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The influence of the electromagnetic spin-orbit interaction on

the motion of ions in crystals under the condition of instable

trajectories in planar channeling is considered. It has been shown

that the spin-orbit interaction can cause the polarization of

particles that were scattered at angles close to the angle of mirror

reflection from crystal planes and abandoned the crystal. The

effect's experimental check scheme is offered. The scheme has

been tested and its reason and feasibility have been verified.

Introduction

The theoretical analysis of the channeling effect is based
on the assumption that only the long-range Coulomb
interaction of a particle with the screened charge of
a crystal atom is essential [1, 2]. Taking this type
of interaction into account, a channeling theory based
on classical mechanics was developed. The concept of
continuous potential, as a result of averaging the actual
periodic potential of the row or plane over a direction
parallel to it, is the basic assumption of this theory.
The theory well describes the channeling effect for
particles with masses equal to or greater than the proton
mass. Within the scope of this theory, the criteria for
instability of a channeling particle trajectory have been
estimated [1].

Still, there are other types of long-range interaction
that are relatively weaker and dependent on the velocity.
They are caused, in particular, by the existence of
spin of incident particles and therefore by the existence
of the magnetic moment. We lay emphasis on the
electromagnetic spin-orbit coupling, which means the
interaction of the particle magnetic moment with the
nucleus Coulomb field in which the particle is moving.
It is known also as the Mott�Schwinger interaction
because it was first investigated by Mott [3] (for electron
scattering) and Schwinger [4] (for neutron scattering
by nuclei). The investigation of the influence of such
an interaction on proton scattering appeared later [5�
7]. Because of the much stronger Coulomb interaction,

the Mott�Schwinger scattering for protons can hardly
be measured separately. However, it influences the
scattered proton polarization. In [5], such a study was
done for the proton scattering by aluminum and iron, Ep

= 130 MeV. In [6, 7], the scattering by nuclei of carbon
was studied for proton energies below the Coulomb
barrier.

We note that individual attempts to search for new
features of the channeling of particles with spin other
than zero are known from the literature [8�11]. Major
details and results of this search are as follows. (i) Works
[8, 10] are theoretical. In [9], qualitative estimations
are presented, and a hypothesis is grounded in [11].
There is no evidence for any experimental investigation.
(ii) These investigations concern the relativistic energy
region (GeV) of the light particles (e�, e+) [8�10]
and protons (p) [11]. According to [9, 10], the value
of additional force conditioned by the interaction of
the particle magnetic moment with an inhomogeneous
magnetic field of the crystallographic plane for fast
particles can considerably affect the motion trajectory
of a particle in a channel. (iii) Major attention is paid
to planar channeling in bent single crystals [8, 10, 11].
In [8, 10], the influence of inhomogeneities of the plane
electric field on the spin precession and the radiation
self-polarization of fast channeled particles is considered.
Radiative transitions take place between states with
different projections of a spin on the direction of the
magnetic field. Here, the rest system of a channeling
particle is implied. Spontaneous transitions lead to an
increase of the amount of particles on the low-lying
energy level, i.e. the beam is being polarized. The
comparison of such calculated observables as the lengths
of dechanneling, spin precession, and self-polarization
demonstrates that the indicated effects can be detected
for the lightest particles only, (e+, e�). (iv) In [11],
it is proposed to use bent single crystals for capturing
the relativistic protons scattered by a crystallographic
plane in a channel. In the area of Coulomb-nuclear
interference, such protons will be polarized after a single
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Fig. 1. Orientation dependence of the normalized yield of a close-

encounter process

scattering on the planar arrays of atoms. Since scattering
angles are small, a bent crystal is used for the spatial
separation of a direct beam and scattered particles.

It is more than 40 years now since the discovery of
the channeling effect [12, 13]. A lot of theoretical and
experimental investigations were done on the subject.
One may assert that most phenomena connected with
the channeling have been studied [14]. The aim of the
present work is to investigate under what conditions
and how the electromagnetic spin-orbit interaction of
nonrelativistic channeling ions can manifest itself in
addition to the directing Coulomb interaction.

