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Dechanneling by dislocations: A time-dependent approach
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The motion of positrons in the planar channel surrounded by two atomic planes gives rise to descrete energy
levels in the transverse potential. The transitions from these bound states to scattering states due to lattice
distortions in the planar channel are described using a time-dependent centrifugal-energy term. The resulting
expressions for dechanneling probabilities and hence for the dechanneling cross section for initially well
channeled particles has been estimated, and qualitative features like dechanneling radius, energy dependence,
etc., are discussed.@S0163-1829~99!04113-2#
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I. INTRODUCTION

The motion of charged particles transmitted throu
single crystals~so-called channeling! is governed by corre-
lated small-angle soft collisions with rows or planes of
oms. This channeling phenomena and its several applicat
in defects and radiation damage have been studied ex
sively within the framework of classical mechanics.1–3 Fur-
thermore, as the particle velocity increases, the quantal
rections to the classical description are negligible. Howev
when the particle wavelength is comparable to the lat
period, the wave interference effects are dominant.4,5 It is
well established that the motion of positively charged p
ticles ~like positrons! in the transverse direction can be d
scribed by the harmonic oscillator where as in the case
electron channeling the shape of the transverse potential
inverted parabola;6 and the transverse motion of the electro
is confined within the cusp-shaped potential centered aro
the axis or plane of atoms.

In recent years the problem of particle motion in a on
dimensional periodic potential acquired a special sign
cance in connection with the quantum theory of light p
ticles ~like positron! and their propagation in crystal
because of their sensitiveness and importance in pro
various kind of defects present in the solid.7 During the
propagation of positrons in a planar channel~surrounded by
two planes!, the transverse motion is nearly harmonic. Qua
tum mechanically, the longitudinal and transverse com
nents are separated out8 with the transverse motion bein
described by a one-dimensional Schro¨dinger equation with a
harmonic-oscillator potential and the solution gives rise
quantized transverse energies. Hence, a number of qua
states are formed and the transverse energy assumes a
of descrete values. In such a potential, the energies less
the height of the barrier namely below barrier states rep
sent the initially channeled particles.

On the other hand, the states with energies above the
tential barrier are basically dechanneling states and lea
dechanneling phenomena: In the case of dislocations
PRB 590163-1829/99/59~13!/8516~4!/$15.00
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dechanneling is mainly due to the distortions of the pla
channel and these distortions give rise to additional centr
gal energy in the transverse direction which eventually
creases the transverse energy of the particle beyond the
tential barrier to cause dechanneling. Classically t
corresponds to centrifugal force exceeding the restor
force and shifting of the equilibrium axis away from th
geometrical axis of the plane or axis.9 Quantum mechani-
cally, this is equivalent to the scattering of bound states fr
the corresponding perturbation potential to the scatter
states. In a recent work we have used a sudden approx
tion to treat this problem for stacking faults10 and
dislocations.11 The dechanneling mechanism in the case
dislocations was described with the assumption that the
vature of the planar channel near the dislocation is ne
constant and the overall length of the curved portion is on
order of the particle wavelength. We studied the dechan
ing process, in the frame of bound-bound transitions in
planar channel induced by the sudden appearance of
curved channel. Here we extend that approach to a m
realistic model by relaxing the sudden approximation a
using the time-dependent perturbation theory. These calc
tions show that scattering states play a vital role in dech
neling because of the occurrence of additional bound st
in the planar channel with a change in curvature. Ev
though the constant curvature model and the sudden app
mation helped in a better quantum-mechanical understan
of the dechanneling mechanism, the consideration of
nonuniformity of the curvature during the propagation of t
particle as done now is obviously more appropriate. It h
also been shown here that under suitable semiclassica
proximations, the well-known results are obtained.

II. TIME-DEPENDENT APPROACH

In the present calculations the nonuniformity effects
curvature mentioned above are taken in terms of a tim
dependent force term which causes a transition from
bound state to the scattering state. The dechanneling
8516 ©1999 The American Physical Society
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PRB 59 8517DECHANNELING BY DISLOCATIONS: A TIME- . . .
nomena under this situation are governed by the transitio
the particle from a bound state~harmonic oscillator! to a
scattering state~plane wave!. The time-dependent centrifuga
energy term11 is modified in the relativistic case and is give
by

VR~x,t !52
mb

p

g3vz
3rt

~r 21g2vz
2t2!2 x, ~1!

where g51/A12vz
2/c2, b is the Burgers vector,r is the

distance of the channel from the dislocation, andx is the
transverse coordinate. As we notice, due to the asymm
nature of the above distortion termVR , first-order perturba-
tion theory will not give any shift in energy, hence the effe
of dislocation on the positron is small for sufficiently sma
curvatures. On the other hand, it induces a transition fro
bound state to a scattering state for larger curvatures and
corresponds to dechanneling.

