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Synopsis

1 Introduction

11 Channeling

When charged particles are incident on crystals along one of the maor crystallographic
directions, their range increases anomalousy and they penetrate larger distances in these
crystals than when they are incident along random directions. This effect (so cdled chan-
neling) is wel established[1-3] and Lindhard's classca theory of channeling provides a
complete description of this channeling phenomena for relatively heavy ions. This man-
ifests that atomic rows/planes guide and steer the charged particles dong the channels
between rows and planes by means of correlated series of small angle oft collisions.

Channeling techniques find their applications in many frontier areas of physics. Crysta
defect studies, semiconductor superlattices studies [4], backscattering analysis, ion beam
anaysis and ion implantation are very fev among them. Both Rutherford backscattering
and channeling are smultaneoudy used extensively for studying and understanding various
phenomenain ion solid interactions. This channeling technique can be and has been usad to
locate foreign atoms in acrystal. The energy dependence of dechanneling gives information
of the nature of the defects and magnitude of the dechanneling cross-section is used to find
the amount of damage. A thorough knowledge of effects of defects on channeling and
corresponding dechanneling phenomena is the basis for a better understanding of any
phenomena in physics in generd and in the field of channeling and its applications in
particular [25].

Observation of radiation from channeled ions, especidly light particles like eectrons
and positrons has opened possibilities of new applications in the fields of laser physics and
medicine as a source of hard X-rays and 7-rays for nuclear pumping, hence for possible
construction of a «-laser.



12 Concepts used in the thesis :

When a charged particle moves along certain magjor crystallographic directions under chan-
neling conditions, it does not fed the interaction due to individual atoms sitting at various
|attice sites but experiences a collective effect of dl the atoms aong that particular axia or
planar direction. The particle velocity component paralel to the axial or planar direction
Is such that the time of flight to cross one lattice spacing is less than the collison time
with any individua target atom [2]. This implies that before the particle can experience
the field of one atom, it is aready in the field of the next atom aong that string or plane
and it will see only collective efect instead of individual atom field. For positive particles,
the transverse motion perpendicular to the axis or plane is confined to the region around
a potential minimum between the strings or planes of atoms. Since channeled particle
travels large distances before its transverse momentum is significantly altered, it is a good
approximation to regard the force exerted on the channeled particle as arising from a con-
servative potential. So for planar channeling the transverse potential is the planar average
of the electrostatic potential within the lattice. In the thesis, for analytical calculations
we use the planar potential used by Pathak[6] and this potential has been used extensively
for channeling studies, particularly in complicated problems involving the effects of de-
fects (like stacking faults and dislocations). This planar potential is basicaly a power lav
potential derived from Lindhard's standard potential.

1.3 Importance of Quantum-Mechanical Effects.

In electron and positron channeling the angular dips show a findy oscillating structure and
the work on transmission electron microscopy (TEM) with crystalline materials, extended
to channeling phenomena resulted clear indications of quantum and diffractional €ffects
dominating the patterns [7]. The quantum mechanica treatments [§ indicated that it is the
product of the mass of the particle and the strength of the interaction between the particle



and the crystal which determines gpplicability of classca or quantum picture. The classical
features start becoming dominant as this product increases, when the particle energy is
very high, the descreteness will dowly disappear and one can treat it classcaly. Thus
protons and al other heavier ions behave classcally whereas light particles like electrons,
positrons, neutrons and mesons would be expected to show quantum-mechanical features.
Even here, when the relativistic mass is large, the quantum mechanical effects are less
dominant.

14 Dechanneling by extended defects

Classcaly, a well-channeled particle is afected directly by the potential of the defect and
hence its trgjectory is modified. These efects are of obstruction type (eg. stacking faults,
interstitial atoms, grain boundaries etc). If the defects give rise to distortion in a certain
region of the crystal, disturbing the regularity of the material in that region, the effects
are of distortion type, for example didocations. These two kinds of defects give rise to
obstruction dechanneling and distortion dechanndling respectively[9]. This reflects the
importance of the ion beam interaction with the defects. The effects of these defects are
described by the dechanneling probability x(E,r(h,k, Z), - * *), depending upon the energy
E in achannd (h, k, 1), situated at a distance r from the defect[10]. An estimate of yand
its dependence on various parameters like energy etc., gives important information about
nature and concentration of defects.

Mog of the work on dechanneling by defects is based on severa smplifying assump-
tions and the classicd calculations related to the effects of defects [9,11] on channeling are
good enough for heavier particles like protons, a- particles and heavy iong12]. Eventhough
qualitatively the classical results on energy dependence etc. are reliable, the detailed dy-
namics of the particle during the passage through various regions of obstruction/distortion
and the resulting dechanneling phenomena especialy various symmetries involved in the
problem are not clearly redlized. Therefore more work, possibly using quantum mechanical
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and/or field theoretical techniques is needed to treat the whole defect problem in a more
accurate way. Moreover the interaction of lighter particles like positrons and electrons
with solids should be described quantum mechanically[13].

We have quantum mechanical description for the case of extended defects like stacking
faults and didlocations with specific reference to positron dechanneling. Quantum mechan-
icdly, the longitudinal and transverse components are separated out[13]. The transverse
motion for positively charged particles (like positrons) is described by one dimensional
Schrodinger equation with a harmonic oscillator potential and the solution gives rise to
guantized transverse energies. Hence number of quantum states are formed and the trans-
verse energy assumes a series of descrete values. The maximum number of bound states
supported by transverse continuum potential (n,,,, ), INCreases with the relativistic particle
mass (ym) where the Lorentz factor, 7 = 1/,/(1— v?/c?) and m is the rest mass of the
particle. This n,,,, is still small for positrons/electrons of a fev Mev energy and n,,,., for
positrons is smaler than that for the electrons because of the fact that transverse mo-
tion of postively and negatively charged particles is qualitatively different, in channeling
situations. For the case of positroas the transverse potential may be approximated to
harmonic oscillator in which the potential minima are located at middie axis of the ax-
ial/planar channel, whereas for electrons the potential minima arc on the atomic strings
or planes and hence corresponding transverse potential may be approximated to two or
one dimensional hydrogen atom. In quantum mechanica approach, dechanneling effects
(dechanneling/scattering of the particle due to the presence of defect) can be studied by
evaluating the scattering amplitude which is expressed in terms of transition probability
matrix element corresponding to respective wave functioas in the transverse potential.
In such a potential, the energies less than the height of the barrier namely below bar-
rier states represent the initially channeled particles. On the other hand, the states with
energies above the potential barrier are basically dechanneling states and they lead to
dechanneling phenomena.

v



For relativistic channeled particles the longitudinal motion results in Lorentz contrac-
tion along the axes or planes and hence the strength of the continuum potential is enhanced
by afactor 7 in the rest frame of particle. The resulting Schrodinger equation describing
the transverse motion is solved with relevant continuum potential due to strings or planes
depending only on transverse coordinate.

The thesi's consists of five chapters:

1. Introduction

2. Quantum description of dechanneling by stacking faults

3. Quantum description of dechanneling by disocations

4. Time dependent formulations for dechanndling by dislocations
5. Concluding Remarks

The introductory chapter contains brief survey of channeling and the importance of
quantum mechanica effects especidly in channeling situations. In chapter 2, a quantum
mechanicd treatment of the effects of stacking faults on dechanneling is given. At the
stacking fault boundary, these states make transitions for which probabilities have been
calculated using sudden approximation. However, the continuum potentials in particular
used in the discussion are in principle vaid for infinite planes where in the case of stacking
fault we had hdf planes i.e., those ending at the fault and those starting from the faulit.
So the transverse potential is dightly complicated just at the interface and one has to
match the appropriate basis wave functions at the interface of the stacking fault boundary.
An estimation regarding the effects of periodicity of transverse potential on dechanneling
probabilities is made.

In chapter 3, a quantum mechanical treatment of the effects of dislocations on planar
dechannding is given. The effects of channe distortion due to dislocation are incorporated



through arelativistic centrifugal energy term. We evaluated the number of quantum states
supported by this distorted channel and the transition probabilities among these states due
to distortions in the planar channel; the resulting dechanneling probabilities for varying
distortion are calculated usng sudden approximation. The energy dependence of these
dechanneling probabilities for initially wel channeled particles has been estimated and we
show that it varies linearly with energy for relativistic particles.

In chapter 4, a quantum mechanical formulation is developed by relaxing the sudden
approximation used in the chapters 2 and 3, where bound - bound transitions are con-
sidered. In this chapter we consder the transitions from these bound states to scattering
states due to lattice distortions in the planar channel, using time dependent perturbation
theory. The resulting expressons for dechanneling probabilities and hence for dechannel-
ing cross-section for initially wel channeled particles has been estimated and qualitative
features like dechanneling radius, energy dependence ctc., are discussed.

Chapter 5 contains a summary of work, concluding remarks and comments on possible
future directions of research work in this fidd .

A brief description of above mentioned chapters is given below, giving essential features
in a concise form.
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2 Chapter II: Dechanneling by stacking faults

A stacking fault is a line defect, where the channels surrounded by atomic planes on right
dde are shifted by an amount, say (a,) w.r.t Ieft Sde of the fault. For any channelon
passing through the extended defect (obstruction/distortion), the longitudinal component
of energy is not much efected but the transverse energy undergoes a change. Hence
the respective channeling phenomena is governed by the transition probability evaluated
In terms of matrix eement of the wave functions corresponding to various portions of
obstruction/distortion, where these effects are suitably incorporated.

Here in the case of stacking fault, the channeling phenomena is governed by the overlap
integral of the wave functions corresponding to left channel and right channd < ijyy >,
where

1/2 -
Byl ] = (—ﬁf,) o (75 Hfon) 1)

Q 172 —a*(z + as)?
Vi =Yr=pm(c+a;) = m exp 5 H,.(az + aa;) (2)

Under the sudden approximation, the overlap integral with harmonic oscillator wave func-

tions ¢, — g, (az);¥;= em(ar + aas)can be written as
< nlm >= 1 exp {—a'Qaf/!l} fw exp {—(t + 9)2 H,(t)H,(t + b)dt (3)
Va2mtnmlinl ’ —o0 2

. m W

where b = wa,; axz =t and the coupling constant a = 4/ 3
To solve this integral and obtain a general expression one may start with usua gen-
erating function method. However it was found that it is complicated to compare the

coefficients of parameter terms in the generating functions both sides and hence an ab-
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stract notation was used so that the matrix dement looks smple.
Snce  Yi(z)=|n > and  ¢s(x)=\m> |
Here we write
< (@) |9y (z + as) >=< n exp{%%(a —aY}m > withalajn >=njn>  (4)

The general expression for < n\m > is obtained by evaluating above abstract form with
successive iterative process for various vaues of ‘n’and ‘m’ and by intuition after so much
of analytical effort, | could finally succeed to get the general expression in the fina form
as

exp(—a’a’/4) = SIN— n! n—m+2r
" ! —_ 5 _ Nn—M+rom—r 7, b 1—m T r
<nlm>=—Tmeten | Y (T e e (8) (5)

Here ‘n’ and ‘m’ represent harmonic oscillator states corresponding to initial state
(Ieft part of the channel before the fault) and final state (after fault) respectively. This
general expression is extremely ussful in various fields. It reduces enormous machine time

r=maz(0,m—n)

In computing various matrix eements, particularly when the transitions involving higher
quantum numbers.
The transition/channeling probability in general, is then obtained through the expres-

sion pp_.n, = | < n|m > |* = p,_.m* The probability for particle to remain channeled after
3
the fault is given by p, = Y | < n|m > |* and hence the dechanneling probability is

m=co

obtained as x, = 1 —p,.
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3 Chapter IlIl: Dechanneling by dislocations

In this chapter we concentrate on a quantum mechanical modd for the effects of dislocations
on initially wdl channeled relativistic positrons in a planar channel. In the vicinity of
the didocation, the channels are distorted and obvioudy the treatment is complicated
as compared to the previous stacking fault case. We consider the motion of the positrons
described in the rest frame of the particle. In thisframe as we discussed earlier, the particle
“sees” continuum potential vV (z) because of the length contraction in the direction of
propagation (z). When the particle enters into the distorted portion, the motion of the
particle is modified due to the influence of the curvature and in this distorted part of
the channd the modified continuum potential as "seen" by the particle becomes 7 V.s4(x)
which is written as

Y Vegr =7 V(z) = y*mo} {;ﬁ%} z 6)

The expression for dechanneling radius r, is obtained by equating the restoring force
to the maximum value of the deflecting force due to curvature and due to these relativistic
effects r, in usua non-relativistic classca expresson, gets enhanced by a factor of /7.
We consder transitions among the energy leves in the transverse potential which are
induced by the distortion created due to didocations. As before, we use harmonic oscillator
model for transverse potential and sudden approximation for transitions. Due to channel
distortion the coupling constant o (appearing in the norma harmonic oscillator model
potential) will change to o' in the distorted portion because the oscillation frequency of
the particle gets modified in this distorted portion.

The harmonic approximation to the above effective planar potential gives an estimate
of number of dlowed states in this distorted channe and the analysis is appropriate for
the channdls that are situated far awvay from the didocation. This in turn implies that we
are considering crystals with low dislocation concentrations (typicaly 10° to 10" per cm?).
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Once the particle enters into the distorted portion, the potential minimum is shifted due
to curvature. The channeling/dechanneling phenomena under this situation is governed
by the overlap integrals of the appropriate wave functions in various regions.

The transition probability for the passage of initialy wdl channeled particle through
dislocation will be the product of the transition probabilities across various parts of the
channel, where the effects of distortion are suitably incorporated. The general expression
for the total channeling probability of the particle with a specific initial state \i > so that
the particle feds itsdf again in the straight channel with find state \f > (after passing
through the various portions of distortion) has been obtained and is given by

ki, Ik
Pi—y = Z Pr@—f Z Pi—;0 X Pi0) —k@ = Pj—i (7)
k@) =0 7 =0

Here \i >= ¢;(ax) (before distortion); |51 >= ¢,(a’z + a'a,) (firgt portion of dis-
tortion); |k® >= gy (a’z - o’a,) (second portion of distortion) and \f > = ¢ (ax)(after
distortion). As discussed earlier, ¢(z) is harmonic oscillator wavefunction and a. is shift
in the potential minimum due to distortion. The total channeling probability for initially
well channeled particle, to find itsdf again in the straight channel after passing through
various portions of the distortions is given by

frmu=3

po= 3 (Po—s); Xo=1-po
i=0

We computed the dechanneling probabilities for initially well channeled particles (\i >=0)
and those for first excited state (i >= |1 >). The calculations for initially well-channeled
particles show that dechanneling probability varies linearly with particle energy.