1. Theoretical Justification of the Experiment

If the ions with certain velocity fall into an open
space (channel) between atomic rows or planes of a
monocrystal under small angles to them they undergo
a series of elastic, step-by-step, small-angle Coulomb
scatterings (or glancing collisions correlated in a
direction) [1, 15]. Trajectories of such ions become
stable. In contrast to a homogeneous and isotropic
material, the distribution of the impact parameters of
channeling particles at their collision with atoms of a
crystal depends on the relative orientation of the beam
and chosen crystallographic directions. Channeling ions
do not approach atomic nuclei. Therefore, the physical
processes that require a close approach of ions to nuclei,
namely nuclear reactions, Rutherford backscattering,
and characteristic X-ray emission are suppressed (Fig.
1). An increase of the angle  between the axial or planar
direction in the crystal and the beam direction makes the
trajectories of ions unstable, and the yields � of the close-
encounter processes are increased as well [1, 16]. At still
larger incident angles, the yields at last reach the values
which are within a small angular interval somewhat
greater than that for a random medium (greater than

Fig. 2. Schematic illustration of the traveling of channeled particles

with charge Z1e near planar arrays of atoms with charge Z2e (for

the derivation of the plane potential (1))

1). Thus, the compensation of the orientation effect takes
place, since the total number of events should not depend
on the ordering of a target structure.

Concentrating on the planar channeling, it is
necessary to note that, in contrast to the axial one,
there exists a prevailing direction of the motion of
channeling particles in the plane which is perpendicular
to their longitudinal velocity. This direction coincides
with the normal to the crystallographic planes. In axial
channeling, the particle motion between collisions is
more complex, unordered, and two-dimensional on the
perpendicular plane. Fig. 2 shows the motion of a
channeling particle near the crystallographic plane and
introduces symbols for the derivation of the formula for
the continuous potential of an atomic plane.

The continuous potential for a distance � from the
atomic plane can be given as

VP = n

1Z
0

2�rV (R =
p
�2 + r2)dr; (1)

where n = Ndp, N is the number of atoms in 1 cm3,
and dp is the interplanar distance. The screened static
ion-atom potential V (R) can be given as

V (R) = VC(R)'(R=a); (2)

where

VC(R) =
Z1Z2e

2

R
(3)

is the Coulomb potential of the interaction between an
ion (chargeZ1e) and the nucleus of a target atom (charge
Z2e), '(R=a) is a screening function of the Thomas�
Fermi type with a as a screening parameter.

The interplanar static continuous potential, which
influences a channeled positively charged particle, may
be regarded as a first approximation of the harmonic
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potential. The value of this potential in the channel mid-
position is equal to zero [15]. The motion of a particle
in a planar channel is just an oscillatory motion in
the traverse direction. Estimating the stable trajectory
criteria for a channeled particle and, therefore, the
admissible range of incident angles  of particles into a
channel, Lindhard introduced the concept of channeling
critical angle  c [1]. The trajectory of a channeled
particle remains stable if its transverse energy E? does
not exceed E 2c and, so, the use of the continuum
model is confirmed. Particles, whose incidence angles are
smaller than the critical angle, do not come to a plane at
a distance �min (Fig. 2) closer than the critical distance
�c. That is, the condition

E?;c = E 2c � VP (�c); (4)

where Vp(�c) is a Coulomb barrier height, is satisfied.
It is clear that there exists a certain range of

incidence angles  ,

 c �  � 2 c; (5)

when a particle still feels the channel, but its collisions
with individual atoms are not small and the transverse
energy is not conserved. Ultimately, the particle can
be considered as channeled if it has time to cover a
distance between neighboring atoms in the longitudinal
direction before to come up to a row or a plane in the
transverse direction. Trajectories of such particles are
not stable and they may leave the channel any moment.
Such particles are called quasi-channeled. We are going
to focus on them below. Note that, in real experiments,
they are not oriented at the angle  c, but at the half-
angle  1=2 slightly different from  c (Fig. 1).

