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SYNOPSIS

Introduction

When charged particles are incident on crystals along one of the major crystallographic
direction, they penetrate larger distances in these crystals than when the particles
are incident along random direction*. This effect is known as channeling [1-3]. This
term visualises atomic rows and planes as guides that steer charged particles along the
channels between rows and planes by means of correlated series of gentle small angle
collisions [4]. The main result of these small angle collisions are to avoid al small impact
parameter process like RBS, inner shell excitations etc. Basically the projectile interacts

with free electron gas and some of the outer most shells of target atoms.

Channeling techniques find their applications in many frontier areas of physics, lon
beam analysis, semiconductor superlattices studies [5] crystal defect studies, backscat-
tering analysis and ion implantation are very few among them. Using this technique one
can improve the depth resolution of the ion scattering method and improve its sensitivity
to light impurities [4]. Both Rutherford backscattering and channeling are simultane-
ously used for studying various phenomenon occuring in strained layer superlattices [5].
The channeling effect can be and has been used to locate foreign atoms in a crystal and
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 Charge density and Interatomic potential is basis for abetter
understanding of any phenomenain physicsin general and in the field of channeling and
its applications in particular [2,6]. Most of the interatomic potentials (Thomas-Fermi
type) and corresponding continuum potentials [2,6] used in the channeling studies are
of statistical nature. We have tried to relax the statistical nature inherent in all the

Thomas-Fermi type potentials and obtain a suitable potential which takes into account



of the atomic shell structure of th© atom. We have developed a shell charged density
[7], and using the Poisson equation, corresponding shell interatomic potential was cal-
culated. The planar and axial cases of the potential are also derived and tested in its
compatibility in various fields of Channeling like Electronic Stopping power in various
energy regions [7], Z; oscillations in Electronic Stopping power [8], Channeling Radia-
tion studies [9], and Strained Layer Superlattices [10]. A comparison of the results with
experimental results and earlier theoretical calculations shows good agreement. Natu-
rally this potential gives abetter physical picture of the interactions, because of the shell
structure inherent in the calculations which carry the signature of the particular atom

and its structure involved in the interaction.

CONCEPTS USED IN THE THESIS

i. Channeling

The influence of the crystal lattice on the traectories of ions penetrating into the

crystal is known as channeling [4], as explained in the introduction.

When a charged particle moves along certain major crystallographic directions under
specific 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 along a particular axial or planar directions. The basic conditions for channeling
to occur as proposed by Lindhard [1,2] are stated and discussed below. The particle
velocity component parallel 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 individual
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 along the string or plane and it will

see only continuum potentials instead of individual atom field. Mathematically this



condition Cor continuum approximation can be written as

Tmin ) @ (1)

vsiny ' vcosy
for gmall incident angle ¢ ,equation (1) giVesS rmin ) d¥, Where $1sthe angle of incidence
of a moving particle with velocity v, rmi iS the minimum distance of approach to the
string and dis the interatomic spacing along the axis. The continuum axial potential is
derived by finding the average of the interatomic potential along the string (axial) and

is given by
Urr) = / —V(\/ft’-l-_r’) (2)

where z is the longitudinal direction, r is the distance from the string and V(R)is
the interatomic potential. The continuum planar potential is obtained by finding the

average of the interatomic potential over the particular plane and is given by

V(y) = 2xNd, ] rV(/r2 + 2)dr 3)

where N is the bulk density of atoms in the crystal, d, is the interplanar spacing and y

Is the distance measured from the plane [2].
ii. & Oscillations in Electronic Stopping Power

The electronic stopping powers of solids for low-velocity channeled heavy ions exhibit
an oscillatory dependence on the charge Z, of the incident channeled ions. Thisis called
Z\ oscillations [11,12]. This occurs in random case also. But the magnitude of oscillations
is diminished and the maximuam to minimum ratio of electronic stopping power islower in
random case. The maxima of the electronic stopping power occurs around Z\ =6,20,38
and minima around Z;=10,29 and 47 [2,8]. In this low velocity region (v < w,Z3/°,

where ¥, is Bohr velocity), the nuclear stopping power is small compared with electronic



«topping power and it further suppressed because close collisions of incident jons with

target atoms are completely avoided in the channeling.

According to Briggs and Pathak [12], the energy low is attributed to the scattering of
target electrons in the potential field of the moving projectile and most of the stopping
power contribution comes from atransfer of momentum between the electrons of the ion
and those of the target atom because of overlap of electronic clouds as the ion passes.
This transfer of momentum can be considered to be affected by the elastic scattering of

the target electrons through the charge cloud of the moving ion.

The mean energy lost per unit path length by an ion with velocity v has been shown

to be

dE
e = nmv’Q, (4)

where n is the density of electrons m is the electron mass and Q4 is the momentum

transfer cross section and is given by [13]
_ 4x I . 3
Q=73 L0+ Dain’(n - )

where Ak is the electron momentum in the centre of mass frame. The phase shift 5y of
the the /-th partial wave of the electron wave function can be calculated by numerically

solving the radial part of Schrodinger equation

CPG' —+ [K*+ U(r) ——l‘([;: - G]=0 (6)

where G is the radial wavefunction corresponding to the i-th partial wave and k is the
electron wavenumber corresponding to the projectile velocity given by k = \/m’.
for an energy E and U(r) = (2m/h®)V(r) where V(r) represents interaction between
target electron and projectile.



Since the potential between the electron and projectile V(r) varies more rapidly than

1/r, the asymptotic form of the radial wave function can be written as
. In
Gi(r) ~ sin(kr — 7 +n) (7)
In the absence of an atomic field, eq.(6) gives the solution whose asymptotic form is
1
Gi(r) ~ (kr — 3ix) . (8)

The magnitude of the phase shift gy is determined by the competition between the
attractive potential V(r)and the repulsive centrifugal potential /(/ + 1)/r? and is com-
puted by finding the shift in the nodes of solution (7) with respect to the corresponding

node of the solution (8) for large .
iti. Channeling Radiation

When a relativistically fast charged particle is channeled in a crystal, it undergoes
periodic motion due to steering by major crystallographic axes or planes, this back and
forth accelerated transverse motion of charged particles yields observable electromagnetic

radiation. Thisis called channeling radiation [9].

The longitudinal relativistic motion results in Lorentz contraction along the axes or
planes and hence the strength of the continuum potential is enhanced by & factor v (=
llm). This happens in the rest frame of particle. For the observation of
electromagnetic radiation in the laboratory frame, the emitted radiation frequency is
Doppler-shifted in the forward direction by a factor 27, so overal enhancement in the
frequency, of the order of 29 results for forward emission. The observed frequency is
given by w = 2r?w,, where w, is the origina frequency due to spontaneous transition
among the discrete eigenstates for transverse motion supported by the continuum planar

or axial potential of the crystal.
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iv. Strained Layer Superlattices [SLS]

Strained layer superlattices (SLS) consist of alternating layer structures with a slight
lattice mismatch, so that for sufficiently thin layers, no misfit defects or dislocations
are generated [5]. The resonance phenomenalike Catastrophic Dechanneling Resonance
(CDR) and Resonance Channeling have proved to be very useful for probing important
properties of SLS. CDR occurs when the path length per layer (s) of a SLS matches with
halfwavelength (A/2) of planar channeled ion beam, i.e., A/2 = s. The complimentary
phenomena of resonance channeling occurs when A = a. Dechanneling is maximum
in CDR case because a large fraction of planar channeled particles are simultaneously

focussed on to channel wall under resonance conditions.

The equation of motion for a particle in a SLSis given by

d’z 1 d

kR (1P A(z - jo)

jml

where x and z are the transverse and longitudinal displacement of channeled particle
respectively and x is measured from the midpoint between the planes, E, is the longitu-
dinal energy, Ay is the angular shift at each interface, 6 denotes Dirac deltafunction, n

is the total number of layers and U(z)is the averaged continuum planar potential given

by
UX = Y(I - X) + Y(I + 2) - 2Y()) (10)

where Y (=)is the planar potential and / = d,/2. The tilt is represented by Dirac delta
function on the R.H.S. of the equation (9). This tilt is aresult of elastic accommodation

of strain and is a direct measurement of strain in SLS [5)].
v. The Potentials used in the thesis

[@)] Moliere potential.
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Mokliere interatomic potential is given as [2]

Zl ZQC

Vu(R) = E jexp(—biR) (11)

=]
with a,=0.35, a,=0.55, as=0.1, b,=0.3/a, b3=1.2/a, by=6/a.
where Z, and Z, are the atomic numbers of projectile and target atoms respectively, a

is the Thomas Fermi screening radius and is given by

0.8853a,

= = 0.8853ap (12)
(2" + ZPphe

where ap = a,/(Z° + Z3/*)/? is the Bohr screening parameter, and a, is the Bohr
radius.
The Moliere axial potential is derived using continuum approximation and is given by

2 K. (b;r) (13)

where K, is the modified Bessel function of order sero. The Moliere planar potential is
derived using the equation (3) and is given by
S, e~by

Yu(y) = 2xNd,2,Z;¢* Y —— (14)
=1 '
[b)] Lindhard potential.
Lindhard interatomic potential is given as [2]
Zy2;¢? ( R )
Vi(R) = 1- 15
i(R)= =% T (15)
with ¢ = /3, where c is the Lindhard constant. Lindhard axial potential is given as
2 1/2
Uy(r) = Eif’i B (1 + ‘%‘3) (16)

nndl.indhudﬂanupotentin.liagivenby

Yi(y) = 2xNd, 2, Z,¢°[\[/y? + c%a® — ] (17)
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[c)] Biersack’s universal potential.
Biersack’s universal interatomic potential is given by [14]

vo(B) = 22 5 pexpl-aiR) (18

with p, = 0.1818, p; = 0.5099, ps = 0.2802, p, = 0.02817, ¢, = 3.2/a,¢2 = 0.9423/a,¢s =

0.4029/a, g4 = 0.2016/a.
Biersack’s universal axial potential is given by [7]

Vitr) = 222 5~ K, (ar) (19
=]

Biersack’s universal planar potential is given by [7]

4 1
Yo(y) = 2xNdy 21 Z5¢* Y pi— (20)

=] '
[d)] Bohr Potential.
Bohr interatomic potential is given by (2]

Va(R) = 222 o-nies (21)
Bohr axial potential is given as
Us(r) = 222 K (v /as) ()
Bohr planar potential is given by
Yp(y) = 2xNd, 2, Z3e%e~00/*8) fqp (23)

All the above mentioned potentials are based on the Thomas Fermi statistical model

where screening due to electrons is included statistically.

vi. Shell Charge Density

Usng one-term dater orbitals with optimized exponent given by Clementi and Rai-
mondi [15], the spherically symmetric eectron density due to one atom at a distance R

from the centre is given by [7]



p(R) = 4,,}:: BT e n (24

where §; is the optimised orbital exponent, w; is the occupation number of the j-th shell,
and n; is the principal quantum number.

The axial electron charge density at a distance r from the string is calculated using
continuum approximation and given by [7]

"2 (2 — m))n = DG, (267)

pa(r) = d}: 7 1 Py ey e o 1 ey 13 O

The planar electron charge density at a distance y from a single plane is calculated
using continuum approximation and is given by [7]

Ndp -1 il

vii. Shell Interatomic Potential and Continuum Potentials.

The shell interatomic potential is calculated from shell charge density. Using Poisson
equation (7]

VWV = - 4xp (27)

and we get after some detailed calculations invalving integration of the above Paisson
equation using p(r) from equation (24)

R e e

2") =1

The corresponding axial and planar potentials are derived using continuum approxi-
mation and is given below.
The shell axial potential is given by [7]

2318 (P‘ i
US(") E 2ﬂ_, E (2n _ k)'\Z{,r)*' (d(zf,f‘)"". 6(2{!")) (29)

h=1



The shell planar potential i given by [7,9].

n; n;—k ™
Ye(y) = 2xNdpZ:e? ¥ =2 ¥ k(2¢,)>~ =25y y (30)
s(y) = 2xNdpZe ?27{;; (2£;) I__:o & m!(zej)h,—k—nﬂ

The thesis includes eight chapters. The chapters are as follows.
1. Introduction

2. Electronic Stopping Power (Random Case)

3. The Shell Model Charge Densities and Potentials

4. Electronic Stopping Power (Channeling Case)

5. Z, oscillations

6. Strained Layer Superlattices

7. Channeling Radiation

8. Concluding Remarks

A brief description of above mentioned chapters are given below.

Chapter |: Introduction

Channeling phenomenon is analysed on the basis of Lindhard continuum approxima-
tion. Some of its important applications in the field of material science are outlined.

The statistical type potentials which are frequently used in the thesis are also discussed.
Chapter II: Electronic Stopping Power (Random Case).

A brief outline of the experimental setup of the electronic stopping power measurement
carried out at the 15 MV pelletron facility at the Nuclear Science Centre, New Delhi,
India are given here. Then the experimental results are compared and discussed with

the results obtained using existing theoretical models hke LSS, Bethe theory etc.
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Chapter IIl: The Shell Model Charge Densities and Potentials

Motivation to study channeling theory using shell model charge densities and potentials
are given in the first section of the chapter.

Then shell model charge density and corresponding axial and planar charge densities
were compared with other statistical type potentials. The shell interatomic potential is
then derived from shell charge density using Poisson equation. Corresponding axial and
planar potentials are also derived using continuum approximation and compared with

Moliere, Lindhard, Biersack’s Universa and Bohr potentials.

Chapter 1V: Electronic Stopping Power (Channeling Case)

Theory of stopping power for both high energy and low energy regions are outlined.
The electronic stopping power of Silicon for He ions (MeV regions) and protons (keV
region) are calculated using shell model charge density. The position dependence of the
stopping power of 160 MeV alpha particles channeled along the < 110 > axis in silicon
is also calculated. The results are compared with other theoretical and experimental

results.
Chapter V: Z, oscillations.

Z\ oscillations in the electronic stopping powers of elements are discussed on the basis
of Briggs-Pathak theory. The shell model charge density is used to calculate the stopping
powers of silicon and tungsten for ions ranging from 2\ = 6 to 2\ — 35. The results are

compared with experimental results also.
Chapter VI: Strained Layer Superlattices (SLS)

Study of strained layer superlattices using shell model potentials are made. The results

are compared with experimental results and the results obtained using Moliere and
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Biersack's universal potentials.
Chapter VII: Channeling Radiation

The characteristics of the radiation emitted from relativistic positrons and electrons
channeled along the < 110 > plane of silicon crystal is calculated using shell model
planar potential and compared with experimental results. The effects of dislocations

and defects on channeling radiations are also calculated using shell model potentials.
Chapter VIII  Concluding Remarks

This chapter contains a summary of work, concluding remarks and comments on pos-

sible future work.