4 Chapter IV: Time dependent formulations

Here we use time dependent perturbation theory to present a more realistic mode by
relaxing the sudden approximation. These calculations show that scattering states play a
vital role in dechanneling. This is because of the occurrence of additional bound states in
the planar channel with change in curvature. Event hough, the constant curvature model
and the sudden approximation helped in better quantum mechanical understanding of the
dechanneling mechanism, the consideration of non-uniformity of the curvature during the
propagation of the particle, as done here is obvioudy more appropriate. In the present
calculations the non-uniformity effects in curvature mentioned earlier are taken in terms of
a time-dependent force term. This perturbative energy term is obtained by replacing Z =
v,tin egn (6) causing a transition from bound state to scattering state .The dechanneling
phenomena under this situation is governed by the transition of the particle from a bound
state (harmonic oscillator) to a scattering state (plane wave). Because of the assymmetric
nature, first order perturbation theory will not give any shift in the energy. On the other
hand above perturbation induces transition from a bound state to scattering state for
lower radius of curvatures and this corresponds to dechanneling. The initial and final wave
functions of the positron are given by

1 Q L _ . 1 , .,
Yoz, y.2) = T (\/7?2“11!) cacp(zk‘,:z)(zmp(zkyy)e:cp(—afy“m“)Hn(am)

Vi@, y,2) = L*Pexp(iky.7)

&

The distortions of planar channel shifts particle motion in transverse direction (x) whereas
In < direction the propagation is nearly constant. The expression for dechanneling prob-
ability of a particle with initial bound state v,, (due to channel distortion) to a scattering
statev, isgivenby

1 ”n 1w n /
o = o | [ VA" €t V" =< Vil )l > ©)
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Due to scattering, the particle goes to continuum of states. Hence total dechanneling
probability to any one of final states is obtained by integration over density of fina states
and is obtained as

wb \? 2
X, = (2n + 1) %, with ¥, = [ —r’ i ] ) 10
Xn = ( ) Xo Xo (2 Tora) P\ ou (10)

The above expresson for x, 1s obtained with specific reference to initially well channeled
particles. The dechanneling probability is maximum for those channels which are situated
below the dechanneling radius (i.e., critical distance of the channel from the dislocation
below which the particle completely gets dechanneled). This happens for & = —. Thus
one can make a qualitative estimate for dechanneling radius for initially well channeled
particles and it is obtained as

b ~vE
ro &2 5.436 \ 2%, (11
The dechanneling cross-section with reference to initialy wel channeled particles is ob-
tained by the expression

X = fx(;.(r)d"r' = 27y (12)

Classically, the transverse energy E, ~Ev, wherev,, is planar critical angle [3]. So for
the case of non-relativistic positive particles and other heavy ions v+ = 1 and one may
replace the £, by equivalent classca expresson. The above expression then becomes

A : L o ot B 1/6
= = (0.48) Xouere Zo' Vb 1
A= o \/47TZ]ZQ(32 Nyarr (0-44) AQuere Z2 (13)

where b is in A. The dechanndling widths A, are estimated for positrons along Al(111)
for which b = 2.864. Corresponding dechanneling width for He ions has also been esti-
mated and compared with existing theory and experimental datg[12] showing reasonable
agreement
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5 Chapter V  Thesis Summary and conclusions

We present a quantum mechanical description in sudden approximation for transition /
channeling probability during the passage of the particle through extended defects ( like
stacking faults and didocations) where we discuss various aspects of the related effects( like
for example dechanneling at the interfaces, effects of periodicity in the transverse direction
etc). We developed time dependent formulations for the dislocation case where we obtain
an expression for dechanneling width for the first time purely on the basis of quantum
mechanical considerations. By incorporating appropriate limits in the present expression
for dechanneling width, equivalent classica expression is obtained. This expression is very
close to that obtained by Quere's classcd anaysis where continuum model in classical ap-
proximation is considered. The theory aso predicts wel-known classical results in suitable
approximation, qualitatively. We found quantitative results for dechanneling widths are
aso in good agreement with experimental data[12]. The dechanneling cross-section varies
linearly with E at relativistic energies as confirmed by the bent crystal channeling experi-
ments done by R, A. Carrigan, Jr. [14]. He dso mentioned that increasing the bending is
IN “some sense” like raising the atomic number of the crystal. From the cgn.(13) one can
see that the dechanneling radius increases with Z, which means that the critical region
increases with Z, which in turn implies that the channds are distorted heavily. We tried
to integrate the norma dechanneling with bent crysta dechanneling and we show that
targets with high atomic numbers are favourable for bent crystal channeling experiments.
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Chapter 1

| ntroduction

1.1 Evolution of channeling concept:

In the beginning of 20** century, the X-ray diffraction experiments revealed that scat-
tered photons propagate through the open crystal channels with relative easg[l]. This
consequently lead to conjecture about the transmission of charged particles through
these open channelsin crystals. Thus X-ray diffraction experiments brought the fact
into light that the crystals have open space, apart from their regular arrangement
of atoms and hence contain open channels. In order that charged particles should
pass through these crystallographic channels, they need to meet two essential require-
ments [2]. (1) The particle should find sufficient open space between the atomic rows
(as redlized from the Braggs diffraction). (2). As the particle propagates aong the
channel, there should be a driving force to prevent the possible close collisons with the
atoms and at the same time steer the particle towards the middle axis of the open
channel. Keeping these conditions in mind, Stark proposed an experiment in 1912
with protons [3]. However this suggestion was overshadowed by the intense activity in
X-ray diffraction in crystals at that time. Much later in early sixties, a series of ex-
periments were performed and this eventually lead to the discovery of the Channeling
phenomena. These experiments are basicaly either measurement of the ranges [4] or
sputtering experiments [56]. The later one showed that the sputtering ratio for ions
impinging into single crystal depends upon the orientation of the crystal [5].
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The computer smulations by Robinson and Oen on 1-10 keV Cu atoms [7] in
various targets indicated that the ions with initial velocities lying close to the principal
axial directions penetrate to abnormally larger distances in the crystal.

The incident beam is effectivdy resolved into two components namely, channeled
and random components. In genera, the random component undergoes statistically
independent atomic collisons during the process of its passage through a crystalline
solid and suffers energy loss which is identical to that expected for an amorphous
material. As shown in Fig. (1.1), the channeled component avoids all the close impact

parameter phenomena and the particle gets steered along the axia or planar channels.
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Fig. 1.1 : The channeling phenomena showing how the particle is steered along
an open channd in the crystal.
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The effects of these channeling and blocking are studied by defining a limiting
distance of approach to the atomic rows/ planes of atoms. Especidly for the channeling
studies, where we are interested in the successful transmission of these charged particles
through the open channel, this closest distance of the approach depends on the angle of
incidence. In order to avoid possible large angle scattering, we define a small limiting
angle of incidence, within which a particle must enter before it can pass through the
rows/planes of atoms. Providing the angle to these crystallographic scattering centersis
always less than this limiting value, the particle tragectory will be constrained to move
In open space (regions of low eectron density) and the large angle scattering will be
avoided. On the other hand, those particles which do suffer large angle scattering, are
deflected by these atomic rows and planes at an inclination which is always greater than
this same limiting angle. So in a perfect crystal, therefore, the channeled and random
components are mutually exclusve and this angle decides the fate of the particle beam
and hence cdled as Critical angle. That means those particles which are injected into
the crystal with an angle greater than this critical angle, suffer a total scattering. So
critical angle and corresponding closest distance of approach discussed earlier are very
essential parameters, in channeling situations.

This Channeling phenomena is further demonstrated by the experiments with
monocrystalline targets [8a)]. This channeling technique has vide range of applications
and sgnificant amount of work on channeling and its applications has been done during
last three decades as severd review articles and books are already published. Lind-
hard's theory of channeling and continuum approximation are widely used to study the
dynamics of the projectile particle during its propagation inside the crystal and these

are discussed briefly in the following sections.
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1.2 Theory of Channeling - Continuum model:

When the charged particles incident nearly paralel to mgor crystal axis/plane, the
ion trajectories are governed by correlated soft collisions with atoms. These collisons
are in such a way that hard collisons are avoided. As mentioned in earlier section,
channeling is basically the influence of the crystal on the ion - trgectories penetrating
into the crystal. Hence this term so cdled Channeling visuadizes atomic rows and
planes “acts” as guides that steer the charged particles dong the crystallographic
channels by means of correlated small angle soft collisons. This condition is to avoid
the processes like RBS, innershell excitation etc., which eventually lead to the scattering
of the beam from the actual path of propagation. During the propagation of the charged
particle aong a channel, the projectile interacts with the free electron gas and some of
the outer shell electrons of the target atoms.

If an incident charged particle happens to bombard the crystal dong one of the
crystallographic directions, (say for example < 110 > axia channel [86)] in diamond as
shown in Fig. (1.2)), it is likdy to penetrate into the crystal to much larger distances
than a particle with random direction. When a charged particle moves aong these
directions, under certain conditions it may not be able to fed the interaction due to
individual atoms sitting at various lattice Sites but rather experiences a collective effect
of al the atoms sitting adong that particular axial or planar direction; so that the
moving particle will experience only continuum strings or planes. Incorporating these
points, Lindhard [9 and Erginsoy [10] obtained mathematical relationship between
the time of flight and the collison time. The particle velocity component parallel to
the axia or planar direction is such that the time of flight to cross one lattice spacing
IS less than the callison time with any individual atom. This collison time depends on

transverse velocity with which particle approaches that particular atom.
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Fig. 1.2 : View down the < 110 > axial channd in a diamond structure showing
the spiral path followed by a typical channeling particle.
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That means by the time the particle can fed to be in the field of one atom, it
is dready in the field of next atom aong the string or plane and it will see only
continuum potential instead of individual atom field. This condition for continuum

approximationcan be written as

Twin_ o _ G (1.1)
vsiny  vcosy

As shown in Fig. (1.3), ‘rn,’ is distance of minima approach to the string; ‘d’ is
interatomic spacing along the axis; ‘¢’ is angle that the incident particle moving with

velocity v, makes with the channdl.

Fig. 1.3 : A channded trgectory showing various quantities like incident
angle minimum distance of approach and interatomic distance.
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Here ‘rmin’ is Obtained by equating the repulsive interaction due to continuum string,

with the transverse kinetic energy as
U(rmn) = Esin®e . (1.2

The continuum potential U{r) for axid case is given by

U(r) = éji dzV( /(2 + 1)), (1.3)

where r is the distance from the string and V{R) is interatomic potential.

Comprehensive work has been done regarding the choice of interatomic potential.
These potentials are derived by various methods and each of them has its own advan-
tages and draw backs. Out of these potentials Lindhard’s potential, statistical potential
and power law potential proposed by Pathak are most frequently used potentials. Lind-
hard's standard potential is used for calculating various parameters like critical angle

etc. This potential is given by

.“/Il(R) = ZI 2262

1_ 1 (14)
R VR + C?adp

where C is Lindhard constant (= v/3) and ar ris Thomas-Fermi screening radius given

0.8853
arr = —(y,
ER 4 5

where ¢, is Bohr radius; Z, and Z. are the atomic numbers of the incident ion and

(15)

target atom respectively.
Substituting in (1.3) and evaluating the integral one gets

Ulr) = 2L i"’e In [(Carr/r)’ +1] (16)




Chapter 1. Introduction 8

In high energy limit, r values will be small because particle approaches closer to atom

and rows so that Carr/7 1 for most of the r values, hence

27Z,Z,e*
s B CaT,F. 17

Ul(r) 7 -

From Eqns. (1.1)&(1.6) the range of validity of continuum approximation is given by

27Z,Z,¢* 4
P < \/ X for higher energies i.e., E > 2\ Zed . (1.8)
dE atp
— 272, Z,ed
However for low energies i.e., (E' & 1—226—); r is generally large (including 7.;,)
ar. g
and one should use full expression (1.6); so that the condition (1.1) leads to
Car ri;

) < : 1.9
Y ) (1.9)

A planar channdled postively charged particle travels large distances before its
transverse momentum is sgnificantly altered. Consequently it is a good approximation
to regard the force exerted on the channded particle as arising from a conservative, one
dimensional potential which is the planar average of the electrostatic potential with in
the lattice. So far planar case the continuum potential is obtained by averaging over

the particular plane and given by

V(y) ———27er‘[0er(\/7'2+@;2)(17' (1.10)

For Lindhard standard potential(Eqn. 1.4), the above potential takes the form

V(y) = 202, 22" Ny [y + cPaf p — 4] (1.11)

where N, = Nd, is planar density of atoms, N: bulk density of atoms in the crystal,
d,: Interplanar spacing, y: distance measured from the plane.
The critical angle for planar channeling is given by

2w N, Z, Zs€*ar p
wp = E

(1.12)
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1.2.1 Interatomic potentials:

A thorough knowledge of the interatomic potential is essentia for better understanding
of various physica phenomena in the field of ion-solid interactions in general and chan-
neling in particular. The choice of potential for use in the atomic scattering calculations
has been discussed by Lindhard et al. [11]. For most of the scattering calculations,
where overd| effects are involved, the Thomas-Fermi statistical model is good enough
in accuracy for most of the experimental situations. Anything beyond this statistical
model of Thomas-Fermi, requires computer calculations.

Other forms of interatomic potentials [12] used include Moaliere potential,
Born-Mayer potential etc.

7, Z,€* ,
Vi, (R) = qlﬁ-(i(o,sse'“‘ +0.55¢ R 4 (.1 200R) (1.13)

where b = 0.3/ar

Firsov proposed other form of screening given by [13]

0.8853

For Z, € Z, ar = arr
Sometimes Born-Mayer [13] and Bohr [14] potentials have also been used.
Vem(R) = Apm exp(—R/apum) , (1.5}
apy is Born-Mayer screening radius.
Bohr potential is a simple potential of screened Coulomb type and given by
Z1Z,e?
Veo(R) = 1R2 exp(—R/ay) (1.16)

I

Qap

a(Z° + 2°) (1.17)
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Here a, has the drawback of excessve screening at large distances so that potential
decreases too rapidly to fit actual ion-atom interactions. There is no single potential
which can be used for al analytical calculations in the context of ion solid interactions
in general and for effects of defects in particular. Alternative mathematical approxi-
mations of both planar [15 and axia [16] potentials have been made in order to get
some analytical results in complicated problems involving the effects of defects like
dislocations and stacking faults [17] etc., on channeling. Another form of potential
proposed by the Pathak [18] is analytically smple, especialy for the study of defects
and dechanneling of the particles and hence it has been used extensively. So we use
this potential through out the thesis which is given by

Z1Zye*  Ca3p y
V R) = ' 1.18
PJU( ) R (R I aT,F)z ( )

Substituting Vpy(R) in Eqn. (1.10), one gets

O“%',F
(vVr?+y? +arr)?

e
Vor (y) = 2721 Z2€2N, [ P dr (1.19)

Evaluation of this integral is straight forward and one gets as

Vea(y) = QWZlZQGWNPCG?I . (1.20)
' U+arr

As shown in Fig. (1.4), I is haf width of planar channd (I = d,/2); d, being
the interplanar distance, x is the distance measured from the axis of the channdl in
the transverse direction, =. ~ arp IS distance of closest approach. The potential
experienced by the particle in the channdl is superposition of the potential due to both

the planes (i.e.,, Vpp ({£X) ) whichis given by

1 1
> g = ‘0 -2 J ‘2 121
1i/}]M('D) QWZ] Z"() CHT'FNP (l 4 arp — & u l +- ar g 1 -’I:) ( )
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Fig. 1.4 : Propagation of the particle through the planar channel dong
z-direction. Here X is transverse co-ordinate.

1.3 Applications of Channding:

The radiation damage studies on charged particle propagation have been essentially
motivated by the technological importance of radiation damage in materials science.
Charged particle propagation through damaged solids has been used mostly either as
a probe for studying the defects themselves or for changing structural, mechanical or

electrical properties of materials by implanting the required species into the host.

1.3.1  Study of defects (radiation damage):

Channeling technique is very useful in the study of both point and as well as extended
defects in the solid. One can redlly pin point the exact position of the foreign impurity
by performing channeling experiments [19] in various crystallographic directions. The
channeling back-scattering technique has now been extended even to identifying the
orientations formed by the foreign atoms or sdf interstitials with the irradiation-induced
interstitial of the host lattice. One can study the nature and concentration of damage

already present depending upon energy; dechanneling cross-section etc and these are

discussed in the next section.
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1.3.2 Surface Studies:

The application of ion beams to surface physics has been investigated by severd authors
[20, 21], both for pure and clean surfaces. Using channeling technique, one can deduce
information on the structure of afew surface layers . At the same time one can measure
the amount of strain present in these defective and damaged surfaces. This is very
important especialy in fabrication of semiconductor devices, where the knowledge and

control of damage can be enormous vaue in technologica applications.

1.3.3 lon implantation in technology:

By ion-implantation it is possible to change various kinds of properties especialy in
semiconductor technology. The most important and useful application is to devices

where, mainly three effects are used:

(i) Impurity doping, where the doping amount as wdl as the depth distribution is
required to be known for optimum use of the doped material.

(i) Compound formation at the surface and in the bulk of slicon crystals to get

known thickness and concentration.
(iii) Disorder introduction.

lon implantation technique is dso used in solar cdl fabrication.