Let us consider now the potential of another long-
range interaction (Mott�Schwinger one). If an ion is
moving with velocity v, then the Coulomb field E

of a nucleus with charge Z2 causes the appearance
of an inhomogeneous magnetic field with respect to a
coordinate system fixed at the incident ion:

H =
h
v

c
�E

i
=
Z2e

R3

h
v

c
�R

i
: (6)

The ion magnetic moment � interacts with the
magnetic field H and the potential of this interaction
is given (for protons, e.g., see [6]) by

VMS (R) =
Z2

2

�
��

1

2

��
eh

2�m�c
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2
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R

d
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VC (R) (l � �) =
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1

2
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�
2
�
��

1

2

�
(l � �) ; (7)

Fig. 3. Schematic illustration of the travelling of quasi-channeled

particles with spin near the crystallographic plane of atoms

where m� is the reduced mass, l and � are the vectors
of orbital and spin momenta. Calculations show that
the magnitude of that potential for nonrelarelativistic
particles and for the channeled critical distance �c
(�c � a � 0.1�A) is approximately by 4 orders less
than the potential of the directing Coulomb interaction.
Therefore, the influence of the spin-orbit interaction
on the channeled motion of particles under the stable
trajectory condition can be ignored. Moreover, the
orbital moment of a channeled particle changes to
the opposite direction, when the particle passes the
neighboring walls of a planar channel. But, taking into
account different radial dependences of VC(R) (3) and
VMS(R) (7), the situation changes under the condition
of quasi-channeling.

Let us examine what consequence can cause such
a change. We note that, for quasi-channeled particles,
the condition R < a is valid and the screening of the
field of the atom nucleus becomes insignificant. That is,
for Eq. (2), it can be assumed that '(R=a) = 1, and
we have actually the purely Coulomb potential (3) of
the interaction with a nucleus. Quasi-channeled particles
can be scattered in any direction and may abandon
the target. According to (4), only the direction along
the channel, i.e. the direction of the stable trajectory,
becomes partly restricted. We consider �the fate� of
such particles which, having �felt� the channel, are
scattered at the mirror angle to the plane and escape
the target or go to another channel maintaining the
direction of the initial beam (Fig. 3). Thus, these are
the particles, whose entrance condition into a channel
satisfies (5) and whose close-encounter processes yields
are found in the region between �1=2 and �max (Fig. 1).
Fig. 3 defines: ki and ko are the wave vectors of the
incident and scattered particles,  is the particle
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Fig. 4. Schematic diagram of the experiment: 1 � collimator of the

particle beam, 2 � monitor-chopper, 3 � three-axis goniometer

with crystal under study, 4 � detector of backscattering, 5 �

collimator of the scattered beam, 6 � additional target-analyzer

of polarization, 7 � detectors

incidence angle into a planar channel and the reflection
angle from a plane, � = 2 is the scattering angle. The
selected direction of the normal n to the scattering plane
is defined as

n =
ki � ko

jki � koj
: (8)

In the case of a repulsive force, which is the Coulomb
interaction force, the orbital angular momentum vector
l is antiparallel to the vector n.

It is obvious from (7) that the Mott�Schwinger
scattering amplitude is dependent on the relative
orientation of the vectors of the orbital (l) and spin (s)
angular momenta: AMS(�) = A(�)(l � s). Consider the
Mott�Schwinger scattering together with the Coulomb
one, the amplitude of which does not depend on the
spin. The amplitudes AMS and AC are coherent for an
individual scattering center and interfere. The scattering
differential cross-section is expressed by

d�

d

= (AC +AMS)

2

= A2
C
+ A2

MS
+ 2ACAMS (l � s) : (9)

The sign of the interference term in this expression
depends on the mutual orientation of the orbital and spin
angular momenta. Thus, the scattering cross-sections are
different for protons with two possible projections of the
spin on a selected direction. This is the reason to expect
that, in a certain angular interval close to the direction
of mirror reflection from a channel plane, the scattered
proton beam will show to be enriched by one of the spin
components, i.e. it will be polarized. On the contrary, for
protons with the inverse spin orientation, the probability
to experience the close encounter with the nucleus and
to cause a nuclear reaction or to be scattered at a great
angle is increased.