The maximum number of quantum states in undistor
continuum potential isnmax'3 for a specific case of 12.2
MeV (g525) positrons channeled along Al~111!. The initial
and final wave functions of the positron are given by

cn~x,y,z!5
1

LS a

Ap2nn!
D 1/2

exp~ ikzz!exp~ ikyy!

3expS 2
1

2
a2x2DHn~ax!,

c f~x,y,z!5L23/2exp~ ik f•r !.

Here the coupling constanta is given byA(m'v/\) with
transverse massm'(5gm) and the oscillation frequencyv
5Ak/gm, respectively.10,11

The distortions of the planar channel shifts particle m
tion in the transverse direction~x! whereas in thez direction
the propagation is nearly constant. The expression
dechanneling probability of a particle with initial bound sta
un& ~due to channel distortion! to a final scattering state i
given by

xn5
1

\2U E VR
f neiv f ntdtU2

with VR
f n5^c f uVR~x,t !ucn&.

~2!

Due to scattering, the particle goes to continuum of sta
and the dechanneling probability can be obtained by con
ering the transitions to a group of closely spaced sta
Hence, total dechanneling probability to any one of fin
states is obtained by integration over density of final sta
i.e.,

x n̄5aS L

2p D 3E xndqdkf
ydkf

z ~3!

with q5kf
x/a. The straightforward integration ink space

leads to the expression
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x̄n5S a2

2pAp2nn!
D S mb

2\ D 2H E v f n
2 expH 22v f nr

gvz
J e2q2

3U E xe2~1/2!a2~x1xo!2
Hn~ax!dxU2

dqJ ,

wherev f n5@Ef(q)2En /\# andxo5 iq/a.
HereEf is final energy background in which the partic

propagates after getting dechanneled. Because the rema
integrand has a pronounced maximum atq5qmax, the term
v f n

2 exp(22v f nr /gvz) is assumed to be constant wit

v f n(q)→ṽ, where ṽ depends onn and is given by
v f n(qmax). SinceEf(q)@En , we assume thatṽ is indepen-
dent ofn and the above equation can be rewritten as

x̄n5S a2

2pAp2nn!
D expH 22ṽr

gvz
J S mbṽ

2\
D 2

3 H E e2q2U E xe2~1/2!a2~x1xo!2
Hn~ax!dxU2

dqJ .

~4!

Using the Rodrigues formula forHn and incorporating the
appropriate expressions, we obtain the total dechanne
probability x̄n and it is given by

x̄n5~2n11!x̄0 with x̄05S mṽb

2A2\a2D expS 2
2ṽr

gvz
D .

The above expression forx̄0 is obtained with specific refer
ence to initially well channeled particles.

Corresponding to a given initial state~say un&), the
dechanneling probability is maximum for those chann
which are situated below the dechanneling radiusr n ~i.e., the
critical distance of the channel from the dislocation belo
which the particle completely gets dechanneled! and this
happens forṽ5gvz /r . Invoking x̄n(r n)51 for r<r n , an
estimate of the upper bound for the dechanneling radius w
reference to a particle of the initial stateun& is obtained as

r n
~u!'S n1

1

2D b

2.718
A gE

2En
, ~5!

where 2E5mvz
2 and the quantized transverse energyEn

5(n11/2)\v.11

However, one will be curious to have an estimate for t
minimum distance of the channel from the dislocation.
exploring the possibility that a particle gets dechanne
when its transverse energy approaches the critical transv
energy, an equivalent expression for the minimum criti
distance is obtained by replacingEn with total transverse
energy, E'5(nmax11/2)\v5Enmax

5E3 . Hence, we get

lower bound forr n as r n
( l ) given by

r n
~ l !'S n1

1

2D b

2.718
A gE

2E'

. ~6!

Figure 1 shows clearly these two limits forun&5u0& ~i.e.,
initially well-channeled particles!. Obviously this is of prac-
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tical interest and provides the definition for the dechanne
radius and at the same time, to a certain extent, enables
relax the approximations mentioned above.

The dechanneling cross section with reference to an in
stateun& is obtained by the expression

l n̄5E xn~r !dr52r n . ~7!