1.3.4 Channeling Radiation:

The idea that the oscillatory motion of channeled charged particles should lead to
emission of radiation has been discussed from the very beginning, on the basis of elec-
trodynamics. However since the oscillatory frequencies w, are low, the corresponding

energies hw, are of the order of a few eV only, the observation of the radiation seemed
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difficult. The redization that relativistic effects will shift the photon energy into keV
or even Mev region was a turning point, and the radiation was infact observed for the
case of positrons about 20 years ago [22]. This channeling radiation has been studied
for the past 20 years and the subject has been reviewed by severa authors [23]. Theory
was formulated [24] in the relativistic quantum mechanical framework and the experi-
mental confirmation is made far the case of positrons [22] and electrons [25]. Another
interesting phenomena so cdled quasi-channeling IS discussed by Henry Makowitz
[26], with specific reference to positrons and electrons, where it has aso been outlined
regarding their feashility to construct a short wave length laser. The radiation as a
result of scattering of the channded electrons by the point defects has been shown to
be coherent [27] which again can be agpplied for generating tunable lasers.

Apart from their direct application, this observation of radiation from channeled
ions has opened possihilities of new applications in the fieds of laser physics and
medicine as a source of hard X-rays and 7-rays for nuclear pumping, hence for poss-
ble construction of a y-laser. These X-rays created as part of channeling, opens new
prospectives in plasma physcs research, laser technology and medicine. This lead to

new phenomena namely photon channeling and related X- ray optics [2§].

1.35 Beam extraction by bent crystal channeling:

The deflection of the charged particle beam using a curved crystal is distinctly different
from deflection with a magnet. The amount of deflection is entirely determined by
the physical curvature of the crystal planes, adong which the particles are channeled.
This effect namely steering of high energy (GeV) particles through bent crystals has
tremendous practical applications [29]. A wdl channeled positive particle will follow
the curved path dong the bent channel, provided the curvature of the crystal is not too

large to cause heavy dechanndling of the particle beam. However, dechanneling till
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occurs due to ordinary dechanneling as wdl as because of the bending process. Bending
of the crystal is basically equivaent to introducing a centrifugd energy potential and
thereby lowering one side of the potential wel and raising the other. So actual potential
well in the channel is modified by this linear centrifugd energy barrier which depends
upon the loca curvature. As a result the channded fraction of the beam followed
the direction of the downstream end of the crystal. Tsyganov [30a)] estimated the
critical radius of bending as Rr= E/eE,,where E is total energy of the particle and
E. is the interatomic electric field intensity at a distance from the plane at which the
particle is unstable due to interaction with individual atoms. This critical radius can
be related to an equivalent magnetic field for arelativistic particle in amagnetic field as
R = p/0.03B;pin(GeV/c), Bisin kG and Rin m. This crystal field is very strong and
exceeds by many orders of magnitude as compared to external magnetic field produced
in the laboratory. A more important salection involves incident particle direction. To
be deflected, the particle must be incident within the critical angle for channeling along
the particular plane being used. Even for the particles incident within the planar angle,
those with large divergence will be lost more rapidly, as the critical curvature or the
particle momentum are increased. This technique is very useful, especialy for bending
and focussing of the particle beam. Baublis et. al. [306)] reviewed regarding these
bent crystal channeling experiments and preparation of the suitable crystals for these

experiments.

14 Dechanneling by defects:

It is wdl known fact that real crystals are never perfect as they contain lattice defects
which lead t0 dechanneling. The most general kinds of defects found in solids are va

cancies, df interstitials, foreign atoms, stacking faults, grain boundaries, dislocations,
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voids, gas bubbles, etc.. Even if the defects are not present before irradiation of the
crystals, they are created during particle propagation and hence afect the propagation
of the particles selfconsistently. This reflects the importance of the ion beam interaction
with the defects.

A charged particle propagating through real solids can see the presence of the defects
through the effects these defects will produce in the solids. Classicaly the particle can
see the presence of defects by either direct obstruction of the particle path, or distortion
produced in the crystals. When the projectile is afected by the potential of the defect,
its trajectory is modified. These effects are of obstruction type. Examples are stacking
faults, interstitial atoms, grain boundaries etc. If the defects give rise to distortion in
a certain region of the crystal, disturbing the regularity of the material in that region,
the effects are of distortion type, for example didocations. These two kinds of defects
give rise to obstruction dechanneling and distortion dechanneling respectively.

But the dechanneling may aso be caused by the combination of the both, and
in such cases this dechanneling is neither purely of obstruction type nor of distortion
type and this phenomena is caled composite dechanndling. This happens because of
the fact that the defects produced in the solid are not uniquely of one type but a
combination of different kinds of defects or because the defect itsalf gives rise partly to
obstruction effects and partly to distortion effects, for example gas bubbles, Guinier-
Preston zones etc. There are enormous applications of study of gas bubbles in nuclear
reactors. During the process of nuclear fisson, fragments are released into the fud
which have some atomic mass distribution and few of these fragments consist of inert
gasses such as Kr, Xe. These inert gas atoms are not able to form compounds and take
the form of an agglomerate provided their mobility in the solid is sufficient. These
agglomerates are cdled gas bubbles. The effects of these gas bubbles on the channeled

particles have been studied by Quere et al.[31]. Two main sources of dechanneling
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by these gas bubbles are (i) The charged particle is scattered in the bubble by gas
atoms which causes change in trajectory and transverse energy E, of the particle.
(ii) it may touch the exit surface and get dechanneled, though there is no change in
‘¢’ Another very important application of gas bubbles in materials science relevant to
reactor physicsis, in connection with blistering sudieg32] where the escape gas bubbles
from the materia surface induces drastic changes in the surface properties. In contrary
to these gas bubbles, another kind of imperfections namely Guinier-Preston(G.P.)
zones distort the lattice and give rise to hardening. These zones are basically smal
clusters formed by super saturated solute atoms in severd aloys. The dechanneling
method is a farly senditive method for observing and studying the precipitation of
these G.P. zones [33].

Channeling and back scattering experiments with energetic ions have been widey
employed for defect anaysis in lon-implanted semiconductors [34]. In the aigned
spectra, a wdl resolved disorder peak is usualy observed at the range of the implanted
ions, originating from the direct back scattering of the probe particles from the dis-
placed atoms. However, aligned back scattering spectra from the ion bombarded metals
indicated an increase in dechannding yield and show no damage peak [35]. The smul-
taneous use of channeling, back scattering and TEM [36], is a promising procedure
to correlate the dechanneling observations with damage configurations. In addition,
dechanneling analysis itsdf is effective technique by which different types of defects
may be separated out. This differentiation is possble on the basis of the qualitative
energy dependence on dechanneling cross sections [37] and dechanneling yields obtained
by defect analysis [38]. The qualitative energy dependence of these yields carry the in-
formation on the kind of defects present in the material. For example, v'E dependence
indicate didocations, E° — stacking faults, gas bubbles [39] and E-! — randomly
distributed atoms.
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1.5 Quantum-Mechanical Effects:

Lindhard's classical theory of channeling provides a complete description of channeling
phenomena for relatively heavy ions. However when the work on electron microscopy
especialy TEM with crystalline materials was being extended to channeling phenom-
ena, there were clear indications of quantum and diffractiona effects dominating the
patterns. The quantum mechanical treatments [40] indicated that it is the product of
the mass of the particle and the strength of the interaction between the particle and
the crystal which determines applicability of classcal or quantum picture. The classica
features start becoming dominant as this product increases. This product should be
small for the validity of quantum mechanical treatments. These have been reveded
infact in electron and positron channding; the angular dips for these particles show a
farly oscillating structure [41]. Thus protons and al other heavier ions behave class-
caly whereas electrons, positrons, neutrons and mesons would be expected to behave
quant tun-mechanically [42]. Chadderten [43] outlined that even protons aso exhibit
wave particle nature when their energy is very low (~ few keV). Though neutrons are
as heavy as protons, the Fourier component of the potential strength is still wesk so
that the product of mass and potential strength remains small and hence diffraction
effects are dominant.

Moreover, inorder that diffractiona effects to be observed, it is necessary that di-
mensions of the regions/obstacle, limiting the motion of the particle (normdly this is
~ lattice period) must be appreciably larger than the de Broglie wave length associated
with the particle [44], smilar to the Situations in wave optics. This de Broglie wave
length can be estimated by the equation A = hc/E where, his plank constant, cis speed
of light and E is energy of the particle. This de Broglie wave length, say for example
12Mev positronsis ~ 10734 [45]. It iswell known that GeV electrons (A ~ 10~ “cm)are
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used to study the nuclear structures, because these are of the dimensions of ~10-2¢m
and the particle wavelength here is much smdler than 10-12¢m.

Quantum mechanicaly, the longitudinal and transverse components are separated
out [46], the transverse motion for positively charged particles (like positrons) is de-
scribed by one dimensional Schrodinger equation with a harmonic oscillator potential
where, the potential minima are located at middle axis of the axial/planar channel.
For electrons, the potential minima are at the center of the atomic strings or planes
and channeled electrons have an increased probability for hard collisons with atoms.
S0 the transverse potential for eectrons is approximated to one dimensional hydrogen
atom [47]. This implies that channeling states for electrons are much less stable than
for positrons [48] and the maximum number of quantum states supported by the trans-
verse potential (say nmax) for positrons is smdler than that for the electrons. So the
solutions of the corresponding Schrodinger equations for electron as well as positron,
gives rise to quantized transverse energies. Hence number of quantum states are formed
and the transverse energy assumes a series of discrete values. The maximum number
of bound states supported by transverse continuum potential increases with the rela
tivistic particle mass i.e., N, /7, where the Lorentz factor, v = 1/,/(1 — v2/c?)
and m is the rest mass of the particle.

The validity of classcd or quantum picture has aso been discussed on the basis
of correspondence principle [49]. As mentioned earlier, when the particle energy or
the mass of the particle increases, the number of quantum states supported by the
transverse potential aso increases (nmax < /Ym). SO obvioudy, for heavy ions and
high energy electrons/positrons, the motion becomes more classica. However quantum
effects are dominant when the number of quantum states supported in the potential
wdl is smal and this is the case for light particles (electron/positron) of Mev energy.

The assumption of separation of transverse and longitudinal motion is fairly accurate
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and we continue to use it in our present Quantum descriptions aso.

As mentioned in the earlier section, charged particle can be used as probe to study
various defects present in the crystals. In this connection the light particles especidly
positrons are found to be very ussful as they are more senditive to probe various kinds
of defects present in the solid [50]. More over these light particles can also be used for
the possible construction of the three dimensional holography [51], which is another

potential area of current research.

16 Outline of the Thesis:

The most of the work on dechanneling by defects is based on severd smplifying as-
sumptions restricting the validity of the results. For example, athough qualitatively
the results on energy dependence etc., are reliable, quantitatively the accuracy is poor.
Therefore more work, possibly usng quantum mechanica and/or field theoretical tech-
niques is needed to treat the whole defect problem in a more accurate way. In this
spirit quantum mechanica formulations have been made and theoretical descriptions
for extended defects like stacking faults and didocations are given.

In Chapter 2, we discuss about the evolution of dechanneling concept in quantum
mechanical framework. We present a quantum mechanical formulation for effects of
stacking faults on dechanneling. At the stacking fault boundary, the quantum states in
the transverse potential make transitions for which probabilities have been calculated
using sudden approximation. However, the continuum potentials in particular used in
the discussion are in principle vdid for infinite planes where in the case of stacking
fault we had haf planes i.e, those ending at the fault and those starting from the
fault. So the transverse potential is dightly complicated just at the interface and one

has to match the appropriate basis wave functions at the interface of the stacking fault
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boundary. An estimation regarding the effects of periodicity of transverse potential on
dechanneling probabilities is made.

In chapter 3, a quantum mechanical treatment of the effects of dislocations on
planar dechanneling is given. The effects of channel distortion due to dislocation are
incorporated through a relativistic centrifugal energy term. We evaluated the number
of quantum states supported by this distorted channel and the transition probabilities
among these states due to distortions in the planar channel; the resulting dechanneling
probabilities for varying distortion are calculated using sudden approximation. The
energy dependence of these dechanneling probabilities for initially wdl channeled par-
ticles has been estimated and we show that it varies linearly with energy for relativistic
particles.

In chapter 4, a quantum mechanicd formulation is developed by relaxing the sudden
approximation used in the chapters 2 and 3, where bound - bound transitions are
considered. In this chapter we consder the transitions from these bound states to
scattering states due to lattice distortions in the planar channel, using time dependent
perturbation theory. The resulting expressions for dechanneling probabilities and hence
for dechanneling cross-section for initially well channeled particles has been estimated
and qualitative features like dechanneling radius, energy dependence etc., are discussed.

Chapter 5 contains a summary of work, concluding remarks and comments on pos-

sble future directions of research work in this fidd.
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Chapter 2

Quantum description of

dechanneling by stacking faults

2.1  Introduction to quantum dechanneling theory:

In the introductory chapter, we outlined the possible usages of the classical descrip-
tions and aso discussed the nead for quantum mechanical treatments, especidly for
dechanneling of electrons and positrons. Classcdly, dechanneling effects caused by
the defects are explained on the basis of the transverse energy. The presence of the
defect in the vicinity of the projectile leads to sgnificant modification in tragjectory of
the particle, increasing its transverse energy. When this transverse energy exceeds a
critical value (E¢ ~ E?), the particle is no longer confined to its actual path and
eventualy gets dechanneled. Mog of the classica treatments of dechanneling theory
are based on the diffuson equation for the transverse energy [1]. This yielded diffuson
coefficients [2] where the dfedts of the defects are suitably incorporated through vari-
ous quantities. These include momentum transfer, its gradient aong the direction of
propagation, electronic part as wdl as nuclear contributions. The integration over dl
the possible transverse energies give dechanneling probability (x). Owing to the am-
plitude and the phase of the approaching particle, the amount of dechanneling caused
by the defect is calculated. Furthermore, one can redize the difficulty in predicting
these quantities precisaly. So dechannding probability is obtained by averaging al the

27
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possible phase co-ordinates and we say that the particle is dechanneled when its am-
plitude exceeds the critical amplitude A.(the maximum amplitude beyond which the
particle gets dechanneled). Event hough these classica dechanneling results especialy
on energy dependence are reliable, detailed dynamics of the particle during its passage
through defected region is not so clear. Hence it is important to have a complete de-
scription of the particle during its passage through the defected region. So quantum
mechanical approach is better choice, particularly for electron/positron dechanneling
studies. Thisis mainly because of its inbuilt structure which enables effective handling
of these dechanneling processes. The utility of quantum mechanics lies in the fact that
it provides various analytical techniques which can be used appropriately.

Moreover the quantized nature of the transverse motion of fev Mev dec-
trons/positrons has been nicdy reveded through the channeling radiation spec-
troscopy [3], where the descreteness is reflected through the number of bound states
available in the phase space. So one can redize the importance and need of full quantum
mechanical framework, especially to investigate inherent symmetries involved in the
defect problem, because these symmetries contain much physics to give better insght
into the actual problem. The quantum mechanica methods have already been used in
the light of channeling radiation to understand various properties like mono chroma tic-
ity, tuning by variation of the energy associated with the channeled particle and the
polarization; many papers and review articles have aready been published especialy
for electron and positron channeling radiation [4]. However, in addition to their useful-
ness in channeling radiation spectroscopy, these particles are very sensitive in probing
various defects present in the crystals. So more research work has to be done in physics
as wel as application view point of electron and positron propagations in the pure and

defective crystals.
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In quantum mechanical framework, the transverse energy is quantized. Ini-
tialy, depending upon the angle of incidence, the particle occupies any one of these
gquantum states supported by the transverse potential well. If the particle is injected
into the crystal with an angle greater than «),, it gets dechanneled at the entry surface
itself. This is because of the fact that the transverse energy of the particle in this case
is much higher than the critical transverse energy (Ev?), implying that there are no
bound states supported by the transverse potential wdl. However, those particles with
small incident angle refers to initially channeled particles which carry the signature of
the presence of the defect. Owing to the influence of the defect, the particle goes to
any one of the excited states and this is again as a result of increase in the transverse
energy. If this influence is strong enough to cause a transition to an above barrier
state ( state near the top of the potentia well), the particle is no longer bounded; it
goes to continuum of states and this leads to dechanneling. So quantum mechanically
dechanneling means transition from a bound state to scattering state due to increase
in the transverse energy. This is anadogous to classicd interpretation of dechannel-
ing phenomena, where we notice that transition from aligned beam to random beam
[5]. In the quantum description, the presence Of the defect is taken as perturbation
which induce transitions to various states. The dechanneling probability is obtained
by evaluation of the transition amplitudes corresponding to appropriate wavefunctions;

incorporated suitably in various regions of obstruction/distortion.
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2.1.1 Electron and Positron Channeling:

For electron channding, the electrons in the ground state of the transverse energy
spectrum are dechanneled faster than those in excited states. Hence, the electrons
corresponding to lower transverse energy states, oscillate around the atomic planes
with a smaller amplitude so that overdl they spend larger fraction of their time in
the vicinity of atomic planes and hence get dechanndled at a faster rate than those
corresponding to higher transverse energy, i.e., excited states. Both these mechanisms
will tend to dechannd the ground state in the transverse energy spectrum electrons
much faster. The propagation of the electron and its rosette-motion [6) can aso be
seen in the Fig. (2.1).