Thesis Summary

The shell model charge densities and corresponding shell model potentials axe devel-
oped. Based on these models, calculations are made in various fields of channeling like
electronic stopping power, channeling radiation, strained layer superlattices etc. The

results are compared with other theoretical models and experimental results (if any).
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Chapter 1

INTRODUCTION

11 HISTORICAL EVOLUTION OF CHANNELING CONCEPT

During the first decades of this century, x - ray diffraction experiments clearly established
the existence of crystal lattices and the wave nature of X - rays. Prior to the postulation
of Bragg law, W. H. and W. L. Bragg tried to explain the Laue pattern as the scattered
photons passing out of the crystals through open channels existing in crystals [1]. They
carried out experiments in which the crystal was rotated through an angle and expected
the Laue pattern also to rotate through the same angle. Contrary to the expectation the
Laue pattern rotated twice the angle and the rest is history .... If a particle should pass
through these crystals, two essential conditions should be satisfied by the them. [2] (i) It
should find an open space between the rows of atoms (this was realised by Braggs). (ii)
There must be a force acting which steers the particle towards the middie of the channel.
These two ideas were realised by Sark in 1912 and he proposed an experiment with
protons which bore a striking resemblance to a series of experiments performed much
later in sixties which eventually lead to the discovery of Channeling. These experiments
were mainly Range measurements [5,6] and Sputtering experiments [7,8]. Souttering ex-
periments showed that Sputtering ratio for ions bombarding a single crystal depends on
the crystal orientation [7], directional dependence of the saturation value of collected
ions and the Sputtering yield for Copper crystal bombarded with Krypton ions. Range
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experiments reported [56] anomalously long ranges for heavy ion stopping in polycrys-
talline Aluminium and Tungsten. In 1963 Robinson and Oen prompted by the definitive
indications of directional effects, performed computer simulation of dowing down of 1 -
10 keV Cu atoms in various crystals and found that the ions with initial velocities lying
close to principal axial directions penetrate to abnormally large distances in the crystal
[9]. This phenomenon was named as Channeling and was further confirmed by the ex-
perimental work with monocrystalline targets [10,11]. A considerable amount of work
have been done in this fidd during last three decades and the areas of its applications
are also widening, keeping its pace with scientific progress. The advances in the research
field of Channeling theories, experiments and applications have been compiled frequently
and periodically and published in severa review articles and books [2,12-19].

The Channeling phenomenon is understood on the basis of Lindhard’s Continuum ap-
proximation theory and discussed in section 12. The various applications of Channeling
phenomena is described in section 13 and in the last section the outline of the chapter

is framed out.

12 CONTINUUM MODEL

As mentioned in the previous section, when charged particles are incident on crystals
along one of the maor crystallographic directions,or planes they penetrate larger dis
tances in these crystals than when they are incident along random directions. This effect
is known as Channeling [14-16] and in short it is the influence of the crystal lattice on
the trajectories of ions penetrating into the crystal. This term visualizes atomic rows and
planes as guides that steer charged particles aong the channels between rows and planes
by means of correlated series of gentle smal angle collisons [20] (Fig. 1.1). The man

result of these small angle collisions are to avoid al small impact parameter processes like
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RBS, inner shell excitations etc. Basically the projectile interacts with free electron gas
and some of the outer most shells of target atoms. These charged particles moving aong
major crystallographic directions under channeling conditions are not able to fed the
interaction due to individual atoms sitting at various lattice sites hut rather experience
a. collective effect of al the atoms sitting dong that particular axial or planar directions.
The basic conditions for channeling to occur as proposed by Lindhard [21] are stated and
discussed below. The particle velocity component parallel 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 individual target atom [16,21]. This implies that before the particle can expe-
rience the potential fidd of one atom, it is already in the potential fidd of the next, atom
along the string or plane and it will see only continuum potentials instead of individual
atom fiddd. Mathematically this condition for continuum approximation can be written

as

Tanin (]
. >
v sin Y v cos

which for very small 1 reduces to

Pmin > d Tfl' ( 1.1 )

where ¢ is the angle of incidence of the moving particle with veocity v, r,.;,. is the
minimum distance of approach to the string and d is the interatomic spacing aong the
axis (Fig. 1.2). Since the steering of the channeled particle involves collisons with many
atoms , one may consider in a continuum model that the nuclear charge of the atoms
in arow (plant) is uniformly averaged along the row (plane) [20]. The continuum axial

potential is given by [16]

Uir) = /l & T T ) (1.2)
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where z is the longitudinal direction, » is the distance from the string and V(/)is the

interatomic potential. The continuum planar potential is derived using the equation

given by [16]

y:N@f Jrity) 2w dr (1.3)
where N is the bulk density of atoms in the crystal, d, is the interplanar spacing and
y is the distance measured from the plane . Inorder to elucidate the basic properties of
channeling phenomenon, We introduce an interatomic potential proposed by Lindhard.
(various other interatomic potentials and corresponding continuum potentials are dealt

in detail in chapter 3). The Lindhard interatomic potential is given by

vm)zaaﬁ(%_ — : ) (1.4)

2+ (C?a?
Where C = /3 is the Lindhard constant, Z, and Z, are the charge numbers of projectile
and target atoms respectively, ¢ is the electronic charge and ay is the Thomas-Fermi
sereemng distance given by
0.8853 a,

T = Zz/i 4 A.z/a (1.5)

where a, is the Bohr radius. Using continuum approximation (equation (1.2)), the axial

potential can be written as

7, Zy €2 Y ar\?
Up(r) = B LA [(( “") 4 l] (1.6)

d "

where d is the average distance between two atoms in the rows. The critical angle .

above this angle of incidence, the continuum approximation (equation (1.1)) becomes
invalid and is calculated using conservation of energy equation. The total energy E of a

particle inside the crystal is [16,20]
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2 2
p
L+ B 4 oy (7

EF =
2M 2M

where M is the mass of the particle, p\ ( =pcosi ) andpt ( = psiny ) arethe parallel
and perpendicular components of the momentum with respect to the axial direction.
The first term and last two terms of the equation (1.7) are equal to the Longitudinal and
Transverse energies respectively. For very small incident angles the transverse energy Ex

can be written as

2 2
Py ,
om U

= E¢ + U(r) (1.8)

The first and second terms of the equation (1.8) correspond to kinetic energy and potential
energy of the projectile (particle) respectively. The total and transverse energies ac-
conserved.

The critical angle is determined by equating the transverse energy at the turning
point U/(rm:n)o the transverse energy at the midpoint Ev'?.  For high energy particles
rmin 1S considerably small and can be neglected in the equation (1.6) and the particle

incident with an angle ¥ < 1»; will ve channeled and is given by

/

_ 2 Zl Zz e?
W o< Yy = T (19)

For low energy incident particles, one should use the full expression of the equation (1.6)

and the particles will be channeled with an incident angle less than v, andis given by

Carpp
7 Y

_g/» 0 “/"2 — W (110)
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Based on the councept of closest approach r,,;, (Fig. 12) one can calculate the Min-
imum yield xm.in, 1€, fraction of channeled particles for incidence parallel to the crystal
axis (¢ = 0) [15]. Around each axis there is an area nr2,, in which particle cannot
channel and particles incident a » > r,,;, can channel. If R, is the radius of the channel,
the minimum yield x .. is defined as

-

oo e Mman
Xmin = - Il)ﬁ (1.1

The corresponding Lindhard continuum planar potential is calculated using equation

(2.3) and is given by [16]

Yu(y) = 27 2 Zy €2 N d, [\/(y"- + C2ak) — y (1.12)

The critical angle for planar channeling v, is given by [16]

\/2 T2y Zy et N d, ar
1/);. —

E (1.13)

If ymin is distance of closest approach to the plane, the corresponding minimum yield

\p for planar channeling is given by [20],

2 Ymin

d

Xp = (1.14)

i’J

which is substantially larger than corresponding vaue r,,;, for axial channeling.

The concept of distance of closest approach to the string or plane implies that chan-
neled ions oscillate between the strings or planes of atoms and it never penetrates closer to
the string than r,,.;,, Or y.:,. The minimum distance of approach can be approximated to
the Thomas Fermi Screening distance arfor many practical cases. All the close encounter

processes likeé nuclear reaction etc are least likely to happen in channeling situations.



Chapter 1. INTRODUCTION 7

A similar orientation effect called Blocking occurs for positively charged particles
coming out of lattice sites inside a crystal. This implies that the particle is either emitted
from the nucleus at one of the lattice sites (through processes like radioactivity) or results
due to the large angle Rutherford Scattering of incident beam [15]. Since the impact
parameters involved in large angle scattering are severa orders of magnitude smaller
than the zero-point thermal vibration amplitudes far atoms in crystals, the two types of
particle emission are indistinguishable. The role of the incident beam is to create particles
that emerge from the lattice sites. Blocking and Channeling phenomenon are identical
and reciprocal to each other in certain conditions where the incident particles,energies,
crystals and crystal directions are same in both experiments and the energy loss of the
particle to crystal is negligible. In the absence of energy loss processes the Chanucling
and Blocking processes are related to one another by time reversal [15,21]. In measuring a
channeling dip one determines the probability of a wel collimated incident beam having
a head-on collison with the nucleus of the target atom. This probability is measured for
various relative orientations of the incident beam and the target. The same procedure
is repeated for Blocking experiment, where it determines the probability that particle
emerging from an atomic nucleus will hit a wel collimated detector. This time reversal

rule has been verified experimentally [22]

Although Lindhard’s Continnum model which is based on a classica theory, success
fully predicts important features like critical angle and minimum yields and their de-
pendence on fundamental parameters (2\, Z,, I etc), for lighter particles like positrons
and electrons one needs quantum mechanical treatment. A criterion has been derived
for validity of quantum mechanical versus classica description. This requires that the
product of mass of the particle and strength of the interaction between the particle and

the crystal should remain small for validity of quantum mechanical treatment [16,23-25].
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1.3 APPLICATIONS

(‘hanneling techniques find their applications in many frontier areas of physics. lon
implantation, defects and radiation damages studies, backscattering analysis, semicon-
ductor superlattices studies are very fev among them. Using this technique one can
improve the depth resolution of the ion scattering method and improve its sensitivity
to light impurities . Both Rutherford backscattering and channeling are simultaneously
used for studying various phenomenon occuring in Strained layer superlattices (discussed
thoroughly in chapter 6). The channeling effect can be and has been used to locate
foreign atoms in a crystal and the energy dependence of dechanneling gives information
of the nature of the defects. The magnitude of the dechanneling cross section is used to
find the amount of damage present in the crystal.

Channeling techniques are extensively used for preparation and characterization of
new materials through ion implantation [17,26,27] Since the channeled ions penetrate
deep in to the material (Range is very large compared to random case ), the find depth
reached by the ions can be increased for a given incident energy. In channeling situations
the head-on collison of atom with the ion is very rare and consequently the radiation
damage caused by the beam is very low in this case. The range distribution of the ions
are very sensitive to the dechanneling effects due to temperature, defects etc. This factor
partly limits the reliability of channeling technique in lon implantation studies

The channeling techniques can be and has been used to determine the lattice site of
an impurity in a single crystal. When the impurity is situated on a regular lattice site
(ie substitutional) it will have no effects on the channeling. However, when it is located
al an interstitial position, it may obstruct the path of channeled particles aong certain
directions and may be shadowed by the atomic strings aong certain other directions

(Fig. 1.3). Hence by performing channeling experiments along some of these directions
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one can determine precise location of the impurity. The other important factor to realize
is that the dechanneling cross sections due to certain type of defects or dislocations are
energy dependent [16,28-30]. So by probing the ion beams through different orientations
by observing the nature of energy dependence on the dechanneling cross section one will
be able to pinpoint the type of defects or dislocations present in the crystal.

Steering of high energy ((G'eVregion) charged particle passing through bent crystals
using channeling technique have immense practical applications [31]. This is because the
crystal field with its ~ 10" Vm~\ exceeds by many orders of magnitude any external
fidd produced in the laboratory [18] and can replace large and expensive magnets used
in the laboratory for bending of beams.

Channeling radiation emitted from relativistic channeled particles [32] have the pro-
spects of constructing intense tunable X -ray and + - ray source. Theory and properties

of this channeling radiation are extensively discussed in chapter 7.

14 OUT LINE OF THE THESIS

The Electronic stopping power studies in the random case are discussed in the next
chapter with the support of the experiment which we performed a  Nuclear Secien e
Centre New Delhi, India using a relatively new technique (ERDA, Elastic Recoil Detect ion
Analysis) to get the ion beam.

A thorough knowledge of Charge density and Interatomic potential is basis for a better
understanding of any phenomena in physics in general and in the field of channeling and
its applications in particular. Mogt of the interatomic potentials (Thomas-Fermi type)
and corresponding continuum potentials used in the channeling studies are of statistical
nature. We have tried to relax the statistical nature inherent in al the Thomas-Fermi

type potentials and obtain a suitable potential which takes into account of the atomic
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shell structure of the atom. We have developed a shell charged density and using the
Poisson equation, corresponding shell interatomic potential was calculated. The planar
and axia cases of the potential are also derived. This is the main feature of chapter 3.
In chapter 4, the electronic stopping power for channeling case is discussed. The Shell
model charge densities are used to calculate the position dependence of stopping power
in planar and axial cases. The theoretical results are compared with the experimental
data and the results obtained from other theoretical models.

Z\ oscillations in the Electronic Stopping powers of elements are discussed on the
basis of Briggs- Pathak theory and the actual stopping powers have been calculated using
shell model charge density in chapter 5. The results are compared with the experimental
results also.

The effectiveness of using shell modd continuum potenials are tested in the frontier
fidds of channeling like Srained Layer Superlattices and Channeling Radiation. The
results are discussed in chapter (i and chapter 7 respectively with the support of experi-
mental data and the results from other theoretical models.

Chapter 8 contains a summary of work presented in the thesis with some concluding

remarks and comments on possible future work.
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Kg 1.1: View down the < 110 > axial channd in a diamond structure crystal showing the
spiral path followed by atypical channeling particle. ( After W. Brandt, Scientific
American, 218, 90, (1968). )
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Fig 1.2: A channeled trajectory allowing various quantities such as incident angle ¢ ,

minimum distance of approach rmis and snteratomic distance d
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Fig 1.3: A two dimensional model illustrating how the channeling effect may be used to
locate foreign atoms in acrystal AB shown by the table three possible sites for a
foreign atom (+, O and X ) can be readily distinguished by comparing the
channeling behaviour along the < 01 > and along the < 11 > direction



Chapter 2

ELECTRONIC STOPPING POWER (Random Case)

21 INTRODUCTION

Even after many decades of its experimental observation and theoretical interpretation,
the study of energy loss of charged particle propagating through solids is still attracting
attention of researchers and is used extensively for probing and analysing various phe-
nomenon occuring in the fidd of atomic, nuclear physics and condensed matter physics
[1,2]. Charged particle loses its energy through two processes. (i). electronic energy loss,
where the particle loses energy through inelastic collison (excitation,ionization) with tar-
get electrons. (ii).nuclear energy loss, where the energy of the particle is transferred to
the target nucleus resulting in atomic vibrations and possible displacement / dislodging
of these atoms / ions. Nuclear stopping is predominant only at very low velocities (~ 10
keV/amu)and at higher velocities it can be neglected. Any correlation between nuclear
and electronic stopping can be completely ignored except for single scattering studies [3]
and for very thin targets. The total stopping cross sections of ions in the solids is the
sum of contribution from the electronic and nuclear stopping cross sections. The velocity
dependence of stopping power, as an ion passes through solid is elucidated below.
When an energetic ion moves in asolid (target) with avelocity higher than the velocity
of innermost orbital of the solid, most of its electrons are stripped of and essentially a

bare nucleus moves through the solid (Region | in Fig. 2.1.) [4]. As this energetic ion
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loses energy to the target through various processes such as excitation and ionization
of the target, its velocity decreases. When the velocity approaches a velocity equal to
that of electrons in the innermost orbit, the probability of capturing an electron in that
particular orbit increases, where as the probability of losing an electron from that shell
decreases, so that electrons are captured in that inner shell. When the ion velocity
further decreases and becomes comparable to the velocities of successive orbital electrons
, then the electrons are captured successively in those shells (Region II in Fig. 2.1.), and
consequently at velocities of the order of critical velocity (v. = v,Z{""), a neutral atom
moves in solid (where v, is the Bohr velocity and 2\ is the atomic number of projectile
ion). Theregion of velocities below these velocities is called low velocity region (Region Il
in Fig. 2.1.), where the rate of electronic energy loss decreases with decreasing velocity.
At low energies, nuclear stopping beomes significant. The main effect is dislodgement of
atoms from their bonding states and creation of radiation damage in the target material
[4. When the energy of the primary displaced atom is large enough to dislodge more
atoms, a damage cascade is induced giving rise to secondary and other higher order
damage cascades. For still lower energies of incident ions the chemical binding among
the atoms of the target material is more important and energy is given to the target

crystal as a whole; in this case the ion is said to be stopped in the target.