It is necessary to point out another circumstance.
The general potential of the interaction between a

quasi-channeled particle and a target nucleus may have
the term of the nuclear spin-orbit coupling. Coherent
amplitudes of this type of interaction and the Coulomb
one interfere as well. But, for the attraction force, i.e.
nuclear interaction, the orbital momentum vector l is
parallel to the vector n (8). Thus, the polarization sign
may give an advantage to a certain type of interaction.

2. One of the Feasible Schemes of the

Experiment

For the experimental verification of the statements
formulated in Section 1, the experiment scheme similar
to that [17] proposed and realized for the measurements
of the angular distributions of protons that traversed
through a thin single crystal can be used. We present
this scheme and indicate the differences (Fig. 4).

Three principal components of the scheme can be
selected. They serve the following purposes: Forming
of a beam with operating limits that are necessary for
channeling experimens (it is maintained by collimator
1); orientation and movement of a target under study
(it is maintained by the manipulator-goniometer for
a principle target � 3); the study of channeling
transmission, small-angle scattering and polarization
of ions (it is maintained by the manipulator of an
additional target � 5, 6). In contrast to [17], the second
target has to be chosen so that it could also serve as
a polarization analyzer of particles interacted with a
monocrystalline (first) target. In this part, the scheme is
similar to the standard double scattering scheme under
the nuclear physics experiments for the investigation of
the polarization of particles.

The asymmetry to be measured is

A ( ; �1) =
N (+�2)�N (��2)

N (+�2) +N (��2)
= P ( ; �1)P (�2) ;

(10)

where  is the angle between the accelerator beam
direction and the selected crystallographic plane (its
variation is defined by (5); see Fig. 3), �1 is the scattering
angle on the monocrystal target (it changes in the
vicinity of an angle of 2 ), �2 is the scattering angle by a
target-analyzer of polarization, N(+�2) and N(��2) are
the numbers of counts recorded by detectors 7 (Fig. 4),
and P (�2) is the polarization of particles scattered on
the target-analyzer.

Using (10), the polarization P ( ,�1) as a function
of angles under study can be found. To exclude the
instrument asymmetry attributed to different efficiencies

914 ISSN 0503-1265. Ukr. J. Phys. 2004. V. 49, N 9



INFLUENCE OF THE ELECTROMAGNETIC SPIN-ORBIT INTERACTION

of detectors 7a and 7b, the numbers of counts N(+�2)
and N(��2) must add to the counts from both detectors
(after the rotation through 180Æ of the detecting system
around the axis of the beam scattered at an angle of �1).
Monitored values of the [N(+�2) + +N(��2) sum for
selected angles of  and �1 contain information about the
angular distributions of scattered particles. Monitoring
is carried on a part of the charge which is transferred
by the beam from the accelerator and accumulated by
monitor-chopper 2.

The proposed scheme has been tested in the
polarization measurement. We note the key conditions
of the experiment. The first target was a 2 mg/cm2

Si monocrystal with (110) orientation in the beam
direction. The second target (an analyzer of polarization)
was silicon as well. Its thickness was 1 mg/cm2, and it
was in a random (nonoriented) state. Proceeding from
the available means, the energy (Ep = 3.175 MeV) of
protons from the accelerator and the angle (�2 = 60Æ)
of scattering by the second target were calculated in a
way to achieve the maximum analyzing power of silicon
concerning protons. The previously made measurement
of the analyzing power showed the magnitude � 50%
under the marked condition [18]. The collimator-formed
beam had angular spread � 1 min. The angular spread
on the second target was the same.