ﬁ//

Fig. 2.1: Channding trgectory of dectron dong astring of atoms in the crystal.
The dectron is trapped due to its interaction with the atomic string.
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Hence the transverse potential for electrons is expected to be of the form
V(X) =Aexp(—|z|]) + B  (as shownin Fig. (2.2d))

For the positrons because of opposite charge, Situation is quite opposite to that de-
scribed above [7] and the transverse potentia for positrons is wel approximated by

simple harmonic oscillator given by
1 2
V(e) =V, + 3Kz

As shown in Fig. 22 b), the ground state wavefunction of the positron is strongly
localized about the channel axis (x = 0) and this enables the particle to confine itsalf
adong this axis. These particles refer to well-channded configaration as they have less
tendency to hit the atomic plane directly. On the other hand, the excited states will

have more tendency to cause dechanneling, as expected.
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2.1.2 Basis of the present model:

For particles channeled along magjor crystallographic planes or axes, the longitudinal
component of the particle velocity remains nearly adong incident direction and the
transverse motion of the particle accounts for a very smal fraction of the incident
energy and to a good approximation remains constant.

As the particle energy increases the critical angle decreases because of g-1/2
dependence so that even for relativistically fast particles the transverse energy Ew)?
remains non-relativistic; the transverse motion of the channeled particle is described
by usual Schrodinger equation with rest mass of the particle replaced by relativistic
mass. The spin effects can be neglected as they arc not important for the transverse
motion [8 and it is possible to separate out the transverse and longitudinal motions [9).

The corresponding Schrodinger equation governing the transverse motion is given by

__hﬂ 2 |
[zf)ﬂn_l‘v + V(T‘)] '(,[) = E_1 W

where ym is the relativistic mass of the particle [10]. V(r) is the continuum potential
due to strings or planes depending only on transverse coordinate x for planar channeling
and two dimensiond transverse space co-ordinate for axia channeling.

Through out the thesis, we concentrate on planar dechanneling of positrons for
which we continue to use the potential discussed in the chapter 1.

We have

1 1
s 2 2 2“
V(x) = 2nZ,Zse Car Ny (l +arp —x d l+arr + T)

This can be expanded around x = 0 to get equivaent potential in the harmonic

approximation [11] which is given by
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1
V(m)=%+“2“k1$2

2V,

_ 477‘21226206%.;‘_]\2,
(! +arr) L
Substitution of this potential in the Schrodinger equation described above,

yields quantized transverse energy spectrum which is given by

1
E,=(n+ a)hw; w = \/k;/ym. (2.1

A stacking fault (SF.) is an example of obstruction without any distortion as
shown in Fig. (2.3 a)). At the stacking fault, the potential valleys present on the one
side of the fault ( say left) are completely shifted w.r.t the potential hills on the other
side (say right), as shown in Fig. (2.3 b)). The amount of this stacking shift is denoted
by a,. For any charged particle passng through the stacking fault, the longitudinal
component of energy is not much effected but the transverse energy undergoes a change.
So basically it is a transition from one harmonic potential (left part of the fault) to
other smilar potential (right sde of the fault), shifted by a.

In this chapter, we present a modd quantum mechanical calculation for the

case of stacking faults in otherwise perfect crystals. We discuss and compare the present

results with existing classcd results.
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2.2 Theory and formulation:

The channeling phenomena under this situation is governed by the matrix element of
the wave functions corresponding to left channel and right channel. Here the coupling
constant o, appea.ring'in the harmonic oscillator (= W/—h) will change to o/, just
at the boundary between the two channels i.e., left channel and right channel. Hence

the initial and final states of the particle are taken as

%i(@) = In) , Py(z) = |m)

$i=ty = ( 2 )mexp(—a%z) H,(az) (2.2)

n2n n! 2

o 12 a(z + ag)?
w=n = (o) ow (- muerran) @

where a,a’ are coupling terms corresponding to left channel and the channel at the
stacking fault respectively.

The matrix element is given by

Wilp) = [ vl

—00

ao’ 12 oo il
= (——mﬁ) j exp (—5[042:02 + a*(z + as)zl)

w2mtnmin! —o0

w2mtnmin!

’ 1/2
x  Hu(az)Hp(a'z+ d'a;)d = (_Ea_) Lim

where

Lim = f " exp (—%[orzvc2 +a(z + as)"!]) H.(az)H.(dz +o'a)de  (2.4)

—00
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The generating function for Hermite polynomiad is given by

z’l
Z EHn(w) = ex‘p(2mz -~ 22)

n

oo zn
= 3 ﬁHn(am) = exp(2axz — z?)
- sm ! ! ! !
and Y -TmHm(a:c-Faas) = exp[2(a’z + d/a,)s — 57 (2.5)

2" g™
= r;; (?{fﬁ) H,(az)H,(d'z + o/a,) = exp[2z(az + o's) + 2a'sa, — (s* + %))

Multiplying both sides with exp{3[a®z® + o”*(z + a,)?]} and integrating w.r.t z

= Z (fii) Iu,m

o \nlml

= exp{2d/sa, — (s + .32)}{/0‘D e:q:){—%[oﬁmc2 + a*(x + a,)*] + 2z(az + a's)}dm}

(2.6)
Z" gMm 2 a2 o al? 5 5
> 55 it =G (75 a) GXP{(auaw) (=)
4aal 2&(1’ " _aﬂlaz
+ az 3 a!Z sz + a? e a!2 as(as — Z)} exp [2(&2 4 al2) (2‘7)

where C,,, = (aa’ Jr2™trmIn!)Y2; Let o/ = Ta, T being the transition parameter

#Z

27 1/26 ra’a?
m mv = lar)emrmin| Pl 20+ )

X OPUNTF Tyt Tl )

(2.8)
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2.2.1 Sudden Approximation:

Since the energy of the incident particleis high, the time spent by the charged particle at
the interface between the two channels is very small compared to the over al time spent
by it in any of the channels i.e,, (l&ft or right). Hence we use sudden approximation
[12] where the wave functions are identical in coupling terms. That means the particle
can not “see” the discontinuity at the boundary during its passage and the transition

parameter V becomes unity.

Under sudden approximation the overlap integral (i, |¢.) becomes

o °g 1
B e [m exp {“5[0212 + a*(x + aﬁ)z]} H,(az)H,(az + aay)dz

= meq){—a%z/tl} [Zexp{—(t+ 5)2} H(8) Hon (¢ + b)dt (2.9)
where b = aa,; az =1t.
1 1/2 oa?
- Z (n’ m’) mm = (m) exP{_‘_}CxP{QSZ + aas(s — z)}  (2.10)

Comparmg the coefficients of the parameters z, s is still difficult hence we use

abstract notation to handle this overlap integral.

2.2.2 Operator formalism:

As we know, the displaced wavefunction % (z + a,) can be expanded in Taylor series as

) 8 a? §° ad & a
Y(z+as) = (33)+a'sa (m)+2|a 2¢( )+§8——3‘ () ma ease o0 = exp (a'sg;) Y(z).

Here, 2 appearing in the above exponential is basically momentum operator in co-
T

ordinate basis, hence it can be expressed in terms of creation and annihilation oper-

ators and we write

(5 () s()) = <m|exp{f‘—j/§(a — a")}in). (2.11)
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where, alaln) = n|n), an) = \/n|n — 1) and a'|n) = /n F 1jn + 1).

The Matrix element M.,,. becomes

mn

My, = <m|exp{f}§(a—a*)}ln>

= exp(—a®a?/4) (m|exp(Aa') exp(~Aa)|n)

where the dimensionless quantity, A = aa,/v/2;\n), \m) are the eigenstates of harmonic
potential well corresponding to initial state (Ieft part of the channe before the fault)
and final state (after the fault) respectively. The details of these calculations are given
in the APPENDIX. The generd expresson so obtained is given by

exp(-—azag/‘q) - n-—m+rom-=r m TL! n—m+2r
(njm) = S (TR, s (B

Nty (n—m+r

r=maz(0,m-n)

(2.12)

This general expression is extremely uscful in various fidds [15]. It reduces
enormous machine time in computing various matrix elements, particularly when the
transitions involving higher quantum numbers.

The transition/channeling probability in general, is then obtained through the
expression p,,_., = M,, =\mm\* = |mn)> = My, = pu-m. The transition
amplitude for p, .. is obtained by using above general expression to reproduce the
expression given in Ref. [12]. However, a general expression for arbitrary values of n
and m is not obtained so far. After so much of analytical effort, by intuition, | could
obtain the above general expression. This formula for the overlap integral (n|m) is
deduced by making advantage of the annihilation and creation operator formalism.
One can appreciate the effectiveness of this approach as compared to conventional way

of integration procedure for these displaced harmonic oscillator wavefunctions.
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2.2.3 Evaluation of number of states in the continuum potential well:

In this work we have taken specific example of quantum description of positrons with
incident energy 12.75 Mev (7=25) channeled along Al (111) planes with stacking faults.
The number of quantum states in the harmonic potential well is calculated by equating
the total quantized transverse energy to the depth of the potential well [14] and this is

given by
1 1 2
(Nax + =) hw = —kyz? (2.13)
2 2
1 1|8nZ,Z,e*Ca% p N,
= 'mAax by h"d = 3 P' l— ?
(Tl + 2) 2 l (l s aT‘F.)a ( aT.F.)
1| |ym8nZ,Z,e2Ca% N, (I - arp)?
. = — o -1 2.14

For positron Z; = 1; for Aluminium Z, = 13; N = bulk density of atom in the

crystal given by

N= pi';[,, / em?®

p=density of the target;: N,=Avagadro number = 6.023 x 10**; A=mass number; For
Aluminium p = 2.70 gm/cm®
Ay = 26.982

_ . 0.8853a,
Thomas-Fermi screening arr = m

d,(111) = 2.3383371A = 4.4188182 a,

= (0.3466437 a,

o ] = 22094091 @, ; Tow = 1.8627654 a,

The planar concentration is calculated in atomic units which given by

N, = 0.0394649/a?
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Substituting these values in Egn. (2.14) and using atomic units (i.e.,

h =1, electron chargee) = 1), we get n,, = 3.
Initial state of the particle is fixed (in the left part of channel). It can go
and occupy any one of the states in the right sde channd (after fault). The possible

transitions are
0—0; 0—1; 0—2; 0—3

1—0; 1—1; 1—2; 1—3
2—0; 2—1; 2—2; 2—3

3—0; 3—1;

7 3—2; 3—3

Since the harmonic oscillator wave functions are real |(i|5)|* = |{4]i)|* and this
implies p;—.; = p;—.and the actual number of matrix elements to be evaluated is re-
duced to 9. This shows the directional symmetry inbuilt in the problem reflecting that

it does not matter whether the particle is injected from the left channel or right channel.

The probability that a particle with initial state |i), to occupy any one of the
available final states (i.e., the probability for particle to remain channeled after the
fault) is obtained by

pi= 3|l F)P (2.15)
f=o0

The initial state of the particle \i) is fixed, it can be 0, 1,2, or 3. \i) = [0)
corresponds to initially wel channeled particle. Here we show explicit calculation of
the matrix elements using integral form directly. However the calculation using the
operator method is furnished in the APPENDI X, at the end of this chapter. To evaluate
individual matrix elements (i.e., the integral 2.9) we need the Hermite functions, which
2 d* 2

e *

d,[:n }

n_xr

can be obtained by using the Rodrigue's formula. H,(z) = (—1)"e
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These polynomials, so obtained are

Ho(z) =1; Hy(z)=2z; H,(z)=4x?-2 ; Hy(z) = 82% — 12z etc.

The individual transition amplitudes are evaluated as follows:

i) [(1j0)*

- jgem{ aat/ay [~ exp{ g)Z}HI(t)HO(Hb)dt‘z

=  -a’alexp (—a’al/2)

P10 = [(1|0)|* =

2

e e exp{—a’al/4} j: exp{—(t+ g)z} Hi(t)H,(t + b)dt

Substituting H; and evaluating the integral we get

2
l?—aza

exp{—a’al/4}

[ =

2 — (120,82

= |1 = ( )exp{ —-a?a?/2}

2

92— a2a?\’
P11 = ( ) exp{—a az/Q}

iii) |(1]2)]%

2

\/_l___exp{ aa/4}f exp{ (t+ )} (£ Ha(t + b)dt

41

(2.16)

(2.17)

(2.18)
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Substituting H,; H, and integrating one gets:

)P = |[&e’a/q) (2(105 _ ";“f)

2

= |(1]2)?

I

1 3,3\ 2
Zexp(—azaf/Z) (200, - a;‘)

1 . 3 .3\ 2
i Plaz = Zexp(—-a‘ai/?) (204(1.5 —— 5 5) (219)

iv) [(1]3)[*

2

= | erlaat/a) [ expl- (e + GV M) Hate + by

S (1B = 516 exp(—ata?/2)(60%a? — atat)?

1
P13 = oo exp(—atal/2)(6a’a? — a'al)?

(2.20)

v) _|(2]0)f

2
1

V81

. exp(—a’a’/4) / " expl—(t + g)Q]Hz(t)HD(t+ b)dt

oo

= [(20))* = xp(—a’a;/2)

pao = g a'ad exp(—a’al/2) (2:21)
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vi) |22
— s i
- I\/“F‘eXP (—a 02/4) [m exp(—(t + g)z)Hg(t)Hg(t-k b)dt
0.4 2
= [(22)]* = (%ﬁ —a’al + 1) exp(—a’a?/2)
P2z = 26’1‘-’;-—&2 2+1 2e —aa?
o - a%al+1) exp(~a’al/2)
(2.22)
vii) |(2(3)]%
1 : b :
T O(~0%al/4) [~ exp(—(t + 2 Hy(t)Hi(t + b)at
2 5,48 3 2
S 2B = exp(—a : %a?/2) (agas ~ 301205: +3cms)
—ci%a? 5 34 2

Doy = l<2i3>|2 _ CXI)( (g 5/2) (CISGS . 302 2 + 3(1(13) (223)

Vi) [(3]0)]2:
1 2
= e exp(—a a2/4)/ exp(—(t + g) JHs(t)H,(t + b)dt
66
ps—o = |(30)|* = a4g” exp(—a’al/2) (2.24)

ix) [(3[3)[*

exp(—a’a?/4) [: exp|—(t + g)z]Hs(t)Ha(t + b)dt

+/26(3!)%x
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44
_ 1 9 5.5 . 9 abab 2
=[5 (o Gt ot - ) et
1 9 9 abab\’
Pia3= (8132 == (3~ 202+ T 4,4 s 3.3
33 = |(3]3)] 9( 5 as+8a T ) exp(—a‘a’/2)
(2.25)
The dechanneling probability is defined as
X o= k=g
3
xi = 1= |{lf)} (2.26)
7=0

Egns. (2.15) and (2.26) gives Xo = 1 - po;x1 = 1 -pisxe=1-p, and x3 = 1 - pa.

The dechanneling probabilities are computed by incorporating corresponding
matrix elements appropriately and these results are given in Table 1 (a). In classica
description, the corresponding dechanneling probability is obtained by incorporating
that the particle with position x and angle ¢ before the fault takes new values x' and
after the fault. The expression for x1s derived for a stacking shift dp/3. This classica
expression is given by [16, 17]

o [ (/6 (d/2)-a b3 (ch/2)-
= —. z)dr — / x)dr + g(x)dz — / g(r)dr
X L |t‘['d7'/6 g( ) Jd, /6 Q( ) J(d,/6)+a' dy /3

(2.27)

Here g(z) = \/[(_pﬁ — x2)/(L? — «?)), with . = l—app, L =l+arr. Here a’ = arr+py;
thermal correction term to screening function (p, ) is to include effects of temperature
on y due to thermal vibration of the atomic planes.