Only afew energy loss data for heavy ions are available in the low velocity region [5
A knowledge of accurate heavy ion stopping powers in various elements and compounds
are essential from both fundamental and practical points of view. Heavy ion beams
are routinely used in lon Beam Analysis techniques for depth profiling and elemental
anaysis of materials [6]. In addition to their utility in lon Beam Analysis techniques,
Cnergy |oss values are essential input parameters for most nuclear physics experiments,
Such as life time measurements by the Doppler shift attenuation technique, analysis of

data recorded by particle track detectors,etc. Therefore, applications of the basic energy
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loss or stopping power data are significant.

We have performed a series of energy loss measurements of various target-ion com-
binations in the energy range of 10 to 50 atomic units of velocity a Nuclear Science
Centre (N.S.C.),New Dedlhi, India [7,8]. We have been systematically carrying out the
stopping power experiments in the low velocity region using heavy ions (7, — 8 — 29)
with a broader perspective to supplement the insufficient stopping power data available
in this region. It was theoretically predicted that the Z, oscillations in the channeling
electronic stopping power [4 will damp out, when one increases the projectile velocity
above 2—3v, [9]. So far this prediction eludes experimental verification due to inadequate
stopping power values in this region as mentioned earlier. We hope we can veify this
theory in near future specially when channeling experiments are possible d, N.SC. New
Dehi. As of now, in the absence of Goniometer a this Palletron, we have been able to
do only random stopping power measurements. To ensure optimum usage of the beam
time, we have developed an ingenious method for doing energy loss measurement using
Elastic Recoil Detection Analysis (ERDA) experiment. As a new approach, recoil ions
produced in heavy ion scattering (ERDA) were utilised for energy loss measurements.
Secondary recoils of the required 2\ value generated by the bombardment of high energy
heavy ion on a particular target is utilized here. So the various secondary ion beam
can be produced by merely changing the targets. The energy loss of the recoil ions was
measured by keeping two surface barrier detectors, with and without target foil, at the
same recoil angle, with their gain matched with pulsers before the experiment. Different
energies of the secondary beam could be selected by changing the detection angle. A
similar technique has aso been used for stopping power measurements by anotlier group
[10-12]. The details of the experiment are outlined in the section 2.2, the theoretical
models used to compare the experimental results are discussed in section 2.3 and results

and future programme of ongoing experiment is discussed in the section 24
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22 EXPERIMENTAL DETAILS

The electronic energy loss measurements were carried out a the 15 MV Palletron facility
at the Nuclear Science Centre, New Delhi, India [7]. A Schematic diagram for experi-
mental setup is shown in Fig.2.2. A wdl collimated primary beam of '*"/and '¥? Awions
(80 -130 MeV) were used to generate secondary recoil ions of various species of targets.
Targets with different Z's were mounted on the target ladder of a scattering chamber
facility of the Palletron.The recoiled ions were then detected by surface barrier detectors
before and after their passage through the mylar (carbon) foils. Rectangular Ta dlits of
4mm X 8mm area defined the solid angle for the detection geometry. As the incident
energy is below the Coulomb barrier, only Rutherford scattering is possible.

The experiment was carried out in a scattering chamber of 1.5m diameter [13]. The
rotatable detector arm mounted inside could be moved from outside the vacuum. The
angle of detection could be changed with a precison of 0.05°. The vacuum in the scat-
tering chamber was 1 x 107¢ Torr. The target ladder could also be rotated and there was
a provision for n wvacuo transfer of the target. This facility therefore gave the advan-
tage that the energy of the recoiled ion beams could be varied by changing the forward
angle of detection. Since the elastic primary beam will not be scattered beyond 0,,.. =
sin~'(M,/M,)the detection angles larger than 0,,.., could be chosen for different recoil
ion beams, thereby avoiding large count rates from the elastic events. The targets were
tilted with respect to the primary ion beam direction so that the recoils were obtained in
the reflection geometry. The stopping cross sections were determined by measuring the
energy of the recoil ions with and without the mylar (carbon) foils using surface barrier
detectors with depletion depths of 60um. The thickness of the mylar (carbon) film was
measured by alpha - energy loss method. The surface barrier detectors were energy cali-

brated using an 2‘Am alpha source. Care was taken to monitor the energy calibrations
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of the detectors at regular intervals by using the standard pulsers duly adjusted before
the start of the experiments.

Two detectors, one with the mylar (Carbon) fall and another without the fail, were
mounted in slots provided in the scattering chamber angular arms. These slots were
6° apart from each other. The detectors were swung into the path of the recoil beams
one after the other and the energy spectrum of the secondary recoils were recorded. The
difference in the measured energies of the particles in the two detectors gave us the energy
loss in the fail.

The incident primary beam will produce secondary recoil beams of a range of cnergies,
depending on the depth from which the recoils are emerging. For the recoils generated

from the surface, the energy is given by

IMM,
ﬂ__._____E“ . ..2 .
(M, + M) o o o 21

where M, and M, are the masses of the primary ion beam and target atom (in atomic-

1
L'l‘lff' =

mass units) respectively, ¢r 1s the recoil angle in degrees, which was varied to carry out
the measurements at different energies.

The experimental values deduced have errors of about 3.5% which includes errors aris-
ing from the fail thickness measurements and errors in the calculations of recoil energies
from spectra. To minimize the energy uncertainty resulting from kinematic broadening,
the detector solid angles were taken to be about 0.2 msr. The surface barrier detectors
generaly had pulse height defects [14] for detection of heavy ions. This defect would
lead to an incorrect energy determination of the particles. Since the pulse height defect
increases with the mass of the ion and its energy, it was estimated [14] for Ti ions of
energy 27 MeV and was found to be 0.05 MeV. Therefore, the error resulting from thig

effect is 0.05%.
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23 THEORETICAL CALCULATIONS

An exhaustive collection of stopping power data and various theoretical models were
reported elsewhere [15-18]. Mogt of our ion velocities belong to low velocity region and
some arejust above thisregion. LSS theory [19 which is based on the assumption that the
electron density in the target varies dowly with position, can be used to get. a theoretical
estimation of ,Jectronic stopping power in this lov velocity region. Varelas - Biersack
approximation [20] holds good in intermediate energy region, and Bethe formula [18,21]
can be used to calculate electronic stopping power in high velocity region. It is to be
noted that, we have used Bethe formula only to apply Varelas - Biersack approximation
to electronic stopping power in the intermediate velocity region.

At low velocities (v < v, Z4; = v,.), the stopping power can be written as N.S,, where
N is the number of atoms per unit volume and S, is the electronic stopping cross section
per atom. According to LSS theory [19], which is based on Thomas Fermi model, the

electronic stopping cross section can be written as

AVAR

Sg. = £ 87 e*q,
7 Ua

2.2)

Where e is the electronic charge and Z1 and Z, are the atomic numbers of projectile ion
and target atom respectively, @, is the Bohr radius, the constant ¢ is of the order of le/ 6
ad 722 = 7% 75,
The electronic stopping power (d£/dx)ds given by [19
dF
(E?) = NS, (2.3)

where N is the atomic density. The electronjc gopping power can be evaluated in

MeV/mg/em?units and is given as
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dE Z]Z? v
— ) =11.53279 —_ .
(dm),. 11.532790 ngZi!r, (2.4)

where A is the mass number of target atom. Another related quantity of interest is

Reduced stopping power (dE/dx)qdefined as

dE dE Z
(d.’l‘)H_ (Tl-.l—)p i (f Zl Zg) (25)

Both the energy loss and velocity of the ions are reduced in such away that the LSS values

fdl on a straight line intersecting the origin [22] (shown in Fig.2.3). For Mylar, we have
used Bragg’s Rule for calculating stopping power. According to Bragg’s Rule, energy
loss of a compound target is the sum of the energy losses of the constituent elements
weighted by the abundance of the elements [2]. We have dso calculated the stopping
power of Mylar by substituting the effective atomic number of Mylar ( Z.;; = 6.46) in
the equation 2.2. At high velocities (v > v,.), Bethe formula can be used to calculate

stopping power. Bethe formula is given by

727 4 v e
Spy = 4m 2 {I-zt . 21muv (2.6)
' muv? [
Where / is the mean excitation energy of a target atom. The logarithmic term L{X) can

be replaced by an universal function of a parameter X — v*/ v?Z,. For low velocities

[23] X < 10.

L(X)=1.36X"%-0.016X3? 2.7)

Fano [24] found that above equation overestimate /.(.X') for stopping media of low atomic
number, since the statistical treatment was not expected to be vdid for atoms containing

only afew electrons [25].
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For intermediate energy region, there is no concrete theory that can satisfactorily
explain the stopping power maximum. Varelas - Biersack [20] suggested an approximation
for stopping power in the intermediate energy region. This is given in terms of vaues

obtained using low velocity formula Sg r and high velocity formula Sg,u as

Skam = Sgi + il (2.8)
we have used this approximation to estimate stopping powers in the intermediate

region.

24 RESULTS AND DISCUSSION

241 MYLAR

To best of our knowledge a very few energy loss measurements have been carried out for
T and 160 ions in Mylar (CioHsQy)fall [25-30] . The choice of the mylar was due to
its wide application in ERDA experiments with thin windows for gaseous detectors. The
energy loss of %0 and *®T%ions in Mylar fol were theoretically calculated using LSS
formula, Bethe formula and Varelas Biersacks approximation using these formulae with
and without Bragg’s rule and results are tabulated in Table 2.1. Bragg's rule calculations
gave dightly lesser values of stopping power. Calculations based on LSS formulation
(using effective Z, (Mylar)= 6.46) gave dmost same values as experimental result except
for 0.11 Mev/amu *8Tiions. It is aready a wdl known fact that the LSS Theory under
estimates the stopping power vaues at low velocities. For 0.62 (MeV/amu) '°0 ions,
Varelas - Biersack approximation gave better value compared to the other methods.
This is expected because the 0.62 (MeV/amu) 0O ions belong to the intermediate energy
region. We aso calculated the stopping power of Mylar for both ions using Ziegler scaling
laws [31]. For calculating proton stopping power of mylar for equal velocities of %0 and
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48T ions we used the scaling formula given in the appendix of Reference [32]. Both
TRIM-92 and Ziegler scaling calculations gave dightly higher values than experimental
vaues in al cases. Jin Chang wen et al [3]] reported that at lower energies there is 4
remarkable disparity between TRIM-92 and éxperimental vaues. We didn't observe such

difference in the case of 4Tiions.

24.2 CARBON

Electronic stopping powers of Carbon [thickness = 72x gm/cm | were experimentally
measured using ERDA technique for %0, 27 Al, **7, % Feand *‘(’wions. Our experi-

mental results were compared with experimental data obtained from M. Abdesselamn €.
al. in the same energy range [10 12] and theoretical as wdl as semi empiricad models.
These results are shown in Table 2.2 - 24 respectively. Typica spectra obtained in these
experiments and the method of analysis has aready been indicated in our earlier study
[7]. We notice from the table that 1.SS theory is vdid upto the crtical velocity limit v,
and the corresponding critical energy E. is calculated for each projectile ion. For %0,
AL 8T, Feand %Cuthe E.vdues are 6.35, 20.47,73.37, 106.96and 141.10 MeV

respectively. The LSS values agree better for the ion energies above 0.7 MeV/amu. Fd-
lower ion energies these values tend to lie increasingly lower than the experimental values
as one goes towards the low ion energies. For lower energy values, (For **7'i, E/A < 0.945
Mev/amu, % Feand %(Cy,dl data in Table 24) LSS theory underestimates electronic
stopping power and for higher energy values (For 2" Al, E/A > 045 Mev/amu) it overes-
timates the stopping power. This behaviour is one of the shortcomings of LSS theory and
is explicitly shown in Fig.2.3. For '%() case, Vardlas Biersack approximation [20] gives
a good estimation of electronic stopping power. LSS theory is not vaid in this region

(v > v,) because al the energies of oxygen ions fdl in the intermediate energy region
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( For this reason, we did not plot oxygen data in fig.2.3). There is a. reasonable agree-
ment between experimental data and values based on TRIM-92 code. However, there is
a tendency of these values remaining some what higher than experimental values. The
experimental data obtained from M. Abdessclam et. al. [10-12] in the same energy range

are in good agreement with our results.

243 FUTURE PLANS

Our technique of performing the energy loss measurements is simple and convenient,
specially when it is desired to cover a wide range ol ion energies for various ion species.
However, experimental data may require higher precision in ordes to discern oscillations
in stopping power as a function of Z\ (for constant velocity values) in a given absorber.
Also, it has been felt that the absorber thickness needs to be varied as the ion energies
are changed over a wide range. It is planned to overcome these limitations by modifying
the experimental set up to (i) permit a tilt in the absorber holder position, (ii) use
of dE-E gas detector telescope or even a focd plane detector placed in a Recoil Mass
Spectrometer (RMS). The dE (gas) - E (Semiconductor) detector can help in the present
set up to provide Z\ - discrimination, whenever required. The RMS helps in covering,
forward recoil angles between 0° and 30° , not available presently. We have measured
the electronic stopping power of mylar and carbon specifically in the projectile velocity
region greater than 2 — 3 v, (shown in Table 21 - 2.4). As mentioned earlier, it has
been theoretically predicted [9 that above 2 — 3 v, units of projectile velocities, Z,
oscillations in the electronic stopping power washout. With the existing data, we can't
deduce any such effect and we will be shortly measuring the stopping power of carbon
and other target materials for various species of ions which were not covered so far in our
experiments [7,8]. More importantly, the channeling stopping power measurements are

planned for medium velocity region near maxima as soon as goniometer is acquired at
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N.S.C palletron facility. The channeling stopping power data is available either in high
velocity region [33,34] or low velocity region where the oscillations exist and have been

adequately explained.
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Experimental and Theoretical Vaues of Stopping Power of Mylar for

Ti and O ions.

Table - 2.1
STOPPING POWER
KeV / A°
Ion Energy Expt | Trim-92 | LSS | Bethe | Ziegler | Varelas
(MeV /amn) scaling | Biersack
T 0.11 0.27 0.27 0.19 0.25
(0.17)
0.29 0.32 0.36 0.31 0.40
(0.28)
0.42 0.37 0.40 0.37 0.43
(0.34)
0.55 0.41 0.42 0.42 0.44
(0.39)
O 0.62 0.13 0.14 0.27 0.32 0.15 0.15
(0.24) | 0.29) (0.13)

Vaues shown in brackets are caculated usng Bragg'’s rule.



Expe¢rimental and Theoretical Values of Stopping Power of Carbon for

Oand Al ions.
Table - 2.2
Ion v STOPPING POWER
x 10° E (Mev-cm® /myg)
(cm/sec) | (Mev/amu) | EXPT | TRIM-92 | LSS | BETHE | V-B
0O 10.03 0.52 9.3 9.9 15.1 21.5 8.9
11.55 0.69 8.3 9.6 17.4 18.3 8.9
13.06 0.88 8.3 9.2 19.7 16.3 8.9
14.39 1.07 8.3 8.7 21,7 14.3 8.6
Al 7.87 0.32 | 16.2 16.5 15.7
p.33 0.45 16.7 17.56 18.7
10.77 0.60 16.4 18.1 21.6
12.04 0.756 16.9 18.1 24.1 52.3 16.5
13.34 0.92 16.0 17.7 26.7 41.2 16.2
14.52 1.09 15.0 17.3 29.0 37.3 16.3

The experimental stopping powers meausered (for energies close to the energies of our
experiments) for Qin carbon by M. Abdesselam et. al. [11] are given below

(Incident energy vaue (MeV/amu)nd corresponding stopping power vaue (MeV -
cm?/mg) is given in brackets).

