal axis; y0

axis is parallel to y axis, x0 axis coincides with vector of curvature
and z0 axis coincides with a current direction of the bent h111i
axis. In such non-inertial system the equations of particle motion
in a thin bent crystal can be written as [4,12]

d2x0

dt2
¼ � c2

E
@Uðx0; y0Þ

@x0
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where E is the particle energy, R is the radius of curvature of the
crystal, and Uðx0; y0Þ is continuous potential [11] of unbent crystal
atomic strings, that are parallel to z-axis. The last term in the first
equation of (1) corresponds to the centrifugal force �E=R experi-
enced by the particle in the co-moving frame. The smaller the
radius of curvature, the higher the centrifugal force, thus increasing
the probability of particle escape from axial confinement to planar
channeling in skew planes [10]. However, capture in a skew planar
channel is possible only if the absolute value of the projection of the
centrifugal force to the axis f, that is orthogonal to the skew plane,
is less than the maximum value of the derivative of particle poten-

tial energy in the planar channel: E
R sin upl
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, where

upl is the angle between the skew plane and the bending plane. If
this condition is not fulfilled, the particle is above-barrier with
respect to the chosen planar channel. Thus, for each skew planar
channels there exists some critical radius of curvature that can be
written as follow:

Rcr ¼
E sin upl
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���
���
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If the radius of curvature is smaller than Rcr , planar channeling
in the correspondent skew planar channel is forbidden.

For our theoretical investigation, we selected 400 GeV/c protons
and the same crystal orientation as in [10], with bending plane
ð�1 �12Þ and, thereby, y axis in the ð1 �10Þ plane (see Fig. 1). The geo-
metrical characteristics of the crystal are also the same; thickness

L ¼ 2 mm and radius of curvature R ¼ 6:9 m. In such a case, the
two strongest skew planar channels are ð0�11Þ and ð�101Þ (shown
in Fig. 1 by red and magenta points, respectively) and for them

upl

���
��� ¼ p=6. For this channels from Eq. (2) we obtain Rcr � 35 cm,

thus R � Rcr .
In [10] it was shown that if protons enter into the crystal paral-

lel to the z axis, i.e., parallel to the h111i axes, almost half of the
beam is deflected at the crystal exit due to capture in planar chan-
neling by the ð0 �11Þ skew plane and another half is deflected
because of planar channeling in the ð�101Þ skew plane. So, with
respect to the bending plane, the angular distribution of protons
was symmetric. However, if the angle between the initial momen-

tum of protons and z axis ~win ¼ ðhx;in; hy;inÞ is nonzero, one could
expect an asymmetrical distribution. Even if two skew planar
channels are located symmetrically with respect to the bending
plane (as ð0 �11Þ and ð�101Þ planes in our case) a small misalign-
ment with respect to the bent axis in the initial crystal-to-beam
orientation may lead to the asymmetry in the number of particles,
captured by the planar channels. Furthermore, also the number of
particles captured by skew planar channels should depend from
~win.

By means of numerical simulation we carried out the analysis of
the dependence of protons capture to ð0 �11Þ and ð�101Þ skew pla-

nar channels from the angle ~win. The code [13] solves the equation
of motion in the field of continuous potential of atomic strings
through numerical integration and also takes into account the con-
tribution of incoherent scattering with atomic nuclei and electrons.
Thus, the code gives an opportunity to consider axial and planar
channeling, stochastic deflection and above-barrier motion within
a single model. The angular divergence of the initial beam was set
to zero. The results of simulation are shown in Fig. 2. Colors corre-
spond to the percentage of the number of particles, captured by
skew planar channels ð0 �11Þ and ð�101Þ (Nð0 �1 1Þ and Nð�1 0 1Þ, respec-
tively), to the total number of particles in the initial beam N. With
‘‘captured by skew planar channels”, we means that only protons
for which, after crossing the crystal, the angle between the skew
plane and projection of their momentum to ðx; yÞ plane is less than
the critical angle for planar channeling hc (� 10 lrad for ð110Þ
skew planes) are selected. From the definition of hc , it is clear that

Fig. 1. Orientation of a bent Si crystal h111i axes with respect to the impinging
charged particles; red and magenta points highlight the two main skew ð0 �11Þ and
ð�101Þ planes.

Fig. 2. Simulated efficiency of 400 GeV/c proton beam splitting, i.e., capture by
skew planes, for a 2 mm Si crystal with R = 6.9 m vs. angle ~win ¼ ðhx;in; hy;inÞ between
h111i crystallographic axis and initial direction of motion of the beam (colors show
the percentage of protons captured in ð0 �11Þ and ð�101Þ planar channels to the total
number of protons in the beam).
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