By neglecting the temperature effects ( that means o1 = 0), we calculated the
dechanneling probability and compare with present quantum mechanical calculation

and these results are given in Table I(b), showing good agreement
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TABLE |
(a):

Variation of Dechanneling Probabilities for Positrons in 4; with stacking

shift for various initial states

Shift in units of | pechanneling  Probabilities

! Xo | X\ | x2 X3
0.00 0.00 | 0.00| 0.00 0.00
0.10 0.00 | 0.07 | 0.07 0.17
0.20 000 | 021 | 0.29 0.46
0.30 0.00 | 0.33 | 057 0.56
0.40 001 038 071 0.51
0.50 004 | 0.38 | 062 0.52
0.60 0.10 | 0.37 | 043 0.60
0.70 022 1 036 | 0.32 0.63
0.80 039 035 037 0.61
0.90 0.56 | 0.38 | 048 0.63
100 0.72 1047 056 0.69

(b):
A comparison of Dechanneling Probabilities for a stacking shift of 4,/3

obtained for classical calculation with present Quantum description

Classical present quantum calculations

calculation [16] | xo | X1 X2 X3
0.28 0.17 | 0.36 | 0.34 0.63
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2.2.4 Dechanneling effects at the stacking fault:

The continuum potentials in particular used in the discussion are in principle valid
for infinite planes where as in the case of stacking fault we had half planes i.e., those
ending at the fault and those starting from the fault. Hence the potential is slightly
complicated just at the interface.

In quantum mechanical treatment we start with a wave function describing
the incident particle(yr) coming from the left. This wavefunction is of the form of
wavepacket along longitudinal direction (z) and harmonic oscillator in transverse di-
rection (). When this packet reaches the fault, the transverse planar potential is

described by the expression of the form
| T 1 ,
Vi, ) = §k]m H(zy—2)+ —Q—k](m +a,)"H(z — %)

where H(z) is step function which equals ‘1’for positive arguments and zero for negative
arguments. The solution of the Schrodinger equation in this potential is different in
two parts of the crystal (i.e.,, for z< z and z > z). At the boundary z = 2, part of
the incident flux is reflected and the rest is transmitted. Hence the total wavefunction

in the left part of the channel is of the form
Y(z,z) = (Aexp(ikz) + Bexp(—ikz)) pn(x)

Similarly the wave function corresponding to transmitted particle after the fault will

take the form
Vn(z,7) = Cexplik'z) om(z + a;)
So we match the wave functions at the stacking fault (z = z) to get the reflected flux

(N,) and transmitted flux (N;)in terms of incident flux (AT) at the fault. We have

) hk'
N; = F—@|A|2,N, = EE|B|2 and N; = —|C|%.
m m i
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By incorporating the houndary conditions in these wavefunctions, ON€ gets

(Aexp(ikz) + Bexp(—ikz)) (m|n) = C exp(ik'z)

k (Aexp(ikz) — B exp(—ikz)) (mln) = Ck' exp(ik'z)

The transmission and reflection co-coefficients are obtained as

N_K|Of N, |BE  (k-K)}
T:_=—‘*— ;Rz—izi_ o el
N, klA N, |2 ( e k,) (2.28)
.. |CP 4k? ) | -
St lZ - (k + k’)2 |(m|n)|*. Hence the reflection and transmission coefficients are
given by [18]
N. _ (k=K\" N _ _4kk 2
=3 = (k+ k) e P i)’ (mn)] (2.29)

It is evident from the above expressions that there are some particles which
are neither in the left part of the channel nor in the right. These particles will not
experience the standard harmonic potential since they already came out of the channel.
These may be dechanncled particles which hit the fault and get deflected away from
the channel. This situation corresponds to dechanneling at the fault. So one can define

dcchanneling coefficient (D) in terms of dechanneled flux Ny(= N, — (N, + N,))as

(2.30)

Since the total energy of the positron is very high, it can not recognize the
presence of the fault during its passage through the fault unless it hits the fault directly.
The longitudinal momentum is therefore likely to be un-altered so that ‘.’ equals to
'k and R— 0. So in this high energy limit we could reproduce previous results based

on the sudden approximation, described in above sections.
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2.2.5 The effects of periodicity in the transverse space:

The transverse potential in principle is a periodic function with period dp’hence the
wave functions are of Bloch type. One can estimate the periodicity effect due to re-
maining wells by evaluating the dipole momentum. An estimate is given here for the

contribution of remaining wells at n = 1 using Eqn(3.8) of Ref. [19] and we have

2 — Qg = O —ik/ _ mrdw MyelW i 2 K
VROG S e (1- 8l W ) (- T W) 281

Here Cy & C are the normalization constants for |0) and |1) respectively. By denoting

1

m? 1w . . . i
5 = 2 1/ = (dpv) the summation in the above equation is evaluated as follows:

-1 .
= Z e kv (1 - 822) e + Z i (1 - 8z2) e ” changing the parity,

= ) exp(ikd,) (1 - 832) o Z exp(—ikdyv') (1 - Szz) e”

y=1
= i {exp(ikdv') + exp(—ikd,v')} (1 - 82,2) e e
V=1
&= 2 i Cos (—2—71(1,,1/') (1 - 8z2) e’
= szq V) (1-82%)e :2i (1-82%) e (2.32)
V=1

This gives a, - a, = -0.0010511. Therefore the contribution of the other wdls to
the dipole momentum (&, ) is negligibly small when compared to dipole momentum
corresponding to sngle well (o, ~ 1.001), hence the periodicity effects are likely to be
negligible for our channdling/dechannding probability calculations.
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2.3 Results and Discussion:

We have studied the quantum aspects of the processes related with effects of defects
(specially stacking faults) on channeled particles with specific reference to positrons.
The number of quantum states present in the transverse potential wel is proportional
to v'* (Egn. 2.14). If the incident particle energy is very high, the level spacing
corresponding to the transverse energy becomes smaller and some times even leads to

classical behaviour.

Restricting to positron channeling, on the specific assumption that the crystal
Is otherwise pure and clean, channeling and dechanneling probabilities correspond-
ing to stacking fault situations have been studied using sudden approximation. The
dechanneling probabilities obtained from quantum mechanical treatments shown in
Eqn. (2.26) are not having explicit energy dependence as was also seen from classica
description represented by Eqn. (2.27)

The dechanneling probabilities for various initial statesi.e., xo,Xx1,Xx2 and x;
as a function of the stacking shift are given in Figs. (24) & (2.5). The dechanneling
probabilities will depend on the initial state. If the particle after passing through the
fault goes to a state which is same as initia state (i.e., remain in the same statc), the
transition probability is maximum corresponding to shift a,=0, as expected. This is of
course trivial result for the situation of faultless crystal.

There are some states which lead to maximum dechanneling. These states,
may be caled dechanneling states. If the particle happens to be in these dechanneling
states, whatever the shift may be, there is very high tendency for the particle to get
dechanneled. As shown in Figs. (26 &2.7), 1 <« 3; 2 < 0; 3 < 0 exhibit this kind
of behaviour. For a given initial state the channeling probability is very sensitive to

stacking shift.
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Fig. 2.5 b): The variation of dechanneling probability with the stacking shift ‘a,’
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If the final state is much different from the initial state, the transition/channeling prob-
ability drastically oscillates as a function of stacking shift; this oscillatory behaviour
can be noticed from these figures.

In classical description, it is required to have the amount of stacking shift to
calculate dechanneling probability using expression (2.27). But in quantum description,
a general expression is obtained for dechanneling probabilities for a general value of
stacking shift and one can calculate the variations in a more general and straight
forward manner.

These points indicate that there is another important parameter i.e., phase of
the particle with which it is approaching the stacking fault boundary. This can also
be seen explicitly from the Egn. (2.30) which tells that the dechanneling at the fault
will depend upon the final state in to which the particle is going to be. The non-
diagonal matrix elements vanish for zero shift, implying that the well-channeled (min.
amplitude) particle suddenly can not exhibit oscillatory behaviour in the absence of
stacking faults. The fate of the particle after the fault will be decided by the amount
of the shift and the phase with which it approaches the fault. This kind of dependence
on phase of approaching particle was also discussed in classical analysis [15].

J. Mory et. al. [15 had discussed some experimental results of ‘y' using
classical description. An attempt was made to discuss those results using present
guantum description but for that case, n ., turns out to be as large as 278. It clearly
shows that for their a-particle dechanneling situation, classical treatment will be good
enough as far as the channeling aspects are concerned. From Fig. (2.8), one can
notice that the dechanneling probability for well-channeled particles (xo) increases with
thermal correction p, and this behaviour is almost linear, similar to that noticed in

classical calculations [17].
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In conclusion a general expression for the overlap integral (n|m) for arbitrary
values of ‘n’ and ‘m’ is given for the first time which is having remarkable physical
significance, and reduces laborious analytical calculations involving Hermite functions,

in particular the higher states and this general expression can be used elsewhere.
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The usefulness and completeness of this quantum mechanical formulation, lies
in the fact that it is helpful for numerical calculations involving higher quantum num-
bers to reduce enormous computational time. This is because of the fact that one has
to calculate higher order derivatives in extracting the Hermite functions. Since this
analytical expression is a smple summation, the accuracy also high.

Since the wavefunctions are real, there is an interesting left-right symmetry
inbuilt in the problem which is not clearly realized in classical description, i.e., whether
the charged particle injected into channel from left or right, it does not matter as far
as the dechanneling and channeling are concerned. The estimate of the effects of peri-
odicity on dechanneling shown to be not significant and probably these features might
be important in the case of low energy particles. However, more refined experiments
on electron/positron dechanneling are needed to verify these results and confirm the
utility of the present quantum description. We do not expect the classical results to be

valid for positron and electron dechanneling.
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APPENDIX

Here we show, how the operator method is used to evaluate the transition amplitudes.

For example, consider ps__s:

Ds5—s5

[{n|n)|?

= |(5]exp(Aa) exp(—Aa)|5)|? exp(—aZa?/2)

(5] exp(Aa?) (|5> — AV5[4) + 12\;\/571|3) - %;\/5.4.312)
b L ’
* 4—!\/5.4.3.2|1) - g?\/E?[O)) exp(—ata?)/2

222 A\ A1\ 2 5\ .
[1 —5X% +20 (7) — 60 (?) + 120 (_ZF) — 120 (:\?f) exp(—a’a’/2)
! ! ! 5!

) ] ) o al0g10 * .
o Dlal o Pty 6 6 8 8 s .
( 3% a, 4 120~ X, + 382° % ~ 3810 ) exp(—a‘aZ/2)

(2.33)

Now, consider the general expression

2
exp(—aga.g 2) & n—ntron-rn n! n-n+2r
/ Z(_I) + 9 e, ; (b) +2

2ntrptn (n—n+r)

2
_ exp(—a2a§/2) = ron-r n n! 2r
pu—m. = Z(—l) 2 C,—;?b

2ngn12
2%n! ~

exp(—a’a,/2) (Zﬂ:(—l)rT‘”’ “cr%!(aaa)zr)

M 12
27nl ot

exp(-aalf2) (312 "oy (aa)?

r=0 '
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2

- 2a2\" )
=[Z@n%f;)3w4emh&éM) (2:34)

2

5 2.9 r -
- [ aral 1 5
= Psas = [Z(—l) ( 5 ) - 5cr] exp(—a‘a;/2)

The summation is expanded as

61’20-2 (.l‘l(L.’: E
= 1-5—/7=2+|—=
(%)

i 9 0 3 n 4 * i 5
1, a’a’ ata?\ 1 a’a\’ 1
3o gitet(F) gla-(52) &

2 o! 2 4! 2 5!

4 & r E 10 10 \ 2

O 4.0 Do, o 4 9 aa, o
= |1--a’a; + —a’a, — = o’al + —afa® - — exp(—a’a;/2)

2 1 24 384 3840 '

(2.35)

So the expression obtained by the operator method calculation is reproduced from the
formula (n\n). (i.e., Egns. 2.33 and 2.35 are identical.)

Now consider the integral form of this matrix element
Other interesting features of this general expression (n|m):

Consider |i) = 0, to obtain an expression for py__.,,. We have

Pm—m = |(njm)]* = [(n|exp(Aa') exp(—Aa)[m)|* exp(—a’al/2)
exl)(_—a a;/4) ( TZH (__1)u-m+r2m-—rmcr n! )' (b)unm+2r)

2

- V2mtnmtin! (n—m+r

r=maz(0,m—n)

when m =n from the Eqn.2.34, we have

a“a

< 2a2\"1, | 2 2
Prnan = [,go(—l) ( 2 ) ;,_' C"‘] exp(_a 03/2)
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a2na2n
Po—n = o exp(—a’a?/2), (ie., expression |(n|0)|*)

00 ()!202 C!2 2
= Zpo__m = exp ( 2 ") exp (— ;’) =1, as expected

2,2

o a: i, aZragr
= exp T - Po—r =

02(1-2 n 2
Prn—n = €Xp ( 9 8) I:Z 1§ nCrPO—-vr‘I

Thus the amplitude p,.., can be expanded in terms of

59

(2.36)

(2.37)

intermediate transitions (i.e.,, po..). Consider the operator form,

Pon = linlexp(Aa’) exp(—Aa)ln) [’ exp(—aZa2/2); This (| exp(Aat) exp(—Aa)|n) is

A2 P
= 1-Xyv/nialln—1) + E\/n(n — l)a(a“)2|n —-2)+

+ /\r [ \/nn-l m—=2)---(n—r+1)n-r)

)‘21-

" ),T,] exp(—a’a;/2)

= Ppon = [Z

n 2r
= (Z(—l)'t! "c,-) exp(—a’a;/2)

r=0

[V]=

If

2 2\ T 1 2

( (-1) (a;’) —T"cr) exp(—a’a’/2) same as 2.34
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r=0
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Chapter 3

Quantum description of dechanneling by

Didocations

3.1 Introduction:

Dislocations [1] are formed either by strain relaxation in the fabrication of semicon-
ductor devices [2 or due to complete missing of atomic planes during the process of
crystal growth or ion-implantation. As a result of this, one may notice distortion in the
crystallographic channels. This distortion decreases with increasing distance from the
dislocation core. The crystallographic channels in the vicinity of the dislocation are
distorted heavily. However, as shown in Fig, (3.1), the channels outside a particular
region of radius ro around the dislocation core (called dechanneling cylinder),are
distorted to a lesser extent and result in only moderate modification in the motion of
the channeled particles. These distortions affect the spectrum of channeled flux, even
though the energy loss of wdl channeled particles is not significantly affected [3].

The effects of dislocations on charged particle propagation along major crystal-
lographic directions and planes have been studied for some time. Dechanneling induced
by the isolated linear dislocations was first studied by Quere [4]. Prom the balance
of the restoring force due to the continuum potential of the atomic strings and the
centrifugal deflecting force arising from the bending of the planar channel, he derived

a simple analytical expressions for the diameter of the dechannding cylinder, around
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the dislocation core.

Fig. 3.1 : The planar channels that are distorted due to presence of a
didocation. Here Ry, is minima radius of curvature of a
typica channd situated at a distance ro from the dislocation.

This classical treatment was successfully refined in a series of studies which
describe the effect of the ion trajectories and extended them to the case of dislocation
loops [5], formed due to higher dislocation concentration. The results of such theories
apply to the characterization of the defective layers, if the defects actions simply su-
perpose with out interacting. This classical approach has been used extensively and
shown to describe experimental results [6], reasonably well.