0.50 (9.69), 0.73(9.32), 1.04(8.46).



Experimental and Theoretical Values of Stopping Power of Carbon for

Ti ion.
Table - 2.8
lon Vv STOPPING POWER
x 10% E (Mev-cm® /mg)
(cm/sec) | (Mev/amu) | EXPT | TRIM-92 | LSS
Ti 5.73 0.17 18.9 23.4 14.9
6.67 023 | 22.3 253 [174
8.23 0.35 28.0 27.2 214
8.90 0.41 28.9 29.0 23.2
9.74 0.49 31.2 29.9 25.3
10.41 0.56 31.7 30.6 27.1
11.13 0.64 32.9 31.1 29.0
11.72 0.71 34.4 31.5 30.5
12.36 0.79 35.5 31.8 32.2
12.97 0.87 34.4 32.0 33.8
13.48 0.94 33.9 32.1 35.1

The experimental stopping powers meausered (for energies close to the energies of our
experiments) for Ti in carbon by M. Abdesselam et. al. [11] are given below

(Incident energy value (MeV/amu)and corresponding stopping power value (MeV -
em?/mgis given in brackets).

0.45 (31.09), 069 (31.71), 0.78 (32.06), 089 (32.36), 0.98 (32.37)



Experimental and Theoretical Values of Stopping Power of Carbon for

Fe and Cuions.

Table - 2.4
Ion \Y STOPPING POWER
x 10® E (Mev-cm? /mg)
(cm/eec) | (Mev/amu) | EXPT | TRIM-92 | LSS
Fe 6.52 0.22 25.1 24,2 18.3
7.87 0.32 29.9 29.9 22.1
9.01 0.42 32.5 32.7 25.3
10.12 0.53 33.8 34.7 28.4
11.47 0.68 35.4 36.3 32.2
12.36 0.79 35.6 37.1 3.7
Cu 6.37 0.21 26.0 28.4 18.8
7.49 0.29 28.7 31.7 22.0
8.69 0.39 33.3 34.2 25.5
9.74 0.49 37.0 36.8 28.7
10.77 0.60 37.9 38.7 31.7

The experimental stopping powers meausered (for energies close to the energies of our
experiments) for Cu in carbon by M. Abdesselam et. al. [10] are given bdlow

(Incident energy value (MeV/amu)and corresponding stopping power vaue (MeV -
em? /ing)is given in brackets).

0.55 (37.63), 0.72 (40.94).
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Chapter 3

THE SHELL MODEL CHARGE DENSITIES AND
POTENTIALS

31 INTRODUCTION

A detailed knowledge of interatomic potential is needed for better perception understand-
ing and interpretation of various observation in the field of atomic collisons. Compre-
hensive work has been done to study this basic quantity from different points of view and
has been reviewed in the literature [1-7]. Interatomic potential can be deduced using
various methods. Each method has its own applications and limitations. The Interatomic
potential can be obtained from crystal data such as phonon dispersion curve, elastic con-
stants, compressibility and x - ray lattice constants [8]. But this procedure cannot be
used for obtaining potentials for small nuclear separations [3]. Specific application of
these interatomic potentials have been discussed in connection with channeling problem
dso [9-11] . Since the rate of energy loss is a function of transverse oscillation frequency
of the projectile ion in the channel, Continuum potentials [9,10] can be and have been
deduced from the channeling energy loss data. [12,13].

A closdly related quantity is charge density sampled by the channeled particles. The
interatomic potential can be derived from charge density usng Poisson equation. The
position dependence of stopping power in planar [14-16] and axia channels [17] has been

studied by using Shell model for target atomic charge densities with reasonable success.

26
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Earlier these Shell densities were found to reproduce the Z, oscillations [10,18-21] in
channeling stopping powers very accurately (Z, is the atomic number of projectile ion).
This provided us the motivation to probe deep into the fundamental quantity like inter-
atomic potential which is derived from the Shdl charge density using Poisson equation
[22]. We derived an expression for both the charge density and interatomic potential in
an analytical form. Corresponding axial and planar cases are dso derived in the same
analytical framework [23]. This Shdl potential relaxes the statistical nature of Thomas
Fermi Potentials [4,10] by including Shdl structure thus providing a realistic picture of
the situation. At the same time we still have analytical expressions for dl quantities in
axia and planar cases.

Shell charge densities and corresponding potentials are discussed in next section.
Various types of Thomas - Fermi type potentials which are used to compare the Shell

potentials are given in section 3.3. Results are discussed in the last section.

32 SHELL CHARGE DENSITIES AND POTENTIALS

Using one-term slater orbitals with optimized exponent given by dementi and Raimondi,

the spherically symmetric electron density due to one atom at a distance R from the centre

Is given by [24,25]

a 1 Wi ‘ 2n 2ny =2 =1
P;(R) — a (znj) ,(263)2 j+IR2 5 2(, 26,R (31)
J

where w;, n; and ¢; are the occupation number, principal quantum number and the

optimized orbital exponent of j th shell respectively. The orbital exponent £ is given by
4 —a

¢ =12-2) 32)

*

T
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where Z — o is the effective Z seen by a given electron, ie, the nuclear charge seen
Py the electron, after screening by other electrons. ¢ is the screening constant and n* is

effective quantum number [24].
The axial electron charge density a a distance » from the string is calculated using

continuum approximation (chapter 1 equation 12) [9,10] and given by [17],

Z ”‘f 22™(2(n; — m))!(n; — D)I(&) ™42t K, (2)
al = nd 2nj ) (n; —m = H(n; —m)(m)((n; —m—1)!)?

2

(3.3)

Where d is the interatomic spacing aong the string. The planar electron charge density at

a distance y from a single plane is calculated by making planar average using continuum

approximation and is given by [14,16]

2n; -1 n;—k-1

oy - Ny o (26)™ o, y
P (y) = 9 ZJ: 9 wj exp(—2¢;y) g} (2@)&(2"’3'_;‘:_1)-’ (3.4)

J

Where N is the bulk density and d, is the interplanar spacing. The shell interatomic

potential is calculated from shell charge density. Using Poisson equation

V3V = — 4np (35
and we get after some detailed calculations involving integration of the above Poisson

equation using p(r) from equation 3.1

2n,

2 ;
Vq(R) s Zle Z J —ZE,R Z ’363 )znjfk (36)

R J‘)nJ

where e is the electronic charge and R is the mteratomlc dlstance. The corresponding

axid and planar potentials are derived using continuum approximation [9,10] and is given

below.
The shell axial potential is given by [23

zg r)irak LK (2¢;7) (3.7)
’ T o e '

2n,

2Z e?
Lslr) = 1 Z?n_., Z

an
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For getting the above equation we used the relation [26]

0 . O oun -1/
[CE =)™ et de = o (ST 00) Keapuss @9)

u > 0, real p > 0, real v > 0.

The shell planar potential is given by [23]

2ny —k -

2n,
. o W " e ) gk Y
YS(?}) et Z'JTNdplﬂrlsz Z .2_J Z &(Z.fj)l bl k Z € 26} y?”!(:zé-j)‘zuj—k—rn-l-l (39)

7 I'J k=1 m=o

33 SCREENED COULOMB POTENTIALS

Although interatomic potential can be accurately deduced using Self-consistent methods,
this procedure requires enormous computational time. At small nuclear separations, it
IS appropriate to use screened coulomb potential with a screening function derived from
Thomas Fermi theory [13]. Thomas Fermi type potentials, which are based on the Fermi
- Dirac theory of free electron gas are extensively used in various fieds of nuclear, atomic

and molecular physics. The general form of Thomas - Fermi type interatomic potential

can be written as

,2
L LA (3.10)

R ar

where Z, isthe atomic number of target atom, ¢(z) iscdled Thomas- Fermi screening

V(R) =

function and should satisfy the condition that ¢(z) — 1 asx— 0. Thomas - Fermi
screening radius at is given by

0.8853 a,

T4 0.8853 ap (3.11)

ar =
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where ap = a,/(Z2* + Z2/*)'/* is the Bohr screening parameter, and a, is the Bohr
radius. Screened coulomb potentials based on Moliere [27] and Lindhard [9 analyti-
cd approximation to Thomas - Fermi screening function are mainly used in channeling
studies and Lindhard interatomic and corresponding continuum potentials have already
been described in chapter 1. Moliere verson of interatomic , axia and planar continuum
potentials are given below.
[A] Moliere Potential.

Moliere interatomic potential is given as [10,27]

ZiZqe
Var(R) = () Loy

Za exp(—b;R) (3.12

s=1
with a; = 0.35, a; = 0.55, a3 = 0.1, b = 0.3/ ay, by = 1.2/ ap, by = 6.0/ ary.

The Moliere axial potential is derived using continuum approximation and is given

by [10,23]

2Zl Zze

Up(T) E a; K, (b;r) (3.13)

where K, is the modified Bessd function of order zero and the corresponding planar

potential is derived and is given by [10,23]

|_bly

3
Yu(y) = 2rNdyZ1 Z2¢* 3 a; :
i=1 1

(3.14)

[b)] Biersack's Universal Potential.

Biersack's universal interatomic potential [4] is derived by taking into account the
exchange and correlation energies unlike Moliere or Lindhard interatomic potentials.
This potential is frequently used in low energy stopping studies [28]. Biersack's universal

interatomic potential is given by [34]
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.7 Z
V(R — Qe Zp, exp(—¢q;R) (3.15)

with p; = 0.1818, p; = 0.5099, ps = 0.2802,ps = 0.02817, ¢; = 3.2/ar, ¢ = 0.9423/ay,
gz = 0.4029/01’, qq = 02016/(17‘
Biersack's universal axial potential is given by [23]

_ 2 ?
sl s AT Zp.h (g (3.16)

Biersack’s universal planar potential is given by [23]

e“i’ly

(3.17)

4
Yu(y) = 2rNd, Z, Z,€* Y p;

=] Q;‘
[©] Bohr Potential.

Bohr screened coulomb potential [29] has a smple analytical form but it provides ex-
cessve screening at larger distance. This limits its applications to short range interaction

studies. Bohr interatomic potential is given by [10,29]

2, Zy€?
Ve(R) = J};—ec-ﬁfﬂu (3.19)

Bohr axial potential is given as [23

97, Z,e2
Ug(r) = ‘d2 K,(r/ag) (3.19)

Bohr planar potential is given by [23]

Ys(¥) = 27 NdpZy Zye2e~v/as) Jag (3.20)

All the above mentioned screened coulomb potentials are compared with correspond-

ing Shell potentials and shown in fig 3.1 - 3.3.
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34 RESULTS AND DISCUSSION

Both Shell charge density and Shell potential were derived in a phenomenological form
which can be used as potential alternative for numerica computer simulation methods.
The shell potential and shell charge density are free from statistical nature and shdl
structure inherent in the calculations carries the signature of particular target atoms
involved in the problem. Naturally this potential gives a better physicd picture of inter-
action compared to the other statistical type potentials. The comparison graphs (Fig.3.1
- 3.3) show that at short and medium distances (1—2 A°), shel potential matches wdl
with other potentials and yields dightly smaller values compared to Lindhard, Moliere
and Biersack Universal potential but larger than those for Bohr potential at larger dis-
tances. This means screening of shell potential at larger distances is small compared
to Bohr potential. However these larger distances (> 3 A°) are not of much interest
in channeling situation. The reasonable agreement at short and medium distances is
encouraging enough for utility of shell potential. As mentioned earlier due to its close
analytical forms (though it looks complicated) , Shell charge densities can be used d-
fectivdy for channeling energy loss studies [23]. Shel potentials are successvely used
far problems involving effects of defects on channeling and channeling radiation [30] and
computer simulation studies of Strained Layer Superlattices [31]. These applications are

elucidated in the following chapters.
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Chapter 4

ELECTRONIC STOPPING POWER (Channeling Case)

41 INTRODUCTION

In the previous chapter, we have introduced shell modd charge density based on the
wave functions of Clementi et al. [1,2]. Corresponding shell modd interatomic potential
and continuum potentials were derived [3] and these potentials were shown to be in good
agreement with other screened coulomb type potentials. Even though Clementi wave
functions form a more physically acceptable basis for determining the potential between
a charged particle and a free atom, one should veify its usefulness in applications in dif-
ferent areas of channeling studies. Since channeling phenomenon arises basically because
dl collisons with target atoms are avoided and projectile ion interacts only with the
electron in the solid, a fundamental quantity like charge density derived from Clementi
wave functions [1,2] should yield good results for physica quantities of interest. Shell
model charge density can be successfully used in position dependent stopping power cal-
culations for both planar [4-6] and axial [7] cases. Stopping power calculations using
shell charge densities give better results compared to Lindhard’s local density epprozima-

tion [8], where one calculates loca electronic stopping power using loca electron density

obtained from Lindhard's statistical charge densities. In our theory independent con-

tribution of each electron is taken into account for calculating loca electronic stopping

power.
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An introduction to position dependence of stopping power is given in section 4.2
and the problems concerning the position dependence of stopping power in planar and

axid cases are discussed rigoroudly in section 4.2.1 and 4.2.2 respectively. Results are

summarized in the last section.

42 POSITION DEPENDENCE OF STOPPING POWER

It has been already established from various experimental and theoretical studies [8-14]
that the rate of electronic energy loss during the channeling of charged particles is approx-
imately half of the random energy loss. This is infact not surprising, because channeling
particle avoids the large angle scattering by atoms on the normal lattice sites of the crys-
ta [§ and it feds only a collective continuum potential due to lattice atoms which steers
the particle deep in to the crystal planes or axis. Extensive experimental studies [15-17]
of the channeling of lighter and heavier ions were made for both planar and axial cases
and the position dependence of stopping power for planar case was deduced. An accurate
knowledge of position dependence of stopping power of ions is very essential when one
is concerned with the effects of defects on the energy loss of channeled particle. Hence
the position dependence of stopping power is calculated using both shell planar and shell

axia charge densities and compared with experimental and other theoretical formalisms

in the following sections.

421 PLANAR CASE

Robinson has proposed an anharmonic oscillator model [10,11] for explaining the energy
loss - spectra produced in beams of energetic *He and 277 ions transmitted through
planar channels in thin Au single crystal [18-21]. Position dependence of stopping power

of planar channeled ions has been deduced by the comparison of his anharmonic oscillator



Chapter 4. ELECTRONIC STOPPING POWER (Channeling Case) 37

modd with planar channeling experiments based on the observation that the stopping
power of these ions were proportional to the transverse oscillation frequency of the ions.
According to this anharmonic oscillator model, the planar electronic stopping power

Sg (z) as a function of the distance from the midpoint of two channel can be written as

SE(z) = s, + s1(0(z) - 1) (4.0)

where s, and s; are energy dependent quantities (but they are independent of x) and

should be determined experimentally. The position dependent function o(z) is given by

@) == |o
T ()
whee Y,(z) is the planar potential due to both the planes separated by a distance d

(Ya(z) = Y5(0))'*] 0<z <l 4.2)

— 2/ and primes denote differentiation with respect to x. To reduce the complexities
of function cr(x) for most of the conventiona interatomic potentials, Robinson used the
long range term of the three term Moliere potential (chapter 3, equation 3.15 &3.17) and
o(z) reduced to [11]

o(x) = cosh (b]';r.) 4.3)

e

This expression is valid only near the middle of the channel, because for large x one
should include other two terms of Moliere potential.