The dechanneling widthsl̄n are estimated using Eqs.~6! and
~7! for positrons along Al~111! and results are given in Tabl
I~a!.

Classically, that aboveE' is equivalent to the critica
transverse energy, given byE'

c 'Ecp
2 , wherecp is the pla-

nar critical angle.1 So for the case of nonrelativistic positiv
particles and other heavy ions (g51), and one may replac
E' by the equivalent classical expression, an estimate of

FIG. 1. Variation of dechanneling probability for initially we

channeled particles (x̄0) with channel distance from the dislocatio

x̄0 corresponding to the lower and upper bounds are denoted
and 2, respectively.

TABLE I. ~a!. Dechanneling widths for positrons in Al for vari
ous initial states.~b!. Dechanneling width for He in Al.~HereE is
expressed in MeV.!

~a!

Particulars of
the crystal

Dechanneling widths inmm

l̄o l̄1 l̄2 l̄3

Al(111),b52.86 Å 0.47 1.41 2.35 3.3

~b!

Particulars of
the crystal

Dechanneling width (l̄) in Å

Experimental~Ref. 13! Quere Present

Al(111),b52.86 Å 85AE 79AE 90AE
g
to

al

e

corresponding dechanneling width for initially wel
channeled particles (l̄) can be obtained as

l̄5
b

2.718
A E

4pZ1Z2e2NpaT.F
50.3l̄QuereA b

aT.F

5~0.44!l̄QuereZ2
1/6Ab, ~8!

whereb is in Å . Using the above equation, the dechannel
width for He ions has also been estimated and compa
with existing theory and experimental data.13 These details
are given in Table I~b!, showing reasonable agreement.

III. RESULTS AND CONCLUSIONS

The expressions for the dechanneling radius and hence
the dechanneling width is derived. These expressions
qualitatively similar to the expression obtained by equat
the deflecting force to the restoring force.12 In the present
calculation we obtain an expression for the dechanne
width purely on the basis of quantum-mechanical consid
ations. By incorporating appropriate limits in the present e
pression for the dechanneling width, an equivalent class
expression is obtained. For example, in the case of a he
nonrelativistic particle hereg'1, the above expression i
identical to the one obtained in classical analysis.2,12 The
present procedure provides a simple and convenient wa
estimate the order of magnitude of the effect and its sca
with particle energy and planar potential. This expression
very close to that obtained by Quere’s classical analy
where the continuum model and the phase dependence o
approaching particle are considered. Quantitatively
present calculation may overestimate the actual dechanne
width by a numerical factor and this may be because of
semiclassical approximation, namely, the maximization
dechanneling probability and fixingṽ correspondingly.
However, one may set an appropriate numerical constan
fit with the experimental data as was done by Lindhard
his power-law potential (C5A3).

The result also confirms the results of earlier work11

where one can notice thatr 0}AgE, hence one can say qual
tatively that the dechanneling cross section is linear withE
and for higher energies this will be slower thanE, etc., and it
is }AE as proposed in the case of heavy particles which
the classical framework2,3 are obtained as semiclassical lim
its. These results also make uniform the qualitative ene
dependence, i.e., the dechanneling cross section varies
early with E at relativistic energies as confirmed by the be
crystal channeling experiments done by Carrigan.14 He also
mentioned that increasing the bending is in ‘‘some sens
like raising the atomic number of the crystal. From Eq.~8!
one can see that the dechanneling radius increases withZ2 ,
which means that the critical region increases withZ2, which
in turn implies that the channels are distorted heavily. So
present theory shows that the bending increases withZ2 and
hence is also applicable for the channeling studies with b
crystals. So one may infer that materials with higher valu
of Z2 are appropriate for bending of beams. Figure 1 sho
a comparison of the present calculation with previo
work.11 As expected, the dechanneling probability falls o
sharply~for a large curvature, i.e., large distortion! as com-
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pared to that obtained with bound-bound transitions in
sudden approximation. On the other hand, for sufficien
smaller curvatures, the dechanneling probability decrea
slowly as compared to that obtained with bound-bound tr
sitions. We expect the present theory to be valid for a wi
range of dislocation concentrations. The quantu
mechanical results under suitable limits reproduce the kno
classical results qualitatively. The quantitative agreemen
also satisfactory as seen from Table I. This gives us co
dence in the basic concepts applied to this complicated p
s

e
y
es
-
r
-
n
is
fi-
b-

lem. We hope to carry out further refinements and improv
ments of this simple model in the near future.
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