However, as discussed in the previous chapters, the dechanneling of light par-
ticles due to presence of the defects should be described quantum mechanically [7, 2],

because they cannot be regarded as being localized but rather as an extended wave in
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the crystal [9]. In case of point defects, the related effects due to impurity scattering
have been studied by evaluating quantum mechanicdly the corresponding scattering
cross-sections [1). Similar quantum treatment for the effects of extended defects like
didocations has not been given so far. In chapter 2, we studied the dechannding €-
fects due to stacking faults, quantum mechanicdly, where the effects of obstruction are
suitably incorporated in transition matrix elements of wavefunctions. The model gave
reasonable description of dechanneling. This stimulated us for further development of
these modds to handle the distortion effects of the planar channe due to disocations.
Here one requires much more rigorous treatment of the dechanneling problem. At the
same time, these quantum dechanneling calculations involve complicated analytical as
wdl as numerica calculations. In this chapter, we restrict oursalves to the smplest case
of screw dislocations of low concentrations S0 that there is no nucleation of didoca
tion loops. We present a modd quantum mechanica calculation for the dechanneling
effects due to distortions of the planar channd situated awvay from the disocation core

and there by we evaluate the dechanneling probabilities due to these didlocations.
3.2 Basis of the present model:

For the case of stacking faults, the effects on the propagating particle are of obstruction
type and the treatment was smple whereas for the case of didocations the channels are
distorted. Hence these distortion effects on channeling are incorporated by introducing
an energy term (—z ) due to transverse deflecting centrifuga force. Here ‘E’ is
average energy in the curved part of the channe with radius of curvature ‘R’ and ‘z’

Is the position of the particle in transverse direction.
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As shown in Fig. (3.2), the standard displacement equations for the case of

b

screw dislocation are given by
%.

I.3E —

(S =0 R = o
The corresponding critical distance r, of such a channel (say A) from the dislocation
core with Burger's vector '6' is calculated by taking the displacement perpendicular to

A i.e, with u =uzcosyp. Choosng the channel dong the z - direction (which is same
as direction of propagation of the particle), the corresponding curvature was estimated

from the second derivative of this displacement equation given by
u———b-cos t _](zCOScp , & —@
T gp overan r, )’ﬁ_dz"'

X3

4
X2

X1 L u3

Fig. 3.2 : The displacements of a channel A situated at a distance of 7c
from a screw dislocation along the axis z3. Here ¢ is the angle

made by the channel with z,z2 plane.

By solving the above displacement equations for screw dislocation, the mean

dechanneling radius is obtained in terms of minimal radius of curvature which is given
(3.1)

| (bR
= 10

)

by [4]
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with ‘b’ as the Burgers vector. Here, the critical minimum radius of curvature R, of
channels (bedow which the particle will dechanne completely) is obtained by equating
the deflecting centrifuga force to the restoring force due to planar potential, evaluated
a the minimum distance of approach arr [11], The amount of distortion present
In a channel depends on the average concentration of the didocations ‘n’, one can
make an estimate for the farthest distance from the dislocation in terms of didocation

concentration (r®=>= 1/2(n'/?)).

3.2.1 Relativistic expression for the curvature:

The analytical expression (for curvature) so obtained in the previous section is appro-
priate for non-relativistic heavy ions like protons, o- particles, etc. Soit is quite obvious
that above expression is no longer vdid for relativistic particles, hence these relativistic
effects are to be incorporated suitably to obtain an equivaent relativistic expresson
for the curvature. Here we condder the motion of the positrons described in the rest
frame of the particle. In thisframethe particle "sees' continuum potential v V(z)in
the transverse direction because of the fact that for the relativistic energies, the contin-
uum potential in the transverse space is enhanced by a factor of 7 (= 1/1/(1— v2/c?)),
due to length contraction in the direction of propagation. We denote the longitudinal
co-ordinate in this relativigtic case as (Z)(= z/v with z being that in non-relativistic
case). When the particle enters into the distorted portion, the motion of the particle is
modified due to the influence of the curvature and in this distorted part of the channel,
the corresponding relativistic displacement equation aong Z is obtained as follows

z d_ddzii_zdzﬁlmdﬁu_ 25@
2= ¥ g dZd: dzE ' d? TR dzt ' d2|

(3.2)
=Z
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So the modified continuum potential as “seen” by the particle becomes 7
thisis given by
b r(vZ) ‘
¥ Vers =9 V(z) — vPmwd { = ——=2__ 33
=7 Vi) =yl | L ) (3.3)
The expression for dechanneling radius r; in terms of minimal critical radius

) ) . dV :
of curvature R, is obtained by equating the restoring force (—+ H——) to the maximum
1

; 2F
value of the deflecting force due to curvature (72 =—). Using this procedure [11] and

Rlll(‘
Eqgn. (1.20), we have
2Voarr
V(iy) = —————— with Vy =nZ,Z,e*°CagrN,
( ) (y+aT‘F) 0 1 T.FiNp
’de Vo
i P i = 7y
dy e QG,T.F
dVv 2 2F % =y Rmc 4F Rmr
A — — A~ = =92F = = = e

7 dy ! Rmc QGT.F ]zuw i 4 7TZJ ZQGQCNP - Y

The deflection force term on the other hand leads to modification in ry given by

b Ha e
g 1 She _ b '7)101_11( = \/"'_}’ o

One may notice that, due to these relativistic effects ry in Eqn. (3.1) is enhanced by a
factor of /4. Here we evaluate dechanneling probabilities and discuss their variation
with channel distance ry (given by Eqn. (3.1)) from the dislocation core.

Like in the stacking fault case, the quantum description requires as to calculate
the transition probability among the energy levels in the transverse continuum poten-
tial. These transitions are induced by the distortion created due to dislocations. As
before, we use harmonic oscillator model for transverse potential and sudden approx-
imation for transitions. The coupling constant « (appearing in the normal harmonic

oscillator model potential o = \/ ; ) will change to o in the distorted portion be-

cause the oscillation frequency of the particle gets modified in this distorted portion,

due to modification of net force constant.
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The centrifugal energy term in the distorted portion is to be added to the well
known continuum potential (surrounding the channel), which acts as restoring force
[12, 11]. The channels within that critical region are distorted heavily, which eventu-
ally leads to dechanneling of most of the particles arriving in that region. However, the
regions outside that core region are only moderately affected; channeling and contin-
uum model is still valid and used extensively by incorporating the effects of distortion
through above mentioned centrifugal force term. The situation in these regions is sim-
ilar to that found in the bending of beams by bent crystal channeling [15] explained
with continuum model. The condition is that bending should be less than critical angle
for channeling. The force constant in the distorted channel is different from that in the
straight channel and as a result of that, al the particles coming in the channels with
radius of curvature less than R,,. will get dechanneled. This modified force constant
Is obtained with the consideration of the harmonic approximation to above effective
planar potential in the distorted part. This analysis is appropriate for the channels that
are situated far away from the dislocation which in turn implies that we are dealing
with crystals of low dislocation concentrations (typically 10° to 10° per cm?).

Classicaly, the initially well-channeled particle in undistorted region starts os-
cillating about the axis of the distorted channel. Once it enters into the distorted
portion, the potential minimum (about which the particle oscillates) is shifted due
to curvature, reducing the available space for transverse motion in the channel. The
expression for this shift (say ‘a,’) in the distorted channel is obtained with an approx-

X
imation namely, neglecting fourth and higher order terms of 7 which implies that we

are dealing with those channel which are not heavily distorted (i.e., not very close to
dislocation axis). This in turn introduces a maximum error of about 6%. The effects

of distortion on the continuum potential will be discussed in the following section
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3.2.2 Effects of distortion on the force constant:

The effective potential in the distorted part of the channel is given by [12]

4VoLan 2E
(Chl- B2t & (8.4)
Expanding this around the shifted minimum, a,
dv, 1 d*V,
Va(z) = Vigla, R Mol (% — a.}? eff
() a(a)t(@-a) 5= +5e-a) —3
T=a; x
dVeg B? I* B RV,ar
de 0=a, = (—ﬁ)'F—“‘—-L—,B—-— E yL=1l+arr
1 d*V.,
= Ver(z) = Vigla,) + =(z — a,)? < £3.5)
2 dx? 70
The effective force constant is obtained as
8Voar pL . .
ff__ oeT.F 2 2
K= Ty [V 3]
Hence the maximum number of bound states in the distorted part (jmax) is Obtained as
) 1| [ym8VoarrL , _, (I —arr — a,)? X
i 3a? -1 3.6
R (5.5)

From the prescription given in the previous chapter, we have
N, = 0.0394649a_%; Vo = mZ1Z2*Car.r.N, = 0.9671975 a.u.
L =1+ app = 2.2094091a, + 0.3466437a, = 2.5560528a,;1 — ap r = 1.8627654a,,.

1 171.39505 N .
s = 6.5334059 + 3a2) (1.8627654 — a,)’ — 1
= doax =g [\/(6.5334059 —ayt ) { ar) ]

As a consequence of change in the force constant of harmonic motion in the distorted

portion, coupling constant gets modified to o’. So from the Eqn. (3.6),

P 8Va, L L2 + 30.3 _ 'ymSVOaT_F 1 + 3(a,/L)2
R A R L | 1-(a/Ly
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_ [Ym8Vpar. 1+ 3(a,/L)?
= 72a2 where (12 - M 2 — o N T
I and T 1= (a,/L)?

When a. — 0, we notice @ — a indicating that the shift in the potential (induced

by the curvature) reflects in the modification of resulting force constant. This is as
expected because when the channel becomes straight the coupling term will be as it
was in the straight channel. Here we introduce a transition parameter (= o’/a)as we
did in the earlier chapter. As shown in Fig. (3.3),r — 1 = a, —> 0 and this happens
when the channel becomes straight (radius of curvature R — oo). Here onwards we

cal this ‘v’ as distortion parameter to take care of distortion effects.

1.15 :
3 M’(I-J
e
1.13
£ o
L
E 0.40 1
1.10 A
5 0.
s 20
% 0.10 4
1.08 ™

16 » L) o ]

% L]
distance in units of r,

1.05

1.03
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~—~——
100 ltt‘r—|111|[11|t||||l]“'l"'1|l11er1

15 25 35 45 55 65 )
distance in units of

Fig. 3.3 : The variation of distortion parameter 7 (r = o’/a) as a function
of distance from the didocation.
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3.3 Theory and formulation:

Using those concepts discussed in the previous sections, a quantum mechanical formu-
lation is developed for the effects of dislocations on planar dechanneling of positrons,
with specific reference to screw dislocations. Here we use analysis similar to that given
in the previous chapter and corresponding bound states in the straight channel are
considered with , =, This i ,, is calculated by equating total transverse energy
to the depth of the continuum potential well; these details are given in forthcoming
sections. The channeling/dechanneling phenomena under this situation is governed by
the overlap integrals of the appropriate wave functions in various regions of distortion.
As shown in Fig. (3.4), therc are three boundaries,which the particle has to cross

during its passage through the. distorted channel, to find itself again ! straight channel.

I
1 84 ==~ ee
2E
I T RT T I 1T
1) agoorm=—------>= P I

(b)

Fig. 3.4 : a) Typicd planar channd of some finite curvature R, ‘ar’is the
shift in equilibrium position due to distortion.
b ) Straight modd channd replacing the channd of part (a).
Here y, 11 1112re vaious portions of distortion and ‘e;’is the
equilibrium pogition about which the particle will oscillate.
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These boundaries are not so sharply well defined. However, for smplicity of the
present (model) calculations, we use sudden approximation to calculate the transition
probabilities across these three boundaries and in what follows, we will identify these
boundaries as 3 interfaces (denoted by I, II, & II1). The wavefunction of the particle

in different regions may be written as,

1/2 )
(04 a~T
= = | —/——— e 3 7
V=9 (\/7?2: i!) exl){ 2 } Hilaz) (37)
J 1/2 2 s
W =gy = (\/EC; j') exp {' %} Hy(a'z + d'a,) (38)
, 1/2 ” 2 '
’ (8% G \T — a, / ’
Y =y = (ﬁgk kt) exp {__(_Tl} Hi(o'w — o/a,) (3.9)

1/2 L5
Yy =Yp = (—\_/—?%_f—') exp {H(—)-Q—T—} Hy(ax) (3.10)
As described in section 2.2 of previous chapter, the maximum number of quantum
states supported by a planar channel (surrounded by two planes) is estimated from the
equation given by

1 1 ‘
(imu}: -+ “é) hw = :?k).'l’)iw\.. (311)

The maximum number of quantum states in undistorted continuum
potential i .. = f... is taken as 3. However, the number of quantum states available

in the distorted portions ‘1’and '2' is estimated using Eqn. (3.6) which is found to be

<) — @ =1 corresponding to a channel situated at a distance of 157, from the

Jmax ™Mmax ’ 1 o

dislocation (r, obtained from Eqn.(3.1) and for the present case of Al(111), b is taken

as 2.86A). As shown in Fig. (3.5), this i), approaches to inax for those channels at

the farthest distance from the core.
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Fig. 3.5 : The variation of number of states supported by a planar channe with
channd distortion, where these effects are expressed in units of r,

3.3.1 Channeling probabilities across(l) interface:

The channeling probability of the particle with initial state \i) to cross first interface

and to be in state \j) in distorted part, can be defined as
pinj = |(¢§})|¢i)|2 (312

where subscript ‘1’on the state denotes the relevant wave function corresponds to
distorted channel after | interface.

We have

aal aft
(1) N 12 R 2.2
I(J( )|’>| . (WZJ—(UH j(x)! i!) exp{ (az 4 a,z) % ar}
2

oo 1 1?
[T {30+ f) [+ e | By (@t aa) B

X
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By incorporating appropriate Hermite functions in the overlap integra one
can obtain the other expressions far these transition amplitudes. The details of these
expressions are given in the APPENDIX. Here it can eesly be verified that |(i];(")|? =
(5™ 3)I?. The Corresponding probability for the particle with initial state |i) (in the
straight part of the channel), to occupy any one of the states |jM)(jumax < imax)in the
distorted portion | is:

Imaz
pi = |GV (313)
=0

So the dechanneling probability at (I) isx! =1-p! o
3.3.2 Channeling probabilities across (I1) interface:

The channding probability of the particle with intermediate state \j) to cross second

interface and to occupy a state |k) can be defined as

pi—k = g1 )P (314)
Here subscript '2' denotes the wave function in second part of distorted channel after
crossing 'll" interface.
Corresponding probability of the particle to occupy any one of the states \k)
(Rmax < fmax) 1S:
Piy = LI 2 Xy =1-pl (3.15)
To evaluate various matrix elements in this case, we make use of the general

expression obtained for (j\K) in the previous chapter and one may notice here that

|(k@ |5 = |{j @|k()]2, These details are given in APPENDIX - II
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3.3.3 Channeling probabilities across (I11) interface:

The channeling probability of the particle with intermediate state \k) to cross third
interface and to occupy any one of the states \f) (f < i) is:

3
T 2
A = Y AR =1~ pl” (3.16)
f=0
with
Py = [(fIEP))? (317)
For Example,
(3) . (2\12 _ T ,._72 g gl JinN 12
Pod 0 1{0]0'}|* = 2——f1 = (,xp{ P 720 a,} = |(U(1 10)]

The details of these expressons are given in the APPENDIX - |. Further, it can be
shown that [(f|k®)]? = |(M]i)]? for the same quantum numbers of «’ and <;’. The
transition probability for the passage of initidly wel channded particle through dido-
cation will be product of the transition probabilities across various parts of the channdl,
where the effects of distortion are suitably incorporated. The genera expression for
the total channeling probability of the particle with a spedific initial state \i) so that
the particle feds itsdf again in the straight channel with find state |/) (after passing
through the various portions of distortion) has been obtained and is given by [15

ke o
Py = Y |po—y | D piuo Xxpo_ao| | = pr (3.18)

k(2 =0 M =0

The total channdling probability for initialy wel channeled particle, to find itsdf again

in the straight channd after passing through various portions of the distortions is given

by

Jmax=3

po= Y (Po—ys); Xo=1-po (3.19)
=0

These probabilities are caculated by incorporating the above equations and results are
givenin Fig. (3.6 - 3.8
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3.4 Results and Discussion:

We have developed a quantum theory of dechanneling due to defects with special ref-
erence to dislocations. The theory is valid as long as the number of quantum states
supported by the transverse potential due to the two planes is small and is the case
of light particles (like positrons) in Mev range. We studied the dechanneling processes
by continuous distortions of the planar channels, mapping to three distinct regions and
corresponding displaced and modified wavefunctions. This happens for channels far
away from the dislocation which in turn implies applicability of present calculation to
lower concentrations (i.e. no interaction between dislocations). On the other hand the
channels close to the dislocation axis, the distortion is so heavy that one can not talk
of crystallographic channels.