A more detailed quantum mechanical treatment accounting for transition probabilities
of bound electron in crystal incorporating the transitional probability of ionizations was
found to give a still faster variation of S (z) with x [22]. Although Detmann et. al. [12]
and Esbensen et al. [13] formulated an impact parameter method which is derived from
firg priniciples, do not take into account of the independent electron contribution. Even
after the inclusion of independent electron contribution [23], this modification was aimed

only at calculating stopping power of hyperchanneled particles, so the results can be
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compared only with that type of experiments. More recently Namiki et al [24] introduced
a quantum treatment incorporating shell corrections and independent contribution of
bound electrons to the energy loss, A short description of electronic stopping power
calculations using shell planar and axial charge densities are given below.The results
are compared with results obtained using above mentioned different formalisms in both
planar and axial cases respectively.

To calculate the electronic stopping power Sg from theoretical consideration, one
should add the stopping power contribution from conduction, valence and core (bound)
electrons. The conduction electrons can be assumed to form uniform electron gas and

their contribution to stopping power is thus position - independent and is given by [12,25]

4 le el 2mv?

) Peond In (44)

*SE.cond —

muv hwp

where 2\ is the atomic number of incident ion, e is the electron charge, m is the electron
mass, Vv is the ion velocity, hw, is the plasmon energy due to the conduction electron of

uniform density peons and the plasmon frequency w, is given by

4 cCOoT 2
SR (4.5)

Wy = -
Based on the theory of Bohm and Pines [26], Appleton et. al [9 divided the total
contribution to stopping power due to valence electrons (considered as Fermi gas) in
to two parts, one due to collective plasma oscillations (which uses the total density
of valence electron p»«1) and second due to single particle excitation (which uses locd
electron density pi.c) * The valence eectrons contribution to the total electronic stopping
power can be written as

2movp

4 Z? i4
2L [puatIn — + proc(z) =] (4.6)
VR I

m v?

SE,ua! -

where vgis the Fermi velocity, / is the average binding energy of the vaence shell. Fermi
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velocity v is given by
b ;
vp = — (372 pyat) /° (4.7)

m
The contribution from core (bound) electrons can be formulated based on the kinetics
of scattering of bound electrons. According to the procedure adopted by Briggs and
Pathak [27] one should first calculate the local electron density due to each shel at the
position of moving charged particle and then one considers the direct scattering of this
electron density from the propagating particle. The minimum energy that these electrons
could take away from the moving particle will be their binding energies in the shel and
maximum is ofcourse 2mv? [4]. We have used one term slater orbital with optimized
exponents given by Clementi et al [1,2] to calculate effective electron density as function
of position in the channel. Using continuum approximation ( ie by averaging the charge
density equation (3.1) for whole plane ), we can calculate the electron density at a distance
y from the plane. The planar shell charge density at a distance y from single plane is
given by ( chapter 3 equation 3.4)
2n,y-1 2n,~1—k

2 gj_)fin_, _zij y
Ps Z 2m; “ Z —1-k)! (4.8)

&
3 27

We have used Lindhard planar charge density [34] for comparing the stopping power
results calculated using shell planar density (eq. 4.8). Lindhard planar charge density is

given by
Zg N d Cza%

2 (3 + C2a3)°°

where ar is the Thomas- Fermi screening radius and C {= /3) is the Lindhard constant.

Ph(y) = 4.9)

Using these equations (eq- 4.8 & 4.9) we can calculate the electron density due to both
planes surrounding the channel at a distance x from the haf way point between the plane

and is given by

Ph(z) = p (% - m) + m(% % x) (4.10)
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where p(z) is the planar charge density due to one plane by equation (4.8 & 4.9).
The planar charge density p; (X) due to two S (111) planes calculated using Shell and
Lindhard planar charge densities are shown in Fig. 4.1. Thus the contribution from core

electrons becomes

4 Z2
SE,core - u Z P2 11}

m v? I;

..,?HU

(4.11)

Total electronic stopping power due to conduct|on, vaence and core electrons can be

written as
47 Z¢ e 2mu? 2muvy I 2mu®

gpl — ol | kil ol PP z) 1] 4.12
— 5 [Peona In g, Pt In - +p: (&)— +§J_;P;,;(~T) =7 ] (4.12)

We have used equation 4.12 to calculate the variation of planar stopping power of GO
MeV '?I ions in the Au(100) channel as a function of x. The results are aso compared
with Robinson's [10,11] calculations based on experimental observations [1820] and also
the results based on quantum mechanical treatment of Ohtsuk: and Kitagawa [29]. This
is shown in Fig. 4.2. Robinson has not used the short range terms of Moliere interatomic
potential [28,30] to calculate the position - dependent function o(z) (eq. 4.3) because
of the complication involved with formalism and there is a need for improvement in this
model for large values of x [5]. Other factor of disagreement arises from the fact that we
didn't incorporate any exchange effects in inner electron excitations as has been suggested
by Ohtsuki et al [31].

We have calculated the stopping power of 4.8 MeV « particles channeled along Au
(111) planes and found that the stopping power of wel channeled particles was 15.28
ev/A which compare wel with the experimental value of 16.50 ev/A obtained in the
experiments of Mory [32]. The binding energies of different shells were taken from refer-
ence [33]. Then we calculated the position dependence of the stopping power of 3 MeV
a particles channeled along Au (100) planes as a function of x. This is shown in Fig.

4.3. It is found that inner shells start contributing for x > 06 d,/2 where d, is the
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interplanar spacing (d,/2 = 1.0197A). We have compared our results with results of
Robinson [10,11] and those of Namiki et. al. [24]. Near the planes the results based on
quantum perturbation theory [22] overestimate the Robinson’s curve and our results are
in good agreement with the calculations of Namiki et. al. We have aso calculated the
stopping power of a particles channeled along (111) planes of S . Results are compared
with experimental [35] and theoretical calculation usng Lindhard charge density. This

is shown in Fig.4.4.

422 AXIAL CASE

We have calculated the position dependence of stopping power for axially channeled
particles incorporating detailed atomic shell structure electron densities and averaging
aong the axis to obtain the axia electron density at the position of moving particle. The
axial shell charge density at a distance r from the string is given by (chapter 3 ,equation
3.3),

1 1 9 (3(n; — m))l(n; — DI(E)THIITK, o (267)
- 7d EJ: 271] ! Z (n; —m — 3)(n; —m)(m)((n; —m —1)! )?

(4.13)
We have aso used Lindhard axia charge density for position dependent axia stopping
power calculations. The Lindhard axia charge density is given by [3]

N Zz C2a%~
35 (y) = =2 4.14
pL (y) T d (1’2 + Cza%‘)z ( )

When a charge particle is channeled along a major crystallographic direction of the
target material it will see only the geometry of the channel axis and not the whole
structure of the target material. The physica effects realized by the charged particle will

therefore depend on the geometry of the channel, so that under the channeling conditions
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the number density of target atoms seen by the projectile will differ from that of the bulk
density of atoms. For elucidating this point we have taken a specific example of S
< 110 > case. When the incident charged particle (« particle or proton) is moving
adong a < 110 > axial direction of slicon single crystal, it will see only the sx strings of
slicon atoms around it (shown in Fig.4.5) and will not see the whole crystal structure.
Therefore the number density seen by projectile will differ from that of bulk density of
target atoms. Hence the contribution of the valence electrons to the stopping power due
to collective plasma oscillations is not the same for channeled and random impact [3].
In dlicon crystals the < 110 > axial channel is very nearly symmetric and we can
approximate that six rows form a regular hexagon (Fig.4.5). If r' is measured from the
centre of channel O, the electron density due to dl strings with respect to O will be
S 2m(RAny = m))l(n; — DIE)

ax rr = _1__ > w
p5"(r) rd pZ:; Z (2ng)! Z (n; —m—3)(n; —m)(m)!((n; —m —1)! )2

J * m=o 2

.
[

X \/r"z + R?2 - 2R, cos(%)“ﬂ’f’“

T

X Kq, =il 2E; \/‘-""2 + R? - 2R, (‘.os(;{-g—)) (4.15)
The number density of target atoms seen by the projectile inside < 110 > axia channel
of dlicon is taken to be given by the phenomenological expression for the number density
6
1

no L
ne(r)_rdz

(4.16)
p=1 (?"2 + R* — 2r' Ry cos(};—”))

where r' is the distance measured from the channel axis and K, is the radius of hexagon
(shown in Fig 4.5). Therefore the effective vaence electron density at any point inside
the S < 110 > channdl is

paz (1) = dne(r') (417)
It is evident from the above equation that the valence electrons contribution to stopping

power due to plasma oscillations is position dependent. The Shell and Lindhard charge
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densitiesfor S < 110 > axis are plotted in Fig 4.6. To caculate axial electronic stopping
power of S < 110 >, the p%'(z) (eg. 4.10) should be replaced by p?*(r') (eg. 4.15).

We have estimated the variation of normalized stopping power for 160 MeV « particles
using Lindhard and Shell charge densities as a function of the distance r* from the centre
of the < 110 > axia channel in slicon. This is plotted in Fig. 4.7. The agreement
with earlier more detailed numerical calculation [13] which do not yield usable analytical
expressions, was found to be good as shown in Fig. 4.7. The statistical charge densities
obtained from Lindhard’s formulations are much too fast as shown in the same figure.

We have calculated the position dependence of the stopping power of 160 MeV «
particles dong S < 110 > direction and tabulated the stopping power contribution from
Plasmons, Vaence and Core electron contribution to the total stopping power in the
Table 4.1. The results are compared with experimental data [16] and earlier theoretical
results [13,23]. We have dso calculated the electronic stopping power for the same case
using a position independent number density. The table shows good agreement with
experimental results for calculations incorporating position dependent number density.
Thisjustifies our argument that under channeling conditions the number density of target
atoms seen by the projectile will differ from that of the bulk density of atoms. Similar
calculations were done for stopping power of 4 MeV protons channeled along < 110 >
axis of dslicon single crystal. The results are compared with experimental data [36] and
earlier theoretical calculations [12,23]. We do not observe any considerable contribution
from core shells as mentioned by Beloshitsky et. al. [37] and even haf way between
channel centre and axis, the contribution from core shells are negligible and most of the
contributions come from Plasmon excitations. This case is tabulated in Table 4.2.

We aso calculated the channeling energy losses of « particles in the energy range from
0.15 to 18 MeV dong the < 110 > axis in dlicon and compared with experimental [39

results and stopping power calculation using Lindhard charge density. Electronic stopping
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power calculations using shell charge density compare wel with the experimental results
than those obtained by using Lindhard charge density. This is shown in Fig.4.8. We
have plotted proton channeling energy losses in slicon in the intermediate energy region
(40 to 300 keV) in Fig.4.9. Our calculated values lie in between the most probable and
best channeled particles. Of course we did not use the thickness as parameter in our
calculation, but we adopted an analytical method rather than an iteration method to
calculate stopping power. The calculations were done using shell and Lindhard charge
densities and the results were compared with experimental data [38]. We aso compared
our calculation for proton stopping power for < 110 > S in the energy range of 30 - 1000
keV with experimental results of Camera et. al. [39]. Eventhough the maximum stopping-
power occurs a same energy range (~ 70 keV), magnitude of maximum stopping power

Is underestimated in shell calculations. This is shown in Fig. 4.10.

43 CONCLUSION

The effective electron density used for stopping power calculations in both axia and pla
nar case were derived by taking the respective average density due to different shells of
target atoms. The position dependence of stopping power thus obtained is in good agree-
ment with experiments [14,16,35,36,38] and earlier theoretical calculations [12,13,22-24].
Inspite of the fact that the impact-parameter dependence of stopping power is more im-
portant in channeling case, this method which is based on quantum perturbation theory
shows disagreement in comparison with Robinson fitting function (equation 4.3) near
the atomic string or wall. Although our work is based on phenomenological theory, we
have incorporated independent contribution of each electron to the total stopping power.
Many of the earlier mentioned quantum mechanica treatment overlooked this fact. Our

theory has been firmly and essentialy confirmed by the quantum mechanica theory
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developed by Namiki et. al. [24].
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Position dependent stopping power of 160 MeV « particles channeled along
the < 110 > axisin Slicon and comparison with other theoretical and

experimental results.

Table - 4.1
r/ STOPPING POWER
(eV/A)

Contribution from
Plasmons | Valence | Core | Total
Shell | 0.0 R, 0.39 0.05 0.0 | 0.44
0.1 R, 0.40 0.06 0.0 | 0.46
(Se#) |02 R, | 041 007 | 0.0 | 048
0.3 R, 0.43 0.11 0.0 | 0.54
04 R, | 046 0.16 | 0.0 | 0.62
0.5 R, 0.52 0.23 0.0 | 075
Shell | 0.0 R, 0.18 0.05 0.0 | 0.23
0.1 R, 0.18 0.06 0.0 | 0.24
(Sg*) |02 R, | 018 0.07 | 0.0 | 0.25
0.3 R, 0.18 0.10 0.0 | 0.28
04 R, 0.18 0.156 0.0 | 0.33
0.5 R, 0.18 0.21 0.0 | 0.39

Dettmann [23] = 0.58 eV/A, Esbensen [13] = 0.37 eV/2, Jarvis [16] = 0.54 eV/A.
S%¢ — Stopping Power contributions from Plasmon electrons are position dependent.

S'B"' — Stopping Power contributions from Plasmon electrons are position independent.



Position dependent stopping power of 4 MeV protons particles channeled
along the < 110 > axis in Slicon and comparison with other theoretical and

experimental results.

Table - 4.2
i STOPPING POWER
(eV/4)
Contribution from

Plasmons | Valence | Core | Total
Beloshiteky 0.31 0.10 0.19 | 0.60
Shell - [ 0.0 R, 0.66 0.11 0.0 | .77
0. B 0.66 0.12 0.0 | 0.78
(54%) 02R,| 068 0.16 | 0.0 | 0.84
03R, | 071 022 | 0.0 | 0.93
0.4 R, 0.77 0.32 | 0.0 | 1.09
0.5 R, 0.86 0.46 0.0 1.32
Shell 0.0 R, 0.31 0.10 0.0 | 0.41
0.1 R, 0.31 0.11 0.0 | 0.42
(55" 02 R, | 01 0.14 | 0.0 | 0.45
0.3 R, 0.31 0.20 0.0 | 0.51
04 R, 0.31 0.30 0.0 | 0.61
0.5 R, 0.31 . 0.42 0.0 | 0.73

Dettmann [23] = 0.82 eV/A, Dettmann [12] = 0.74 ¢V/A, Clark [36] = 0.68 eV/A.
S — Stopping Power contributions from Plasmon electrons are position dependent.

