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Abstract—The propagation of high-energy ions through a bent single crystal near a crystallographic axis is
investigated. The results of these investigations reveal that a new mechanism of ion-beam deflection is possible
in this case. This mechanism is based on multiple ion scattering by atomic strings in a bent crystal. The results
obtained from a computer simulation of the effect are also presented. The effect is shown to depend strongly on

the particle charge.

1. INTRODUCTION

The deflection of beams of high-energy positively
charged particles via the mechanism of planar channel-
ing in bent crystals is a well-studied effect, which is
used in practice [1, 2]. In [3-5], it was indicated that
there exists another mechanism of beam deflection by a
bent crystal, that which is based on the multiple scatter-
ing of particles by atomic strings. A feature peculiar to
this mechanism is that, in scattering by atomic strings,
beam deflection is possible both for channeled and for
above-barrier particles; at the same time, only for chan-
neled particles is this possible in the case of motion
along bent crystallographic planes. Moreover, a beam
incident on a bent crystal at a small angle with respect
to a crystallographic axis can undergo both deflection
and splitting. It is important to note that not only ele-
mentary-particle beams but also beams of multiply
charged ions can be deflected by bent crystals [6]. In
the latter case, the value of the charge affects substan-
tially the deflection of the charged-particle momentum
[6, 7]. In the present study, we analyzed the mechanism
of deflection of relativistic-ion beams due to multiple
particle scattering on atomic strings in a bent crystal.

2. SIMULATION PROCEDURE
AND BASIC RESULTS

The possibility of deflecting ion beams that traverse
a bent crystal near a crystallographic axis was consid-
ered both analytically and on the basis of a numerical
simulation. The problem at hand can be treated analyt-
ically in the case where the conditions of dynamical
chaos are realized in the scattering process [§]. But in
the general case, it is necessary to apply methods of a
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numerical simulation. For this purpose, we developed a
computer code for simulating the propagation of
charged particles through a bent crystal near a crystal-
lographic axis [4, 8]. The propagation of particles
through a crystal is considered as a step-by-step two-
dimensional motion in the plane orthogonal to the
direction of the crystallographic axis in the total field of
atomic strings. A continuous potential of atomic strings
can be computed on the basis of the Mollier approxima-
tion for the potential of an individual atom. At each
step, we computed both coherent and incoherent parti-
cle scattering, the former being caused by an averaged
continuous potential. Incoherent scattering is associ-
ated with the distinction between the actual potential of
a string and the averaged potential. This distinction is
due to the thermal displacements of lattice atoms from
equilibrium positions and to lattice electrons. Incoher-
ent scattering changes the transverse energy of the scat-
tered particle. It is taken into account under the assump-
tion of a Gaussian distribution of computed quantities.

An analytic consideration of charged-particle prop-
agation through a bent crystal near a crystallographic
axis shows [8] that the effect of beam deflection by a
crystal is possible under the condition

L L
o=—=—x<1, (1)
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where /L is the crystal thickness, R is the radius of cur-
vature of its bend, y, is the critical angle of axial chan-
neling, and /, is the length over which the distribution
of particles with respect to the azimuthal angle is estab-
lished as the result of multiple scattering. For y < vy,
we have the approximate relation /|, ~ (yndam)™,
where # is the density of atoms, d is the interatomic
spacing along the direction of motion (z axis), and arp
is the radius of screening of the atomic potential.

Since o ~ \|1;3 and y, ~ ./Z,, the mechanisms of
propagation through a bent crystal can be very different



Oy, mrad

n9 %

B (e)
75k
504
25

0 1 2 3

0r, mrad

n, % "
75+
50+
251
0 1 2 3
0r, mrad

Fig. 1. Propagation of 450-GeV beams of (a, ¢, €) protons and (b, d, ) U*?? ions through a bent silicon crystal whose thickness is
of L = 3 cm and whose radius of curvature is of R = 10 m near its (110) axis: (a, ) angular distributions of particles leaving the
crystal, (¢, d) horizontal profile of the beam leaving the crystal, and (e, f) fractions of (upper curves) deflected and (lower curves)
hyperchanneled particles versus the crystal thickness. The dashed curves in Figs. 1¢ and 1d represent the profiles of the beams that
traversed a 3-cm layer of amorphous silicon. The coordinates of the initial-beam center, the beam divergence, the coordinates spec-
ifying the crystal-axis direction at the downstream surface of the crystal, the beam dlmensmns and the observation base were,
respectively, (8y, 8y) = (0, 0), 3 x 10 ° rad, 8y, 05)=(3.1,0,0)mrad, 1 x me2 and 4 m.

for protons and for multiply charged ions. By way of
example, we indicate that, for a beam of 450-GeV par-
ticles incident on a silicon single crystal along the (110)
axis at . =3 cm and R = 10 m (which corresponds to
the parameters of the CERN experiment studying the
axial deflection of protons [9]), we have o, = 80 for

protons and 0y; = 0.1 for uranium ions. Taking into
account the condition in (1), we conclude that, for the
above values of the beam and crystal parameters, the
mechanism of deflection via multiple scattering on sin-
gle-crystal strings must be operative for ions and inop-
erative for protons. This theoretical prediction is fully



confirmed by the results of a numerical simulation (for
a proton beam, the results of the simulation are in good
agreement with the experimental data from [9]). Figure
1 shows the results of our computer simulation for the
above conditions.

Our results demonstrate that the angular distribu-
tions of protons that traversed a single crystal differ
considerably from the analogous distribution for multi-
ply charged uranium ions. The direction of the crystal-
lographic axis at the downstream surface of the crystal
is taken here to correspond to 0, = 3 mrad. In the case
of ions, a significant fraction of beam particles (about
20%) are deflected through this angle, following the
bend of the crystallographic axis. It is predominantly
the above-barrier particles that undergo deflection
under such conditions (see Fig. 1/). Among protons,
only the hyperchanneled particles are deflected in the
case being considered (see Fig. le). Initially, the frac-
tion of hyperchanneled protons is much less than that in
the case of ions because the depth of the two-dimen-
sional potential well is much greater for ions than for
protons. The results of our simulation reveal, however,
that the process of dechanneling is more vigorous for
ions than for protons; as a result, the beam of uranium
ions leaving the crystal does not contain hyperchan-
neled particles. Our analysis of the numerical data
shows that this effect is due to a sharp intensification of
incoherent scattering on lattice electrons with increas-
ing particle charge. Thus, the deflection mechanism
associated with multiple scattering on bent atomic
strings is operative for multiply charged ions. Indeed,
strong incoherent scattering, which suppresses the
deflection of hyperchanneled particles (both in the axial
and in the planar case), leaves the possibility for the
axial deflection of above-barrier particles.

Symmetric peaks in the distribution of protons (see
Figs. la, 1c¢) are associated with particles captured in
planar channels. This capture occurs when the deflected
particles cease to follow the axis and results in the pos-
sible splitting of the beam into several isolated frac-
tions. A gradual escape of particles from the trajectory
along the axis occurs when the deflection conditions
are impaired—that is, when the parameter o
approaches unity with increasing crystal thickness. The

fractions captured by planes are localized when the
capture of new particles is terminated—that is, when
o, > 1; this inequality can be considered as the condition
under which the effect of beam spitting is realized.

Thus, the propagation of relativistic multiply
charged ions through a bent crystal differs considerably
from the propagation of protons and must be consid-
ered separately. The results obtained here show that the
above effects can be investigated at the GSI ion accel-
erator.
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