In Fig. 3.3, we show the variation of the distortion parameter ‘v’ with 7.
We notice that, for larger », the radius of curvature (R) of distorted planar channel
increases to infinity, a, — 0 and r — 1 as expected because the coupling terms in the
wavefunctions are identical,the particle recognizes the absence of distortions in those
regions and obviously the non-diagonal matrix clements vanish for ¢, = 0, implying that
a well-channeled particle cannot suddenly go to oscillatory behaviour in an undistorted
channel. In Fig. 3.5, we have shown variation of maximum number of allowed states in
the distorted channel as a function of distance from the dislocation The atomic planes
at considerably larger distances from the core are distorted dightly and thus ‘ro’ carries
the signature of the distortion effects. We notice that jna@pproaches asymptotically
10 4, (= 3) asrgincreases (i.e. the channel is amost straight). As mentioned earlier
this depends on the concentration of dislocations, thus for lower concentrations we
have a family of channels through which a particle can propagate successfully with out

much dechanneling. We consider the channels starting from 157 (this corresponds to a



Chapter 111: Quantum description of . 78

concentration &~ 3 x 10° dislocations/cm?, below this the channels are distorted heavily
leading to formation of dislocation loops) to a farthest distance 50r, (this dislocation
concentration is typically a2 x 107 /em?).

The results for channeling probabilities obtained from expressions (3.18) and
(3.19) have been plotted in Figs. (3.6 & 3.7) for initially wdl channeled particle (i.e.
ground state ) and first excited state respectively. One may notice that at some values
of ro, there is sharp increase in the probability for individual transitions. This s result
of change in the number of states supported in the distorted portions of channel (i.e.,
after | & Il interfaces). Thisis also reflected in the overall dechanneling probabilities xo
and y, respectively, because corresponding channeling probabilities approaches unity
for the channels situated at the farthest from the dislocation axis, which means that
dight dissociation of dislocations reduces their long range distortion as discussed in

classica analysis.
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Fig. 3.6 : Influence of channel distance from the dislocation on channeling proba-
bilities corresponding to initially well channeled particle (\i) — |0)).



Chapter [11: Quantum description of 79

1.00
S :
-+ :
;:: e
‘= 0.80 3
ol g
@ i
ol ]
8 .

0.60 -
£y 5
& ;
s g
= 0.40 ]
1) ;
= :
g ;
© ;
L 0.20 -
O )

0.00 :

—

. 8 15 22 29 36 43 50
distance in units of o

Fig. 3.7 : Influence of the channel distance from the dislocation on
channeling probabilities corresponding to initial state |1).

As shown in Fig. (3.8), the overall dechanneling probabilities for initially well
channeled particle (xo) aways less for any channel as compared to x; (particle ini-
tially in first excited state ) because wdl channeled particle, even after making tran-
sitions to other excited states in distorted portions of the channel, manages to remain
channeled for higher curvatures (lesser radii of curvatures) than does the initially ex-

cited (oscillating) particle. In the present simple model calculation these effects are

manifested in natural way.
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Fig. 3.8 : Influence of the channel distance from the dislocation on total dechan-
neling probabilities for initial state |0) and |1) denoted by y, and y,
respectively.

If the particle after passing through various portions of distortions goes to a
state which is same as initid state, corresponding channeling /transition probability is
much higher as compared to other transitions. This is expected and can aso be seen
through the asymmetric nature of the planar channel. The channeling probabilities
corresponding to different initial and find states combination are very low, and ap-
proach zero as channd distance increases from the didocation. So the dechanneling
probability depends upon find state of the particle which in turn reflects the phase

dependence of the approaching particle, near the distortion.
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The equation (3.18) carries the signature of interesting left-right symmetry
inbuilt in the problem which is not clearly realized in classical descriptions. Fig. (3.9)
shows the energy dependence of dechanneling probabilities, for initially well channeled
particles. At the lower end of these relativistic energies, it is linear variation and as
energy increases to higher side of relativistic energy, the energy dependence tends to

be dower than linear.
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Fig. 3.9 : Energy dependence of total dechanneling probability of
initially well channeled particle “xo .
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APPENDIX -

Evaluation of individual transition amplitudes: |(j|i)|?

T T2

U Rl g
makes the final expressions for transition amplitudes more compact. By substituting

Here we denote 8 = and Fx = exp{—fagaf}; this notion

the Hermite functions corresponding to various states and evaluating the integrals, the

expressions for individual transition amplitudes are obtained as:

HOM|0))? = 26Ex
(110} = 48°0*alEx

9 a2 0 ] - 2 ’
(2D0)? = E:—I:‘iﬁ"(l'af +2( d )] Ex

L i
. w - Qo g 3 2
(B0 = L [aa, (2amg? = 36r¢ +127) 4 o (876" + 207" — 67)]" o
|(0(1)‘1)|2 = 48&% a’Fx

ADL)2 = 86°[1 - ga’?] Ex

1212 = _g [aar (245'3 = 205) + o’a’ (872‘53 — 16722 + 8725”2 Ex

|(BIP = % [(48;’35 — 244) + a®a? (967¢° — 1687€" + 727g)

i 2
+ ofal (167°" 4 487€° — 167°¢)|" Ex

; 2
[(0W2)]2 = h [2 (1 — 72) +4§2a2af} Ex

4 1472
‘<1(1)]2>|2 _ g [8[152&30,? + 48Baa, — 24[)’&041,,.}~ Fx
|(2(1)|2>|2 — f% [48[3’2 + o (LE (96T253 — 9662 + STef + 16§ — 8T2)

+ a'al (167’264 —827%% 4 167252) - 4}2 Ex
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|(3%12))?

(0@ 3)[?
{193)[?

(20]3)?

|(3013)2

B o
<05 (@, (—4808€* + 4326¢ + 487€* — 484 — T27E + 247)
o’} (—3207€" + 6247€° — 3367€% + 167°¢% + 327€ + 487€% — 167°)

ofal (-327°¢° — 967€* + 32r°¢%)| Ew

B 2 3.3 3
21 [126&0., - 243°aa, - 8« ar] Ex

9

L ; 2 9 2 . 2 A - 2 9
ﬁ [24 ( - ) B+ 9686% a? — 483¢ata? — 163E%a al + 24,115(1'0,;] Ex

14 72

- [aa, (144€7 - 48043%€ — 120¢ + 2404°)

oal (—3206* + 487 + 400€* — 966° — 967°€" + 4877¢)
aal (—32r%€° — 327°€" + 647°¢*) | ‘B

3 o3 e 1—-12
1153 {(9()0/3 — 2883¢ — 1447 (1 g, )

o’a? (28803€" — 34568¢7 + 10087¢* + 8645€ — 5T67E° — 4327¢)

atal (9607€° — 20167€* — 967°¢* + 2887°¢" + 12487¢" — 1927¢”

2887°€2 + 967%€) + a®af (647°€° — 1927°6° + 1927°¢* — 64r°¢°)|" B
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APPENDIX - 11

Channeling probabilities across interface (I1):

The wavefunctions in the regions (1) and (2) are given by pj(d’z + a'a,) and
wi(a’z- a'a,) respectively. This is equivalent to shifting the origin so that the wave-
functions are about x — 0 and x = 2a, respectively. This enables us to make use of

the general expression given in chapter 2. This can be shown mathematically as follows

We have

/ pi(r+ as) gz — a;) dr

=00

Put z — a, =t (another variable)

3 / @t 20,) @it dt

This expression is in the form of overlap integral, discussed in the chapter 2.

By replacing o with o' and a, with 2a, in the results of the previous chapter, we obtain

[0P10M)* = exp {~272(}2a‘f}
[(1@100) [ = 27%a%aexp {-27'202@,2_}
20102 = 2r'a’alexp { —21%a%a’
I{ » €XT ;
47r%a5a’

(3P[0} = 3 TCX]J{—ZTQ(XQG,E}

h*

(@R = [(1®))f

I(l(g)ll(l)ﬂ2 = (1 - 27"2&20,3)20)(1) {—Z'rzcrzaf}
2 exp {—27%a’a?}
4
2 exp {—271%0%a?}
96

|<2(2)|1(1))|2 = (4Taar—473a3a3)

r

|<3(2)|1(1)>|'2 = (241—2&203— 16T4a4aﬂ)
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(0®[2)
[(1[2)
(22
(8D[2)

(0302

|(2(2)|3(1) |2

)
)
(13
)
(8PI3)

One can easily notice here that |(j¢

So we have

- |(

2(2)|1(1)> |2

- (21‘4 P 4T20202+1) exp{—272a2a:‘,"}
exp {—21%a’a?}
6

= (41‘5 ) 5 - 127%° a, +()Taa.r)
= |3(2)|0(1))|2

|3(2) |2(1)) |2

= 2.2.2
= (3 — 187%a? _ 4T6a6af)2 exp { 297’ afal}

2
a: +187%a‘a}

[(1]0®) 2 = [(0W]1)[% 1(210)]* = [(0D)|2)%;
|(3]0@)[2 = |{0DI3)%;  1{0]1@) |2 = {10}
(L1@)2 = [AD) % [(20@)]? = [(1D)2)?
and
[(3[1@)[2 = [(1D]3) 2.

Uli)lz = l(ﬂj(])w = Piaj) = Pio) -
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Chapter 4

Time dependent Formulation for dechanneling by

Didlocations

4.1 Introduction:

In the earlier chapters of this thesis, we have used sudden approximation to treat the
dechanneling problem for stacking faults and dislocations where we obtained dechannel-
ing probabilities corresponding to various initial states. The dechanneling mechanism
for the stacking defect is studied by incorporating the effects of obstruction [1] and that
for the dislocation case is described in terms of distortions created due to curvature in
the channel. It was also assumed that the curvature in the dislocation affected planar
channels is nearly constant. For the dislocation problem we studied the dechanneling
process, in the frame of bound-bound transitions in the planar channel induced by
the sudden appearance of the curved channel[2]. However, this linear regime ccascs to
be valid at high defect concentrations and important deviations occur [3 with respect
to the standard energy dependence of the dechanneling probabilities and cross-section.
Here we improve upon that static curvature approach to a more realistic model by
relaxing the sudden approximation and using the time dependent perturbation theory.
These calculations show that scattering states play a vital role in dechanneling because
of the occurrence of additional bound states in the planar channel with change in curva-

ture. Eventhough, the constant curvature model and the sudden approximation helped

88
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in better quantum mechanical understanding of the dechanneling mechanism, the con-
sideration of non-uniformity of the curvature during the propagation of the particle is

obviously more appropriate.

4.2 Basis of the time dependent approach:

In the previous chapter, the effects of channel curvature on charged particle propaga-
tion, are studied on the basis of harmonic approximation to the resultant transverse
planar potential in the distorted part; this is done by incorporating these effects through
respective wavefunctions in various regions of distortion. However, one can realize that-
above approximation is not valid for large distortions as in that regime the deflection
force due to distortion dominates the restoring force (due to actual transverse poten-
tial) hence the motion of the particle in transverse space is no longer bounded. As a
result of that, the particle gets dechanneled and what we cal it as the scattering of the
particle from the bound state to continuum(scattering state). Quantum mechanically
this dechanncling probability can be obtained by using perturbation methods. As we
notice, due to asymmetric nature of the distortion term Vg (described in the previous
chapter), the first order perturbation theory will not give any shift in encrgy, hence
the effect of dislocation on positron is small for sufficiently small curvatures. On the
other hand, it induces a transition from a bound state to scattering state provided,
the dislocation density is high. Moreover, the curvature of the distorted channel is
non-uniform particularly when the channels are close to the dislocation, as shown in
Fig. 4.1. In that case the constant curvature model may not be appropriate because,
there will be imbalance in the magnitude of the centrifugal force 2E/R in the regions

Il and Il of Fig. 3.2 as the bending may not be a smooth ~ — shape.
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Fig. 4.1 : The dechanneling of the particle in the heavily distorted channels
near the didocation. It can dso be sen that these efedts are reduced
condderably far the channds far avay fram the didocation.

In classical analysis of time dependent gpproach [4], the dechanneling process
Is studied by writing the equations of motion which yield an expression for time depen-
dent position in the transverse space co-ordinate z(t). Invoking that the particle gets
dechanneled when its oscillating amplitude exceeds the critical transverse amplitude,
the resulting dechanneling cross-section is obtained by averaging over al possible phase
co-ordinates and initial amplitudes. Smilar treatment for the axial case was done by
Gartner et. al. [5]. However, more detailed caculations are needed to understand this
basic phenomena, especialy to study the qualitative features like for example, the vari-

ation of dechanneling probability with distance from the dislocation axis and its energy
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dependence etc. Here also we start with the well-known centrifugal energy term which
has been used excessively in the context of didocation dechanneling. The usefulness and
completeness of this approach lies in the fact that it is derived from the displacement
function obtained by the eastic continuum theory [6, 7]. We invoke time dependence
in that term to obtain an equivalent expresson and the dechanndiing phenomena un-
der this situation is governed by the transition probability of the particle from a well-
defined bound state (harmonic oscillator) to a scattering state (plane wave). In this
time dependent calculation, the modified centrifugal energy term is given by [3]

(?Q'Ui

0Z?

mb Sodrt
=-==_I%C g (4.1)
T (r? + y2vit?)

Valat) = 28

Z=~yu,t
To estimate the maximum number of quantum states supported by the transverse

potential in the undistorted part, we take the prescription given in the chapter 2 where
we have n,. te 3. The initial and final wave functions of the positron are given by

1/2
Yo(x,y,2) = %(Tw%?ﬂ) exp(ik;z)(zxp(ikyy)exp(*;a?atz)H"((ym)

V(@ y,2) = L~ exp(iky.7)
As discussed in previous chapters the coupling constant a is given by y/(m w/h) with
transverse mass m (=7m) [8]. The distortions of planar channel shifts particle motion
in transverse direction (x) whereas in ‘2’ direction the propagation is nearly constant.

The expression for dechanneling probability of a particle with initial bound state \n)

(due to channel distortion) to afinal scattering state is given by
X = 515 | [ Vi et with Vi = (s | Va(a.?) | ) (4.2)

Substituting the appropriate wavefunctions and incorporating the time-dependent dis-

tortion term in the above equation, we have

mb  Avirt -
el Z z | n)e™mdt

2

1

x!l = .ﬁ:’j
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)1 a \ (=)
i D7 \Jrami) x| Pk 2w exp(-a%a?/2) Ha(az)da]
. - iwpnt *
” { / exp(—zk}y’y)exp(akyy)dy} { / exp(~ik{)z) exp(ik, )dz} / ——(jgtj t’:,)zdt
. 0
where t; =
v,

Thus one can easily notice that space and time co-ordinates can be separated out; after

performing the contour integration w.r.t time we get

1 « 12 mb T . (z) 5 o
Xn = 2 m — gWine f""[./’oxp( ik;"x)x exp(—a’c?/2)H, (ax)dz

i

'

X {/exp(—zkf y) exp(zkyy)dy} {/ exp(—z'kff) )exp(ik. )dz}

v mbwy, wr| 1 g9 (27 * ‘
= ! L =] s o b) . LD
(\/7?2%!)( oh ) exP{ gy } = (L) Sky = k)6 (k: — k7)
with I, = / exp(—ik{?z)z exp(—a’a? /2) H, (ax)dz (4.3)

Due to scattering, the particle makes transition from a given initial state \n) to con-
tinuum of states and the decharinding probability can be obtained by considering the
transitions to a group of dosdy spaced states. Hence total dechanneling probability to
any one of fina states is obtained by integration over density of find states [9), i.e,

L 3
o o= (5;) ] X dk* Yk (4.4)

The straight forward integration in k-space leads to the expression

o o) (3] )

{fw}nexp{ 2Wal }|] zkj(,) exp (_a; )Hn(am)d:clzdkz} (4.5)

(211'\;22%!)( ) {[ “in© { %Y{:iﬂ }equ jme_%an(ﬁzo)an(“w)dmqu}

where wy,, = (Ey(q) — En/h) and z, = ig/a.