Si#= — Stopping Power contributions from Plasmon electrons are position independent.
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Fig 4.1:  Charge density due to two planes surrounding the (111) planar channel as a fiction
of 2, where 2 is measured from midpaint of the two planes. Solid curve represents
Shell planar charge density calculation and dashed curve represents Lindhard planar
charge density calculation.
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Fig 4.5: Approximate < 110 > axial channel in diamond structure crystals. Each of the
corners represents an axis perpendicular to the plane of drawing.
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Z; OSCILLATIONS

51 INTRODUCTION

In Chapter 2 and chapter 4 we have dealt with electronic stopping power of atoms for
both random and channeling cases respectively. It has been implicitly stated that at
a given projectile velocity v, the electronic stopping power of target in low veocity
region (v < v. = v, Z; ,where v, is the Bohr velocity) increases monotonically with the
atomic number Z, (equation 2.2). But it has been found that the stopping powers of
solids for low velocity channeled and random heavy ions exhibits a periodic (oscillatory)
dependence on the charge 2\ e of the incident projectile ions [1-6]. This is referred
to as Z, oscillations. In this velocity region, the nuclear stopping is smal compared
to electronic stopping and is further suppressed because of the fact that close collisons
of incident ions with target atoms are completely avoided in channeling. The maxima
of electronic stopping occur (irrespective of channeling or random case and of specific
target medium), around 2\ — 6,20,38 and minima occur a around 2\ — 10,2947 [7]. In
channeling case the ratio of maxima to minima becomes large (as expected) and when
the velocity of incoming projectile increases beyond 2 to 3 atomic units., the oscillations
gradually damp out and ultimately disappear. In section 52 Briggs - Pathak [8-10]
model for explaining 2\ oscillations in electronic stopping power is described in detail

with some exposure to earlier theoretical modd like Firsov’s model [11]. Extension of
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Briggs - Pathak model incorporating shell continuum charge density is depicted in section

5.3. Results are discussed in concluding section.

52 BRIGGS - PATHAK MODEL

Various theoretical models were formulated for explaining this oscillatory dependence of
electronic stopping power on atomic number Z; of the projectiles [8-10,12-20]. These
were mainly the modifications of Firsov’s modd [12,13,15,16] and calculations based on
Dengty functional Theory [17,19,21,22]. Firsov [11] proposed a modd for calculating
electronic stopping power at low velocities, where stopping power increases with projec-
tile velocities. The model considers the overlap between the electronic shells of incoming
projectile and target atoms as the ion moves inside the target. This results in exchange of
electrons between projectile and target atoms. resulting in loss of energy from projectile
to target atom [7]. For a mathematical formulation Firsov defined a hypothetical plane
lying exactly hadfway between the atoms for symmetrical case of similar atoms/ions.
When an electron crosses this plane, energy transfer takes place through process of mo-

mentum transfer of the electron to the atom. In a single collison between two atoms,

the energy transfer is given by [7,11]
AB'= m][-if X (Ui'/invd.s (5.1

where R is the internuclear separation and the surface integra represents the flux with
average velocity v across the interaction plane, n being the electron density at this surface
[7]. The total energy loss in a collison is given by

~ 4.3x1078(2) 4 2,)% 52)
T (14 0.31(Z) + Z,)'/3b)5 '

AE(b)

Where AE(b) is evaluated in eV and v and b are given in units of ¢m/secand A respec-

tively.
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Early attempts made to explain theoretically the Z\ oscillations in electronic stopping
power were based on modifying the above mentioned Firsov's theory [12,15]. Cheshire
et. al. replaced the smooth variation of electronic density assumed in the Firsov theory

(equation 5.1) with electronic densities which reflect the shell structure of the projectile

atoms. ie, [7]

1 1 ; ,
m/;nvds e Em/(z Va | Yo P+ Y _vg | ¢ |*)ds (5.3
o 6]

where v, g are Sater orbitals of the projectile and target atoms and v,,s are corresponding
velocities in these orbitals. Cheshire et. al [16] emulated the procedure of Clementi and
Raimondi [2324] to obtain the Sater orbitals as

Yo = 170 exp(ar) Yeuma(0, ) (5.4)

and used the tables of Clementi [25] for various exponents in the wave function of atoms
in various charge states. Eventhough these modified theories predict positions of maxima
and minima correctly, they fal to explain the large vaue of maximum to minimum ratio
of stopping power shown in experiments. Damping of 2\ oscillation at higher 2\ vaue
Is another feature which was not explained by these theories. Our calculations are based
on semiclassical theory proposed by Briggs and Pathak [8]. In this theory energy loss is
attributed to the scattering of target electrons in the potential fiedd of moving projectile.
At these low velocities, most of stopping power contribution comes from a transfer of
momentum between the electrons of the ion and those of target atom due to overlap of
electronic clouds as the ion passes. This transfer of momentum can be considered to be
affected by the elastic scattering of the target electrons through the charge cloud of the
moving ion. This is smilar to the diffuson of electrons through gases. When a heavy
atom moving through an uniform electron gas with a velocity v (electrons are considered
to have zero velocity,so that the relative velocity of collison is v itself), usng smple

Kinetics of two - body collisons, the energy lost by the atom due to collison with an



Chapter 5. Z; OSCILLATIONS 51

electron which is scattered through a centre of mass angle 9 can be written as [§]
T, = mov®(1—cosb) (5.5)

The mean energy lost per unit path length by an ion with velocity v has been shown to

be
_dE
dzx

where n is the density of electrons, m is the electron mass and Qq is the momentum

= nmv®Qy (5.6)

transfer cross section and is given by

@y = B ] 1,(0) (1 — cos ) sin 0 do (5.7)

In terms of the partial wave - phase shifts, the momentum trensfer cross section can be

written as [26]

Qu =73 T+ V)sin*(ne—nen) 9
£

where ik is the electron momentum in the centre of mass frame. The phase shift 7, of the
¢-th partial wave of the electron wave function can be calculated by numerically solving

the radial part of Schrodinger equation

&G,
dr?

0L +1)
7«2

+ [k + U(r) -

Gy =0 (5.9)

where G, is the radial wavefunction corresponding to the ¢-th partial wave and Kk is the
electron wavenumber corresponding to the projectile velocity given by k = W for
an energy E and U(r) = (2m/h*)V (rwhere V(r) represents interaction between target
electron and projectile.

Since the potential between the electron and projectile V(r) varies more rapidly than

1/r, the asymptotic form of the radia wave function can be written as

14
Ge(r) ~ sin(kr — 33 +7¢) (5.10)
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In the absence of an atomic field, equation 5.9 gives the solution whose asymptotic form
IS

Gle(r) ~ (kr — %f ) (5.11)
The magnitude of the phase shift . is determined by the competition between attractive
potential U(r) and repulsive centrifugal potential £(¢+1)/r* and is computed by finding
the shift of nodes of solution (equation 5.10) with respect to the corresponding node of the
solution (equation 5.11) for large r. The atomic field U(r) in which the target electrons
are scattered is taken to be Moliere potential (in Thomas-Fermi statistical model). After
the above model was proposed and successfully used to explain not only the Z, oscillation
and Z, variation [27], but dso to predict the velocity dependence of these oscillations
[28,29], few more alternative models [17-19,30,31] have been proposed in recent years.
These are mostly very detailed Density Functional Theory calculations [21,22] for V(r)
which aso yield information on the effective change density used in Stopping Power
formulae. The agreement with experimental results [56] is approximately of the same
order as earlier results. Moreover the velocity dependence of Z\ oscillation in these
models have not yet been calculated to show at which projectile velocity, the oscillations
should vanish. Calculation of transport cross section at the Fermi velocity as done in
these later models is valid only for a degenerate electron gas in metals but certainly not
for semiconductors like Ge or S or orbital target electrons like 5d or Ad. Consequently
we have made our calculations for projectile velocities [§ as earlier because of reasonable
agreement with experimental results and analytical applicability to more complicated

situations involving defects.
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53 Z1 OSCILLATIONS CALCULATIONS USING SHELL CHARGE DEN-
SITY

We have already demonstrated the efficiency in which Shell model charge densities can
be incorporated in solving electronic stopping power problems in the last chapter. Shell
charge densities are represented by an analytical expresson and there is no ambiguity
involved in finding the effective charge density n using shell charge densities. Moreover
it takes the shell structure of atom into account. To demonstrate these points we have
taken two specific cases of 2\ oscillations in electronic stopping powers of S and W
single crystals for ions channeled along < 110 > axis and < 100 > axisof § and W
respectively.

The axial electron charge density a a distance r from the string is calculated using
continuum approximation and given by (chapter 3, equation 3.3) [3]

ng— LlE) et i (26r)

)(n; — m)(m)!((n; —m—1)1)?

i, 1 w 2 22™(2(n; —m))!
ro.s (7) = ;& s (271-}-)' Z (

fm=o

=] —

i = m—=3

%]

(5.12)

In the Slicon case, an < 110 > axia channel is nearly symmetric and we approximate
that the six rows form a regular hexagon. In the < 100 > channel of Tungsten, the four
rows form a square. The charge density due to al strings (sx for § < 110 > and four
for W < 100 >) is calculated as a function of distance measured from the channd axis.

The charge density n was calculated for individual target atoms aong the particular
channel [8,9]. Here charge density n in equation 5.6 is calculated using equation 5.12.
The shell axia charge density is curve fitted to a simple exponential function of the form
pa(r) = ae’™” + c where the parameters a, b and ¢ are given by a = 0.00433592, 6 =
0.4154959, ¢ = 0.0122899 for < 100 > Tungsten and a = 0.000154, 6 = 0.72756310 and
c = 0.01221266 for < 110 > Slicon . The effective charge density n.yssis caculated by
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integrating over the space occupied by the projectile ion.

1 R,
gy = 1rR2/ 2mrpa(r)dr (5.13

where R, is the relevant space occupied by moving ion and taken as radius of maximum
charge density [33] of the outermost shell of projectile ion appropriate to most probable
charge state. For example projectiles like rare gases are assumed to be neutral whereas
those like akali metal ions, Na, K etc., are assumed to be singly charged because their
outermost s electrons will certainly be stripped df during their motion in solids. In the
equation (5.13) r is measured from the centre of the channel. In the case of Tungsten,
we considered the conduction 6s electrons to contribute a uniform electron gas so that
nes Tor Tungsten is twice the atomic density. The axid charge density is calculated only

for shell electrons (i.e., up to 5d electrons) i.e.,
n(r) = nes(r) + ne, (5.149)

for Tungsten case and

n(r) = negs(r) (5.15

for the Slicon case.

In atomic units, the equation (5.6) changes tc

—_ EftE — 47"”@:1 (516)

dr
where Qg = ¥, (€+ 1) sin®(ne — Me1)-
The stopping power is calculated using equation (5.16) for various channeling projec-
tile ions for both slicon and tungsten target atoms. This is shown in Fig 5.1 (Slicon

< 110 >) and Fig.5.2 (Tungsten < 100 >) respectively.
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54 CONCLUSION

We have calculated the stopping power of Slicon (dong < 110 > axis) and Tungsten (<
100 > axis) for low velocity channeled heavy ions and compared with earlier theoretical
calculations and experimental results. This is shown in Fig.5.1 and Fig.5.2 respectively.
Main motivation of this work has been to keep the problem analytical as far as possible so
that applications to effects of defects and disorder [34] on this important quantity can be
easly estimated. Of course, more detailed calculations using nonlinear density functiona
formalism [21,22] have been performed earlier which dso yiedld Z; oscillations [19,30].
In those calculations, even after excessve computational efforts put for potential and
charge density calculations, the effective eectron density sampled in channeled particles
is determined by equating the theoretical and experimental values of stopping for some
specified 2\ (for example for Slicon < 110 > 2\ — 5 was chosen to implement the fitting
[30] ). Those calculations are idedly suited for degenerate eectron gas in the limit of
projectile velocity negligibly small compared to Fermi velocity so that projectile velocity
dependence of oscillations does not appear in the problem. Our calculations are valid for
projectile velocities above target eectron velocities (i.e., Fermi velocity as wdl as outer
orbital electrons contributing to stopping of wdl channeled projectiles). In fact dl the
experimental data onZ1\ oscillations available to date is in this velocity range (v > vr ).
As discussed earlier [8-10] we assumed elastic scattering of free (loosdy bound) electrons
from the wdl channeled projectiles. The actual shdl electron density is averaged along
the channel in appropriate geometry and appropriate size effect of projectile is included.
There is no scaling or best fitting done as far as find stopping power is concerned.
The conduction electrons (like 6s in Tungsten) are assumed to contribute entirely as
before. Apparent disagreement for some vaues of 2\ (e.g., 2\ - 24) is actualy related
with shifting of phase of the oscillations, with changes in relative velocity [28,29]. The
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validity of the approximation of taking projectile velocity as relative velocity increases as
vincreases. Overall our calculations, inspite of being simplistic are reasonably accurate
and useful. We fed that the data for heavy projectile ions (Z, > 30) is very sparse and
further experiments are needed to study these oscillations for heavier ions. Moreover,
as mentioned in Chapter 2, a systematic experimental study with respect to velocity
dependence has never been undertaken, eventhough it is known at high velocities beyond
maxima in stopping power vs velocity curve that the oscillation do not exist. Such
interesting experiments are strongly suggested for channeling and random cases and we
believe that we shall build relevant data in this region in near future and some progress

has already been made in this direction [35].
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Fig 5.1: The stopping power of Silicon for heavy ions channeled along the < 110 > axis at
a projectile velocity of 1.5 x 10® ems™2, ( O ) represents the experiment of Eisen
(Ref. 6.), (o ) represents the calculation of Briggs and Pathak ( Ref. 9. ) and (e)
represents the calculations using the shell model charge density.
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The stopping power of Tungsten for heavy ions channeled along the < 100 >

Fig 5.2:
axis at a projectile velocity of 1.5 x 10® cms™; ( O ) represents the experiment of

Eriksson et. al. (Ref 5.), ( o ) represents the calculation of Pathak ( Ref. 10. )
and ( e ) represents the calculations using the shell model charge density.
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STRAINED LAYER SUPERLATTICES

61 INTRODUCTION

Semiconductor Superlattices are one dimensiona periodic structures consisting of ultra
thin layers with period less than eectron mean free path. This concept was proposed by
Esaki and Tsu [1] at the end of sixties. Soon after the fabrication of superlatttices, their
tremendous applications in the semiconductor technology were redized worldwide. The
built in strain in these multilayers was consdered as a constraint and hindrance in making
good quality lattice matched Superlattices until Osbourn proposed that Strained Layer
structures might display new electronic and optical properties not seen in the unstrained
- consistent materials [2]. Strained Layer Superlattices (SLS) are layered structures of
alternating composition of materials having not too large (~0.1 to 20 %) lattice mis-
match [3,4]. This small lattice mismatch is accommodated by biaxial (compressive and
tensile) strains in the plane of the layers and each layer acquires a perpendicular lattice
constant due to strain accommodation. Thus for sufficiently thin layers midfit defects
or dislocations are not generated. Due to these alternating tetragonal distortions aong
the growth direction, inclined crystal planes and rows undergo abrupt tilt (AV>) at each
interface [5]. The unusual electronic and optoelectronic properties of Srained Layer Su-
perlattices (SLS) have opened up possibilities to fabricate a new category of electronic

and optoelectronic devices, which have wide ranging applications in many frontier areas
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of science and technology. The ability to tallor the energy band gap in SLS's is one
of the properties which is utilised in the manufacture of photodetectors and quantum
well lasers. The presence of defects deteriorate the performance of these semiconductor
devices, so it is important to characterize strain and strain relief mechanisms in the struc-
tures. Rutherford back scattering analysis aong with channeling [6] measurements are
extensively used for this purpose. Since channeled particles do not approach the aomic-
nuclel, a substantial reduction in the scattering yied occur, whenever a particle is chan-
neled. The presence of midfit defects or disocations and the changes in the direction of
the crystal rows or planes at the interfaces will give rise to dechanneling due to scattering.
Reviews of the characterization and application of Srained Layer Superlattices are given
in [7-10].