The angular dependence of the proton polarization
scattered by the first target is shown in Fig. 5.
Measurements were made only for one inclination angle
 of (110) plane of the Si-monocrystal in respect to
the beam direction from the accelerator. This angle was
determined experimentally. It is equal to the half-angle
of the backscattering yield curve for protons under the
(110) planar channeling (Fig. 1). Its value approximates
6 min ( =  1=2 �  c).

It can be seen from Fig. 5 that the polarization
behavior in the vicinity of the �1 � 12 min angle, that
equals the angle of mirror reflection from (110) plane,
is not inconsistent with the theoretical substantiation
presented above. We note that, taking the beam angular
spread into account, condition (5) can be fulfilled only
for a part of the proton beam that hits the crystal.
Unfortunately, we had no opportunity to carry the
experiment to its logical completion on the available
accelerator for technical limitations.

Conclusion

The above analysis is an attempt to estimate
qualitatively the influence of the electromagnetic

Fig. 5. Angular dependence of the polarization of protons with an

energy of 3.175 ÌåV, being incident on a thin Si-monocrystal at

the critical angle of the planar (110) channeling, scattered at small

angles, and left the crystal. An approximate position of the angle

of mirror reflection (�1 � 2 c = 12 min) is shown by the arrow at

the bottom

spin-orbit interaction on the motion of ions under
the condition of instable trajectories in the planar
channeling. It has been shown that the spin-orbit
interaction can cause the polarization of particles that
were scattered at angles close to the angle of mirror
reflection from crystal planes and abandoned the crystal.
Obtaining the precise expressions for amplitudes of
the Coulomb and Mott�Schwinger interactions and
thus the expression for the polarization of scattered
particles, including the quasi-channeling and thermal
displacement of scattering centers relative to equilibrium
positions, seems to be rather a complex problem. The
experimental results derived, for instance, by using
the suggested scheme could facilitate the choice of a
simplified model for calculations.

I would like to express my gratitude to M.
Artsymovych and I. Mohylnyk for their help in the trial
experiment.
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ÂÏËÈÂ ÅËÅÊÒÐÎÌÀÃÍIÒÍÎ� ÑÏIÍ-ÎÐÁIÒÀËÜÍÎ�

ÂÇÀ�ÌÎÄI� ÍÀ ÐÓÕ IÎÍIÂ Ó ÊÐÈÑÒÀËÀÕ

ÇÀ ÓÌÎÂÈ ÏËÎÙÈÍÍÎÃÎ

ÊÂÀÇIÊÀÍÀËÓÂÀÍÍß

Â.I. Ñîðîêà

Ð å ç þ ì å

Ðîçãëÿäà¹òüñÿ ïèòàííÿ âïëèâó åëåêòðîìàãíiòíî¨ ñïií-

îðáiòàëüíî¨ âçà¹ìîäi¨ íà ðóõ iîíiâ ó êðèñòàëàõ çà óìîâè

íåñòàáiëüíî¨ òðà¹êòîði¨ ïðè ïëîùèííîìó êâàçiêàíàëóâàííi.

Ïîêàçàíî, ùî ñïií-îðáiòàëüíà âçà¹ìîäiÿ ìîæå ñïðè÷èíèòè ïî-

ëÿðèçàöiþ ÷àñòèíîê, ÿêi ðîçñiÿëèñÿ ïiä êóòàìè, áëèçüêèìè äî

êóòà äçåðêàëüíîãî âiäáèòòÿ âiä êðèñòàëîãðàôi÷íèõ ïëîùèí,

i çàëèøèëè êðèñòàë. Çàïðîïîíîâàíî ñõåìó åêñïåðèìåíòàëü-

íî¨ ïåðåâiðêè åôåêòó. Ñõåìó âèïðîáóâàíî, òà ïiäòâåðäæåíî

äîöiëüíiñòü i ìîæëèâîñòi ¨¨ âèêîðèñòàííÿ.
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