X
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In the above expression Ej is final energy background in which the particle
propagates after getting dechanneled. Because the remaining integrand has a pro-
nounced maximum at g = gmax, the term w?, exp(—2wgnr/yv.ls assumed to be con-
stant with ws(g) — @, where w depends on n and is given by Win(gmax)-  SiNCE

E;(q) >E,, we assume that w as independent of n and the above equation can be
written as

- % oy, { 2207 (mb T F
Xn =\ arymamt ) P\ e [\ om / S .

Using the Rodrigues formula for H, and incorporating appropriate expressions, we

obtain total dechanneling probability x,and it is given by [10]

_ o mb \’ 257

X, =(2n+1)x, withy,= (m) exp (- ’)j) : (4.6)
The above expression for x, is obtained with specific reference to initially well channeled
particles. Corresponding to a given initia state (say |n)), the dechanneling probability
Is maximum for those channels that are situated at or below the dechanneling radius 7,

(i.e.. critical distance of the channel from the dislocation at or below which the particle

v,
completely gets dechanneled) and this happens for & = PYT
II]VOking Xn('rn) =1 forr S Tn, WE have
[ mbryv, 1
= Im) = 1+ 1) ———] —= forr<mr,
%) S (2\/51‘1(1@) g
W]th Xn("r‘) =1
2
mbyuv, 1
v(r.) = 1= {(Z2n+1 =} = =],
X(7a) ( ) (Qﬂﬁ.ae) e
m2b*y?v? 1
= (2n+1) LA

Al 2 4
8h ale? 12

_ v2EW\ ( 1) vEb?
je.rt = (n+l) (Shwﬁg) =(2n+1)|n+ 2) |4(n + 1/2)hwe?

-l
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= () {amvamos)

In the above Eqns., e =~ 2.718. An estimate of upper bound for dechanneling radius

with reference to a particle of initial state \n) is obtained as

1\ b E
(v) o ( / _). ] 4.7
m R\ 3) e\ 2E, (4.7)

with the quantized transverse energy E, = (n + 1/2)hw.

As per the above procedure, we get an estimate of upper bound for dechanneling
radius (r{). However, one will be interested to have an estimate for the minimum
distance of the channel from the dislocation. It is well known that the dechanneling
process means, the transverse energy of the particle approaches its critical value before
getting dechanneled. Incorporation of the same in the present r, expression, provides
a lower bound for », as r{V. This is done by replacing E, by total transverse energy

E, = (Npax +1/2)lw — E

Tlmax

1 b ~E
W g f gy g 2 , 4.8
"o (” T 2) 2718 \ 2E, (48)

= E5. Hence we get lower bound for 7, as r{given by

Thus present quantum calculation shows ry, 71, 72 have lower bound and as
well as an upper bound (afinite range) while r; has only one value (r{" =r"). In the
present calculation we have n,,.. = 3 and aso Es = I ; hence 73 provides quantum
mechanical definition for dechanneling radius as it implies that the particle aquired
transverse energy as much as £, and obvioudly this corresponds to dechanneling radius
for [3). Fig. 4.2 shows clearly these two limits for \n) = |0) (i.e., initially well-channeled

particles).
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X0 corresponding to lower bound and upper bound are denoted
as 1 and 2 respectively.

Obvioudly this is ot practical interest and provides the definition to dechannel-
ing radius and at the same time, to a certain extent, enables us to relax the approxi-

mations mentioned above. The dechanneling cross-section with reference to an initial

state \n) is obtained by the expression
£ fx,L(r)dr - (2n+1)j (%)2} dr
Instead of X\, = (2n + 1) fxo(r)dr, we start with general expression A, =
[xn(r)dr. There is dight difference in these two approaches. When we integrate the
expression in the general form (i.e., with index n), the integration limits involve corre-
sponding r,, instead of »,. Thisis physically more appropriate since we are interested in

the dechanneling width corresponding to a specific initial state, which in turn depends
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on the corresponding 7»- Thus the usage of general expression for %, provides more

accuracy and clarity.

2v2hae
where Xy =2 1, (4.9)

2
; y 2 - -
Lo o= (@n+1) (””’"’ ) Zs X =@+ %

Here Ao is the dechanneling width corresponding to initially wel channeled particles
(Jn) = |0». Assuming the curvature of the channel as constant, Quere [6] obtained
this expression in classica framework. Thus we reproduced the well-known classical
expression in our formulation and this result is obtained in a natural way. We have
estimated the dechanneling widths ( A and AY) using Eqns. (4.7 to 4.9) for positrons
along Al(111) and results are given in table I(a).

Classicaly, above E,| is equivalent to the critical transverse energy, given by
ES ~Evy;, where ¢, is planar critical angle [11]. So for the case of non-relativistic
positive particles and other heavy ions (4 = 1), one may replace Ex by equivalent

classical expression i.e., Evl= 2wZ,Z,¢* Nyar r, we have

39 B E b
= B AnZZye*Nyapp \ 2.718

and

I - | bE
R & 8.62Z, 252N,

Thus an estimate of dechanneling width for initially well channeled particles (5\) is

obtained as

_ _ b - ,
X =43 AQM,”,1/;'— = (0.44)Aguere Z3"V/b (4.10)
T.F

where b is in A. Using above equation, the dechanneling width for He ions has also

been estimated and compared with existing theory and experimental data [12]. These

details are given in table I(b), showing reasonable agreement
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Table 1

a) Dechanneling widths for Positrons in Al for various initial states

Particulars of Dechanneling widths in pm

the crystal Ao A Az A3
u 1 u 1 u u
X0 1] a8 | AW ARl | A= Al

Al(111),b=2.86A4 | 0.47 | 1.24 | 1.41 | 2.16 | 2.35 | 2.82 3.3

b) Dechanneling width for He in Al

(Here E is expressed in Mev)
Particulars of Dechanneling width (\) in A

the crystal Experimental [12] | Quere | Present

Al(111),b = 2.86A4 85V E T9WE | 90VE




Chapter IV: Time dependent 98

4.3 Results and Discussion:

We have studied the dechanneling phenomena using time dependent formulation where
we obtained the expressions for dechanneling radius hence for the dechanneling width.
These expressions are qualitatively similar to the expression obtained by equating the
deflecting force to the restoring force [13]. In the present calculation we obtain an
expression for dechanneling width for the first time purely on the basis of quantum
mechanical considerations. By incorporating appropriate limits in the present expres-
sion for dechanneling width, equivalent classical expression is aso obtained. For ex-
ample, in the case of heavy non-relativistic particle where v ~ 1, the above expression
Is identical to the one obtained in classica analysis. The present procedure provides
a simple and convenient way to estimate the order of magnitude of the effect and its
scaling with particle energy and planar potential. This expression is very close to that
obtained by Quere’s classica analysis where continuum model and phase dependence
of the approaching particle are considered. Quantitatively the present calculation may
over-estimate the actual dechanneling width by a numerical factor and this may be
because of the semiclassical approximation namely the maximization of dechanneling
probability and fixing w correspondingly. However one may put appropriate numeri-
cal constant to fit with experimental data as was done by Lindhard for his power law
potential ( C' = /3).

The result also confirms the results of earlier chapter, where one can notice that

P = L = ro « /7E, so that dechanneling cross-section varies linearly
‘JTZ] dechp

with E and for higher energies this will be slower than E as seen in Eqn.(4.8). It is

o VE as proposed in the case of heavy particles in classical framework [6, 14]. These

results also conform the qualitative energy dependence i.e., dechanneling cross-section
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varies linearly with E at relativistic energies as confirmed by the bent crystal channel-
ing experiments done by R. A. Carrigan, Jr. [15], He also mentioned that increasing
the bending is in "some sense” like raising the atomic number of the crystal. From
the Eqn.(4.10) one can see that the dechanneling radius increases with Z, which means
that the critical region increases with Z, and this in turn implies that the channels
are distorted heavily. So the present theory shows that the bending increases with Z,
and hence also applicable for the channeling studies with bent crystals . So one may
infer that materials with higher values of Z, are appropriate for bending of beams.
Fig. (4.2) shows comparison of present calculation with the work done as part of
previous chapter. As expected, dechanneling probability fdls off sharply(for large cur-
vature i.e., large distortion as compared to that obtained with bound-bound transitions
in sudden approximation. On the other hand for sufficiently smaller curvatures, the
dechanneling probability decreases dowly as compared to that obtained with bound
-bound transitions. We expect present theory to be valid for wider range of dislocation
concentrations. The gquantum mechanical results under suitable limits reproduce the
known classical results qualitatively. The quantitative agreement is also satisfactory as
seen from table |. This shows the basic concepts applied to this complicated problem
for the first time lead to some interesting results especialy, in the light of bent crystal

channeling.
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Chapter 5

Summary and Conclusions

The channeling phenomena and its severa applications in defects and radiation damage
have been studied extensively by several authors within the frame work of classical
mechanics. In the introductory chapter, with a preview to the theory of channeling,
the classica aspects of effects of defects have been discussed. As the particle velocity
increases, the quantal corrections to the classical description are negligible. The kind
of description (whether classica or quantum) is governed by the product of mass of the
particle and the strength of the particle-crystal interaction potential.

Morover, in recent years the interaction of light particles (like positrons) with
matter acquired a specia significance because of their sensitiveness and importance
in probing various kind of defects present in the solids. The realization of hidden
descretnesspresent in these systems motivated us to work in this direction as it has
taken over usual classical approach, especialy for these light particles. This is so,
particularly in the context of electron/positron channeling radiation spectroscopy where
there were clear indications of descretness in the transverse energy. These aspects
(like sensitivity and descreteness) stimulated us for the development of these quantum
mechanical formulations with specific reference to positrons.

It is well established that the motion of positively charged particles in the trans-
verse direction can be described by the harmonic oscillator to a first approximation,

whereas in the case of electron channeling the shape of the transverse potential is an
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inverted parabola; transverse motion being confined within the cusp shaped potential
centered around the axis or plane of atoms.

We have investigated the quantum aspects of the processes in the context, of the
effects of extended defects (specialy stacking faults and dislocations) on channeled par-
ticles, Keeping in mind their specific applications to channeling radiation spectroscopy.
Restricting to positron channeling, on the specific assumption that the crystal is other-
wise perfect, channeling and dechanneling probabilities corresponding to stacking fault
and dislocation situations, have been calculated using the sudden approximation. For
the case of stacking fault, the dechanneling process is described through the effects
of obstruction to the channeling particle and one can notice that resulting dechan-
neling probabilities obtained from these quantum mechanical treatments do not have
explicit energy dependence as was the case in classical description. We aso compare
the present results with those obtained by classical approach; the comparision of classi-
cal dechanneling probability with present quantum mechanical results is fairly good as
the classical results fdl in between xo and x; calculated from the present qguantum de-
scription. The effects of temperature on the dechanneling probability (xo) for initially
well-channeled particles are considered through the thermal correction to the screening
function ar r where we show the variation of xo with pt is linear as that was noticed
in the classical calculations.

In the case of dislocations the dechanneling is mainly due to the distortions
of the planar channel. These distortions give rise to additional centrifugal energy in
transverse direction which eventually increases the transverse energy of the particle
beyond the potential barrier to cause dechanneling. Classicaly this corresponds to
centrifugal force exceeding the restoring force and sinfting of the equilibrium axis away
from the geometrical axis of the planar /axial channel. Quantum Mechanicaly this

is equivalent to the scattering of bound states from the corresponding perturbation
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potential to the scattering states. In chapter 3, we studied the dechanneling processes
by continuous distortions of the planar channels, mapping to three distinct regions,
and invoking corresponding displaced and modified wavefunctions. This happens for
channels far away from the dislocation which in turn implies applicability of present
calculation to lower concentrations (i.e. no interaction between dislocations). On the
other hand the channels close to the dislocation axis are distorted so heavily in that
regime, that one can not talk of crystallographic channels since their long range order
Is reduced as discussed in classical analysis.

For the dislocation case, we found that dechanneling cross-section/width varies
as EY%in the same way that was noticed in the classical description. However, in
relativistic regime, this dependence is amost linear, confirming the observations in the
bent crystal channeling experiments.

In both the cases of stacking fault and dislocation, we notice interesting left-
right symmetry inbuilt in these problems that are not clearly realized in classical de-
scriptions. In the present simple model calculations, these effects are manifested in
natural way. The usefulness and completeness of these descriptions lie in the fact that
the general expression obtained by usis useful for arbitrary values of quantum numbers;
apart from these calculations, this result can be used in various fields.

The present theory is valid as long as the number of bound states supported
by the transverse potential (surrounded by the planar channel) is small. This happens
for light particles like positrons in Mev range.

We improve the formulation developed in the chapter 3, by invoking the time
dependence in the distortion term where the dechanneling is studied using time depen-
dent perturbation theory. Here a complete formulation of the dislocation problem is

deduced starting with a well defined initial state problem and detailed calculation is
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presented in the frame work of quantum mechanics. The expressions for dechannel-
ing probabilities are derived by incorporating the fact that dechanneling probability is
maximum for channels that are situated at or below a critical distance r = r, from the
dislocation and this happens for w = yv,/r,. The expression for dechanneling radius
and hence for the dechanneling width is derived for the first time in the literature,
purely on the basis of quantum mechanical considerations. Here we find that A = 2ry;
akin to that given in classica analysis. By incorporating appropriate limits in the
present expression for dechanneling width, equivalent classca expression is obtained
and usefulness of this time dependent approach lies in the fact that the results obtained
here are in good agreement with those from the existing classical theory and as well as
experiment.

These results aso confirm the qualitative energy dependence in the classica
limit and confirm with those results given on the basis of sudden approximation used
in the chapter 3. In this time dependent framework, we present for the first time that
the bending of the channel increases with Z, and it varies as 2, . Thus we made
an attempt to integrate normal dechanneling with bent crystal dechanneling. We ex-
pect this theory to be valid even for sufficiently higher dislocation concentrations. The
quantum mechanical results under suitable limits reproduce the known classical results

qualitatively and the quantitative agreement is aso satisfactory.
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Possible Future work in this direction

In our investigations we concentrated mainly on quantum aspects of dechannel-
ing mechanism for planar case with reference to positrons. However, the extension of
this formulation to axial case might be very interesting where one has to deal with two
dimensional Schrodinger equation and corresponding wave functions are degenerate.
Here one can expect this degeneracy might be lifted to some extent by the presence of
these defects.

These calculations are very important in the context of channeling radiation,
which is due to the spontaneous transition among various quantum states. Here the
population of the quantum states is to be consdered both at the entry surface (i.e.,
just before entering into the crystal) and at the defect site as this corresponds to fina
population. The product of these populations and the transition probability yields
radiation intensity. Moreover the possible degeneracy in the wavefunctions will be
reflected through the spread in radiation frequencies and line widths.

The general expression obtained in chapter 2 is applicable when the coupling
constants of the wavefunctions in the overlap integral are same. However one can try
for similar kind of expression when the coupling constants differ as in the dislocations,
treated in chapter 3.

As reported in this thesis, the effect of periodicity in the transverse direction
is not significant for our dechanneling probability calculations and the energies under
consideration. However these effects are important for lower energies where the number
of quantum states n,,, ~ 1. In that case we have to incorporate these periodic effects
in the wavefunctions using Bloch functions where one has to match the wavefunctions

to get quas momenta. This kind of formulation will incorporate the detailed effects of
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band structure.

The effects of temperature are to be incorporated in the dechanneling calcula-
tions because these probabilities are influenced by the thermal fluctuations of atomic
planes/rows. These effects are incorporated in stacking fault case in terms of thermal
correction term p.. However at sufficiently higher temperatures this kind of fluctuation
causes further dechanneling because, there the phonon excitation plays an important
role at higher temperatures. Hence more rigorous treatment is needed to get more
insight into the actual physical phenomena of these effects.

Present work contains important results and provides severa interesting fea-
tures in the dechanneling process of light particles. We hope that this will initiate
further development of such theoretical models and yield many more useful results.
More refined experiments are to be done to check the validity of such models so that

one can have improvements and further developements of these models in near future.
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