The Catastrophic Dechanneling Resonance is one of the methods extensively used to
obtain strain in these strained layer structures. Catastrophic Dechanneling Resonance
occurs when the haf wavelength (A/2) of oscillatory motion of a planar channeled ion
beam matches the path length per layer (s) of the SLS. This leads to sudden increase in
the dechanneling after certain depth. Study of this resonance gives the information on
the strains present in SLS. The complementary phenomena of Resonance Channeling [11]
occurs when the path length per layer (5) matches the wave length (A) of planar channeled
ion beam ie A = s. The dechanneling is minimum in this case. The experimental study
on charged particle (a particle) channeling aong the inclined (110) crystal plane of
GaAd).09P0.91/GaP superlattice under conditions of catastrophic dechanneling has been
reported during last ten years or so [5,11-14]. Moliere planar potential [6,15,16] based
on Thomas Fermi model has been mostly used for theoretical estimates in these studies.
Here we have used a shell model potential [16] which is free from statistical nature of

Moliere potential and takes into account of the detailed atomic shell structure of the

target material (SLS).
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Earlier we have successfully used the same Shell mode charged density for energy loss
( channeled case ) calculation and in the next chapter the relevant results for channeling
radiation will be presented [16-18]. This gave us motivation to use this shel modd
potential, in this exciting fiedd of SLSs also. For comparison purpose, we have included
results obtained using Biersack's Universal planar potential [19], which is refined verson
of Thomas Fermi potential, more frequently used in lowv energy stopping power studies
[20]

Basic principles of Srained Layer Superlattices are outlined in section 6.2. The theory
of planar channeling and various types of potentials used in this comparative study are
discussed in section 6.3. The CDR anaysis using a numerical program is outilined in
section 6.4. The results obtained using Shell and Biersack's Universa potentials are dso

compared with Moliere planar potential in this section. Conclusion is given in the last

section.

6.2 BASIC PRINCIPLES OF &S

Superlattices are multilayered structures of alternate composition of materials having
same crystal structure but with dightly different lattice parameter. Semiconductors be-
longing to Diamond or Zinc blende type crystal structures have four bonds oriented along
the four tetrahedral directions. (ie, each bond has an angle of 109.5° with neighbouring
bond) [21]. We can qualitatively represent such four bond crystal as square array of
atoms in two dimensions. This is shown in Fig 6.1.a. For the lattice matched superlat-
tices this four fold bonding sustain and the epilayer and substrate have the same lattice
parameter. If the growth temperature is high enough to have sufficient thermal energy,
the deposition of epilayer atom onto the substrate surface dlows them to easily locate the

potential minima corresponding to substrate lattice. Let ¢° and &, be the unstrained

(4 23] Suo
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lattice constants, k.,; and fraub be the unstrained thicknesses of the epitaxial layer and

substrate respectively, the inplane lattice constant «!! can be written as

agpihﬂpil o aiubh‘&ub
h‘epi T h-suh
~ a’ (6.1)

sub

ol

In SLS case, where the epilayer atoms are constrained to the substrate interatomic spac-
ing in the plane of the interface,. the unit cdl will distort tetragonally inorder to preserve
its volume per unit cel and al the atoms retain fourfold bonding. If the unit cdl of the
epitaxial layer is smaller than that of the substrate it must be stretched in the inplane
direction and its height will decrease. This process is known as Poisson effect and is il-
lustrated in Fig. 6.1.6. The superlattice layers alternate between compressive and tensile
biaxial strain and each layer acquires a distinct perpendicular lattice constant ¢4 , and
o, - due to strain accommodation. According to Poisson ratio, layers under biaxial com-
pressive stress will have an qJ ¢ value larger than the equilibrium lattice parameter a,us
and those under biaxia tensile stress a smaller ¢4, vadue [5]. As a consequence of these
alternating tetragonal distortions aong the growth direction, , inclined crystal planes
and rows undergo alternating tilts Ay at each interface. Along the growth direction the
crystal rows are straight and channeling behaviour is smilar to that of single crystals.
However, along inclined directions the aternating tilts between layers have tremendous
influence on the channeling behaviour (shown in Fig. 6.1.c). Since the A is of the order
of critical angle for channeling of high energy ions, dechanneling increases with depth
along these inclined direction [5].
The tilt angle between layers Ay is given by

o i

a.., a
Aty = arctan —2 — arctan —%£
all all
i i
Aepi — Qgup
~ Zepi T Youb 6.2)

2 all
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Thus the tilt angle is directly related to the difference in the tetragonal distortions
between layers and is a measure of relative strain between SLS layers [5]. Significant
elastic energy is stored in the structure and it increases linearly with substrate thickness.
If the thickness of the SL S exceeds a critical thickness k., deformation of structure occurs
in order to relax the strain energy accommodation in the system. In this situation four
fold bonding can not be maintained dong the interface and an occasional atom is |eft
with only three bonds. This process introduces dipped regions into the crystal, bounded

by line defects known as misfit dislocations and is shown in Fig.6.1.a.

6.3 PLANAR CHANNELING IN SLS

The equation of motion of a planar channeled particle in a crystal is given by [13]

d’z 1 dYy(z)
a2 T3k . (63)

where x and z are the transverse and longitudinal displacement of channeled particle (
This is shown in Fig. 6.2.a.) respectively and x is measured from the midpoint between
the planes. E, is the longitudinal energy and amost equals to the incident energy E (ie
E.= E). Ya(z)is the averaged continuum modd planar potential given by [13]

Yo(z)=Y(—-2)+Y(l+z)-2Y(]) (6.4)
where Y (X) is the planar potential and / = d,/2, where d,, is the interplanar space. Here

last term is a normalization factor so that Y,(z) is zero at the midpoint between planes.

The total transverse energy Ex is conserved and is given by [13]

dz
- E(d—'"f)l + Ya(z) (6.5)
where dx/dz= % is the incident angle. From this we get
d.
dz = VE——oo— (6.6)
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which yields after integration, the wave length of particle trgectory as a function of

transverse energy as

a dr
A = 4\/@/0 -—m (6.7)

Here a is the amplitude of motion defined by Y2(a) = Ex. The comparison between
various potentials is much easer and lucid in the wave length function analysis.

In Figs.6.3.a and 6.3.6 the Moliere, Shell and Biersack's Universal average planar
potentials (hard spring type potentials) are plotted as a function of distance from the
centre of channel. Shel potential gives a dightly lesser value compared to Moliere and
Biersack's Universal planar potentials. Near the plane both Universal and Shell potentials
give vaues ,which lie bedlow Moliere planar potential [11]. In other words Moliere planar
potential is the strongest hard spring type potential discussed above. Thisis more evident
from Fig. 6.4(a,b,C). Here A is a monotonically decreasing function of amplitude and
transverse energy (characteristic of channeling potentials), which means the closer a
positive particle moves to a plane the harder it is pushed away by the positive nucle of
lattice atoms. Therefore, for a given energy E = 12 MeV and incident angle v,, the
dechanneling will be maximum for shell and least for the Moliere potential. This can be
seen in dl the dechanneling fraction versus depth graphs shown in Figs. 6.6, 6.8 and 6.9.

The equation of motion for a planar channeled particle in a SLSis given by [312]
(shown in Fig. 6.2.6.)

d*z 1 & 2

+ o5 7 Yalz) = )_(=1) Ay é(z - js) (68)
dz? " 2E,dz° E;

where n is the number of layers. It may be noted that for the case of Ay = 0, the equation

(6.8) reduces to the equation of motion for a perfect single crystal (equation6.3). The
Delta function gives an impulse of magnitude Ay to dx/dz at each interface located
a z =js with first impulse in the -dx/dz direction ( by convention). Integrating the
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equation from js~ to js* gives [13]

Y(ist) —¥(js7) = (1) A (6.9)

6.4 CATASTROPHIC DECHANNELING RESONANCE

The main cause of Catastrophic Dechanneling Resonance (CDR) is that a large fraction
of planar channeled particles are smultaneoudly focussed onto channel wal under these
resonance conditions [12]. Maximum dechanneling occurs in this case. CDR condition
is achieved experimentally by changing the beam energy until the effective wavelength
matches the superlattices period (A = 29) as shown in Fig.6.2.b. Effective wavelength of
planar channeled particle motion can be experimentally determined from the oscillations
in the back scattered yied as a function of a depth [5)].

We have studied the depth and angular dependence of CDR as a function of incident
angle (v,), strain tilt angle (A) and minimum impact parameter (».). The minimum
impact parameter r. defines the cut df distance for a channeled trajectory and if a particle
approaches a plane within a distance r. of that plane, it is considered to be dechanneled.
We have calculated the dechanneling profile of 12 MeV *Heparticles in GaAso.09Fo.01 /
GaP (s = 48.2 nm, layer thickness = 34 nm) for various incident angles v, = —0.133°,
0.0°, 0.133° , tilt angles Ay = 0.143°, 0.153°, 0.163° and minimum impact parameters r.
= 1.15a7,1.25a7 and 1.13a7 respectively. This particle energy corresponds to resonance
conditions discussed above.

The trgjectory of a planar channeled particle is simulated numerically by integrating
equation (6.8), for each incident angle (i,) and initial longitudina displacement (z,).
The trajectory calculations were carried out for 200 incident particles spaced uniformly
between the planes (i.e., varying the initial transverse displacement z, from —d,/2 to

+d,/2). When a particle crosses the firg interface (z = s,; = 1) there should be a
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change in 9 by an amount equal to —A. At second interface (2 = 25,7 = 2), this
amount should be +A1) because of opposite tilt. We have used this criterion (equation
6.9) for checking the program for various values of Ay and 1. All numerical calculations
were carried out at Microvax II system with the help of IMSL Math/Library™.

There is a strong asymmetry in the incident angle dependence of CDR. When the
incident angle is varied from _, to v,, the focussing of the channeled particles onto
the channeling wall is advanced and the dechanneling depth is shifted to shallower depth
(the angle v, (—1,) is defined as towards (away) from the second layer direction). This
asymmetry in the incident angle can be understood qualitatively from the phase plane
analysis based on modified harmonic model discussed below [3,22].

Let ¥m be the critical angle for channeling, and z. be the critical distance defined
such that rp; = d,/2 — z.. Since the transverse energy is conserved, critical transverse

energy Ey . can be written as

E?, = Yi(z.) (6.10)

Equation (6.5) can be smplified if the potential is approximated by a smple harmonic
potential, Y;(z) o z?, giving
(dz/dz)? 5

2
___;b%,f— ;%; = Ip (6.11)

In the modified - harmonic model al particles have the same wavelength ( equation
6.7 ) because of the harmonic nature of the potential and motion of a particle in the phase
plane is on a circle of radius r, with co-ordinates (2z/z.,(dz/dz)/yms shown in fig 6.5
[3,22]. ( For simplicity the critical distance z. on the phase circle was shown as d;/2 ).
Unit circle (see Fig. 6.5) corresponds to critical transverse energy for particles to remain

channeled [12]. A uniform incident beam of particles is represented by a horizontal line
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5 on a diagram of normalized transverse momentum (angle) versus normalized lateral
position in the channel. This assumption is possible because in harmonic approximation
the wavelength is independent of transverse energy [3]. For larger incident angles (+,),
the line will be placed higher above the x - axis and for negative incident angles the line
will be placed beow the x -axis. This line rotates as the channeled beam penetrates
the crystal, and undergoes a vertical increase at each interface according to sgn and
magnitude of the tilt Ay [10]. Since the path length per layer s is haf the wavelength
(A) of the beam ( See Fig. 6.2.6.), while penetrating each layer the beam changes its
direction. At the interface the crysta plane dso changes it direction by £Avy with
respect to the sign of the incident angle. Thus, the angle of the channeled particles
relative to the crystal planes increases at each interface until they become sufficiently
large so that continuum potential can no longer restrict the motion of the particles with
in the plane and consequently dechanneling of the particles occur. Since the outer circle
corresponds to the maximum transverse energy for which particles remain channeled, the
complete dechanneling situation corresponds to the shifting of line S completely outside
the circle (shown in Fig. 6.5.)

The calculated tragjectories for 12 MeV *He channdled in a SLS for incident angles
Yo =— AY/2 and ¢, = + Ay/2 respectively are dso shown in Fig 6.5. It is evident from
the Fig.6.5 that there is adelay in depth for catastrophic dechanneling of one layer for ),
=— Aw/2 case. Since the starting line in the phase plane is bdow the origin for particles
incident at an angle v, = —A/2, its evolution out of the circle a each interface trails
that of particles incident at an angle ¢, = +Aw/2 by exactly one layer.

Moving the incident angle to increasingly larger negative vaues shifts the line Slower
on the unit circle and there by delays the focusng of the channeled particle into the
planar wal [12].

This incident angle asymmetry is shown in Fig.6.6q, 6, c. for 4, = —1.33°, 0.00° and
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0.133° respectively. When the angle is increased from -0.133° to 0.133°, the dechanneling
a agiven depth is increased. The dechanneling fraction calculated using Moliere, Shell
and Universal planar potentials compare wdl with experimental results. Specidly the
depth at which the abrupt rise in dechanneling (a characteristic of CDR) matches with
experimental points. When the angle is decreased from +0.133° to —0.133°, this marked
increase in dechanneling fraction diminishes.

It is evident from above mentioned phase-plane analysis, if one reduces the incident
direction ¥, by Ay it delays the depth of the CDR by one layer. Let D.(v,) denote the
depth of the CDR, then

[)C(wo) - Dc(d)n - Ai/') = -1 (612)
and hence
ADC(¢'0) _ _l
A T AY (6.13)

Thus the CDR depth versus incident angle should have an average dope — 1/A% and
thus be a measure of strain in the Srained Layer superlattices.

Using the phase plane analysis we can calculate the CDR depth as a function of
incident angle v,. It can be shown that the jumps in the CDR depth at interfacej occur

a the corresponding incident angle v, such that [22]

7= 1 = Y /AP(A =9 /pm) (6.14)

Where A = [1 - ((1 - xc)d,/2z.)?]'"/* and x.is the dechanneling level. The Catas-
trophic Dechanneling depth increases when the angle of incidence is varied from — 1, to
+ . andis shown explicitly in Fig. 6.7. The calculations were done for the dechanneling

depth corresponding to a dechanneling level x. = 0.85 (i.e. 85 % of the particles were
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dechanneled at this depth). Thus dope of the linein Fig. 6.7. which is calculated using
modified harmonic approximation (equation (6.14)) is equa to the reciproca of tilt an-
gle Ay. This model dlows rapid evaluation of results without the extensive numerica
calculations. The staircased structure shown for CDR depth calculations using Moliere,
Biersack’s Universal and Shell planar potentials contains both strain and potentia in-
formation and to a first approximation, the dope of the straight line passing through
these staircased structure is equal to the reciproca of the strain tilt angle A%. The CDR
depth calculations using Shell, Moliere and Biersack's Universa planar potentials are in
good agreement with experimental results shown in Fig.6.7.

For larger minimum impact parameter r. only few particles remain channeled, because
the effective channel width is decreased. The parameter |d,/2—b.ay| determines the width
of the channel, where 6 is avariable (1.15, 1.25 and 135 in the present case) and a; is the
Thomas Fermi screening radius. So it is not surprising that dechanneling at a given depth
is largest for highest value of r. i.e, for r.=1.35 ar. (shown in Fig.6.8). Similar situation
exists for other values of tilt angles. For higher values of the tilt angles, transverse energy
acquired at the interface is large and that results in sharp rise in dechanneling fraction.
This is shown in Fig.6.9.

There is no concrete analytical method to find energy corresponding to catastrophic
dechanneling. The incident angle versus average yield (z) is plotted on a graph and
the energy corresponding to the maximum average yield is taken as the catastrophic
dechanneling energy [14] (Shown in Fig.6.10.). x is defined to be the average yield between
second and fourth interfaces, because in this region, maximum dechanneling occurs. The
incident energy corresponding to CDR is anaytically calculated using Moliere, Shell and
Biersack's Universal potential ( calculations have been done for 4 Heion beams incident
aong the (110) direction of the top layer of GaAso.17Fess /GaP,wheres= 45.2nm and dy

— 1.93A) Calculations using Moliere planar potential correctly predicts the energy value



Chapter 6. STRAINED LAYER SUPERLATTICES 70

corresponding to catastrophic dechanneling (E = 1.2MeV).Moliere calculations show
dechanneling fractions are very sensitive to incident energy and there is a sudden rise in
dechanneling fraction near E = 1.2MeV.For both Shell and Biersack's Universal planar
potentials thereis agradual variation in x versus E graph. For Shell planar and Biersack's
Universal planar potentials, analytical calculations predict energy corresponding to CDR
at 1.3 MeV. The dechanneling fraction is very sensitive to the incident energy and the

type of potential used in the calculations.

65 CONCLUSION

It has been already experimentally verified that the Catastrophic Dechanneling Resonance
effect can be used to measure strain in Strained Layer Superlattice. Sensitivity of this ion
channeling effect is due to the fact that the tilt angle Ay is of the order of critical angle
for channeling ¥. [22]. The CDR technique is the most sensitive of the ion channeling
techniques for strain measurements. Typically, the values of the tilt angle, A, can be
determined within an accuracy of as great as 0.01°, which corresponds to strains of 0.02%.
[10]. Since the half wavelength (A/2) of the planar channeled particles are of the order
of 50 nm and must be made equal to path length per layer s, CDR technique is more
suited for thick layers [10].

We have calculated the CDR dependence on various parameters using Moliere, Shell
and Biersack's Universal planar potentials. The choice of the shell potential was due to
its non statistical nature, and the signature of detailed atomic structure target material
is inherent in the Shell model. We hope this will give more physically acceptable results
in the defect studies in SLS, which we plan to undertake shortly. For the defect studies in
SLS more parameters should be incorporated into the Shell model. Moreover the location

of the atoms in SLS structure also becomes significant in this case.
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Chapter 7

CHANNELING RADIATION

7.1 INTRODUCTION

When charged particles propagating through a medium get accelerated or deccelerated
through various physical processes, electromagnetic radiation is emitted. This is a wdl
known fact in electrodynamics theory.As mentioned in Chapter /, the longitudinal motion
of a channeled particle [1,2] is assumed to nearly free particle type motion (neglecting
energy losses for short longitudinal distance, compared to particle energy) and only the
transverse motion of particles is governed by the continuum transverse potential. The
channeled particles execute to and fro oscillatory motion in the transverse space and
are accelerated and deccelerated in the process resulting in emission of electromagnetic
radiation. Quantum mechanicaly, the bounded transverse motion in the field of con-
tinuum potential is quantized and the spontaneous transition among these levels result
in the emission of relevant energy as electromagnetic radiation. The calculated trans-
verse oscillation frequenciesw, and the corresponding energies are generaly very low and
the observation of channeling radiation seemed to be impossible because the radiations
due to other mechanisms ( like Bremsstrahlung) are stronger and hence dominate in the
same energy range. Later, towards the end of seventies, Kumakhov redized that when a
relativistically fast charged particle is channeled in a crystal,the longitudina relativistic

motion results in Lorentz contraction aong the axes or planes so that the strength of
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continuum potential is enhanced by afactor y (y =1 / \/1_——(1_5/7)) Since the emit-
ted electromagnetic radiation is to be observed in the laboratory frame, the radiation
frequency is Doppler shifted in the forward direction by a factor 27 , so overdl enhance-
ment in the frequency, of the order of 242 results for forward emisson [34]. Where v i
particle velocity and c is velocity of light. The observed frequency is given by w = 2 2
w,, Where w, is the origina frequency due to spontaneous transition among the discrete
eigenstates supported by the continuum planar or axia potential of the crystal. Experi-
mental verifications of Kumakhov's prediction were followed promptly by the observation
of channeling radiation from 56 and 28 MeV positrons [§ and electrons [6] channeled
aong the mgor crystallographic axis and planes of silicon single crystal respectively.
Electrons and positrons are of practical interest as projectiles in channeling radiation
experiments because classically the the instantaneous radiated power is proportional to
acceleration which in turn is inversdy proportional to mass of the projectile. Since the
potential minima for electrons are a the centre of atomic strings or planes, channeled
electrons have maximum probability for hard collison with atoms, contrary to positrons
case. The planar potential for positrons can be approximated to harmonic type and
frequency is almost independent of amplitude, so the energy levels are equidistant. Due
to the negative charge of the electrons they cross the atomic planes during their motion,
this results in anharmonic interaction between the electrons and atomic plane which gives
nonequidistant energy levels and broad range of oscillation frequencies in the spectrum.

Eventhough channeling radiation occurs at higher energies, the transverse motion of
particles can be still described by the usua non-relativistic Schrodinger equation. This
is because the critical angle . is inversdy proportional to the sgquare root of incident
particle energy and consequently the transverse energy E? remains non-relativistic even

at high energies. Severa theoretical methods using classca and quantum mechanical
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treatments for channeling radiation were made and reported during last 15 years or so
[8-14].

Most of the initial efforts on channeling radiation work have been towards its applica
tion as coherent source as wdl as to characterize the properties of crystal and channeled
particle [15]. The photon energy can be tuned by changing the particle energy. The
planar channeling radiation is linearly polarized. At high relativistic particle energies,
the observed channeling radiation in the forward direction consists of hard x rays or
7 rays concentrated inside a narrow cone of hdf angle 1/~. The radiation characteristics
(frequency, line width etc) are aso functions of crystal structure in addition to parti-
cle parameters. It is possible to investigate the imperfections in the crystals, to study
various processes like defect formation which results in the dechanneling of channded
particles. So it is important to know the details about the radiation characteristics of
channeling radiation emitted from a crystal and we have calculated the characteristics of
the radiation emitted from relativistic positrons and electrons channeled dong the (110)
plane in Slicon single crystals usng Shdl planar potential and discussed in section 7.2
and 7.3 respectively. The effects of didocations on channeling radiation is discussed in
section 7.4 and the applications of channeling radiation are outlined in the last section.

7.2 CHANNELING RADIATION FROM RELATIVISTIC POSITRONS
The positrons move between the crystallographic planes with small amplitude of oscilla
tion and the potential due to the two planes is given by [16,17]

Y2(z) =Y —zF Y(I+ X) (7.1)

where / is given by / = d,/2 and x is measured from the hafway point between two
planes. We have numerically evaluated equation (7.1) using shel planar potential and
curve fitted it to a fourth order polynomia of the form, Y7*¥(z) = Y,(0) + (1/2) k, X
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+ (1/4) k, X*. The coefficients &, and k, (both are in atomic units) are given by k;, =
0.354918, k, = 0.026305 respectively. Using harmonic approximation for potential and
keeping only upto quadratic term the channeling radiation frequency is given by

w=2~" ( ki ) (7.2)

My

where m, is the rest mass of positron. The finite line width due to dightly different
energies of the radiation because of the anharmonic efect is calculated usng perturbation
theory [15] and is determined in terms of a parameter ¢ and is proportiona to n,,,.,
where n,,..is the maximum number of bound states supported by transverse continuum
potential. The transitions are calculated using firs order perturbation theory, (This

number corresponds to nme.. = 11 , ¢ = 000885612 for v = 111 and nge-= 10, ¢ =
0.00937775 for 7 = 99) .

hw
h = ——— 7.
ll(“"'u,n—l | — ,BCOS(} (1 + Hf) ( 3)

For forward emission 9 = 0 and ¢ is given by
_ 3 ?i. ;‘L’g
4 k;w\/m,,'y
The spectral peaks were calculated for 56 MeV and 50 M eV positrons channeled aong

(7.4)

(110) plane of Slicon single crystal and is compared with experimental results. This is

shown in Table 7.1..

7.3 CHANNELING RADIATION FROM RELATIVISTIC ELECTRONS

The planar potential experienced by an eectron is attractive and can be approximated

to a form [17-19]
Y(y) = Yo exp(—kly|) + A
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where y is the distance from the plane, k is the efective screening length, and A is a
constant added, so that energy can be fixed to zero at the midway point between two
planes. Solving the Schrodinger equation using the above mentioned potential, we get

the wave function.

be(4) = oy (Qo exp (—51) 7.

where J,, isthe Bessel function of the first kind and of order v, , @, and v, are respectively

B [8 my, v |Vl
@ = k2 h*
E,—A
Y (.7)

where m, is the rest mass of electron, is the planck constant, E is the energy eigenvaue

given by

associated with ,. The continuity condition for both odd and even parity states are

imposed as
J,(Qo) =0 odd state (7.8)

%JUP(QO)zo even  state (7.9)

The odd and even parity states are derived from (7.8) and (7.9) respectively and the

photon energy can be calculated usng the relation

hwops = 2 4° AE, (7.10)

where AE, is the difference in eigenvalue for the transition of interest . Equation (7.5)
can not provide a good approximation to the potential function when thermal vibration
of atoms are considered .The eigen values are calculated using equation (7.5) and the
first order perturbation theory has been used to correct these eigen vaues to account for

thermal vibrations of atoms which is dominant near the region y = 0 (i.e close to planes).
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The shell planar potential is therefore curve fitted to a function of the form [18]

FF

Y(y) = Yoezp(—ky) + A; for wy <[yl < (7.11)
Y(y) = '~ B; for |yl <u (7.12)

where u; is the root mean square displacement due to the thermal vibrations. In ac-
tual practice the shell planar potential was curve fitted to the function of the form Y,

exp(—k|y|)(thisis shown in Fig 7.1) and the constant A added afterwards so that energy
can be normalized to zero a the midway point between two planes. In order to find the

value of the parameter B we convoluted the fitted potential to write [20

Y, exp(k* u?/2 1 :
}’::(I/) = t.rp(g ul/ )(e;r])("—ﬂyl) f:?‘fc[-\—/_; (A'u] - ﬁ)]
1
+ exp(kly) f[jj(k+—’)}) 713

where Y.(y) is the convoluted potential and erfe(y)is the complementary error function

given by

erfely) = % /; exp(—17) dt (7.14)
The value of convoluted potential for y = 0 is taken to be the value of the parameter
B, and since the values of parameters Y, , A, B are known ,the vdue of the parameter
Y\ can be found out by equating the potential given in (7.11) and (7.12) at y = u; .
The spectral peaks were calculated ( Table 7,2 ) using equations (7.8) (7.9) and (7.10)
respectively for shell planar potential for both 56 MeV and 28 MeV electrons channeled
along (110) direction of dlicon single crystal usng /IMSL MATH/LIBRARY™' [IMSL
MATH/LIBRARY Special functions™ and cross checked with Mathematica™ software
package, and is compared with experimental results. Corresponding eigenvaues were
calculated and are shown in Fig.7.2. Here we have used the following vaues for the

parameters Y, kAY\ and B. Y, = -27.539568 eV, k = 2524414 nm~'A =2.440461
eV,Y; = 184.55627 x 10% eV/nm?* and B = 21.387006 eV
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74 EFFECTS OF DISLOCATIONS

As mentioned in the section 7.1, the channdling radiation can be used to study imperfec-
tions in the crystal. The presence of defects in crystals affects channeling phenomena in
general and channeling radiation in particular. The effects are of two types: The obstruc-
tion effects like those created by point defects, stacking faults etc and distortion effects
like those resulting from dislocations. Here we present the study of effects of didocations
on channeling radiation from 56 MeV positrons channeled dong < 110 > axia channel
of Slicon single crystals using Shell axial potential taking into account the geometry of
the < 110 >.

Around a didocation the atomic rows and planes exhibit curvature which will alter
the trajectory of the channeled particle and can dechannel the particle altogether if the
curvature is large enough to modify the trajectory.The distortion produced due to the
presence of dislocation axis decreases as one moves avay from the dislocation axis. So
the curvature in channel decreases as its distance d from the didocation axis increases.
Ail the particles passing through regions where the centrifugal force 2Ex /R (due to
distortion) is greater than the restoring force due to the continuum potential will be
dechanneled. The axial potential due to al sx strings surrounding an < 110 > axid

channel of Slicon is given by

U(r') = U(R, — ') + U(R, 4 1) + 2U(\/R2 + 1 + R,r') +2U (\/R2 + 1 — R,r') (1.15)

where R, is the radius of the channd, r' is measured from the channd axis and the cross
section of < 110 > axia channel has been approximated by a regular hexagon. Thus
R, is samply taken as distance between channd axis and one of the strings of regular

hexagon. This is curve fitted to a polynomial of the form

UE(r) = Uy(po + par® + par?) (7.16)
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where r' has been replaced by r .The Schrodinger equation for transverse motion of a
positron channeled along < 110 > axia channel is atwo - dimensiona harmonic oscillator
equation with potential given by equation (7.15). The observed channeling radiation
frequency for perfect crystal case is given by [5

; 2 U, »p
Wopy = 2772 b (7.17)
m,

where m, is the rest mass of positron. Our calculations are based on Constant curvature
model (shown in Fig. 7.3.) for didocation affected channel proposed by Pathak [23,24].
The dislocations are assumed to introduce a continuous and constant curvature with

radius of curvature R in the channd which is given by

2 w2 42
B ot (7.18)

where ¢ is the angle between channel axis and plane perpendicular to the didocation

axis. The hdf length 2, of curved part of disocation affected channels situated at a
distance d, from the dislocation of Burgers vector b are given by [24],

g e 0 (7.19)

¢ cos¢

Here we assume that particles are still outside the dechanneling cylinder [25,26] so that
the ions do not get dechanneled but their state of motion is appreciably modified due
to the curvature of the channels [24]. The assumption of constancy of curvature is vdid
only for those channels which are not too close to disocation core. Thus for an initialy
(i.e., before encountering the dislocation affected channel) wdl channeled particle the

equation of motion becomes [21]

. duPv  2E
—_ — ] 0
mr + ry B (7.20)

second order equation which after integration gives

f==W%ﬂU?WD—%WM+ﬁf% (7.21)
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Because of the additional centrifugd force in the transverse direction,the equilibrium
axis shiftsfromr — O tor = r, given by

28w

R dr IT:"'O = U (722)

The maximum oscillation amplitude r,. gained by particle is given by

E;WFIWW) (7.23)

Substituting the potential (equation 7.16) in equation (7.22) and (7.23), we get cubic

[
U;O y(rm ) -

equations for r, and r,, as

3 P2 E
Ly e = 0
ot o T Im RUL
3 P2 2E
EX - = 7.24
0 ¥ P4 7 P4 H Uo ( )

These equations can be solved analytically [27] and positive roots are given by

2 P2 G }[l ' }—I( 3 E\/().Pq )J
r, = — sinh|- sinh
6p4 3 2 RU, p2 /P2
re = 2 P2 ink F sinh™! (——jﬁ—ﬁ—— "}M)J (7.25)
3p4 3 R U, p2 \/p2

For initially wel channeled particles the oscillation amplitude 7,,,, gained in karmonic

approximation, after crossing the didocation affected channd is given by [24]

4R EY
=3 @ U,

The corresponding change in the period is obtained from the equation of motion in

(7.26)

the transverse space
1 - 0 o
-Q-mf'2 + UE™(r) = U? [”(rmp) (7.27)



Chapter 7. CHANNELING RADIATION ot
The period of oscillation for transverse motion is then

Tamp dr
T=4 / o (7.28)

v
The observed channeling radiation frequency is given by

4 2
w? = my

obs T

_ J [PZ + 21‘31’7].]3})4
— Wobs

} m
P 2P (v 2 g ¥ )

where F is the complete dliptic integral of the firsg kind. Fractiona increase in

(7.29)

channeling radiation frequency is given by

d
f s woba

wobs

= Wobs

(7.30)

we have calculated the fractiona increase in channding frequency using shell model
axial potential for (remp = R./2) and (rem, = R, /4) and obtained the vaues 0.286
and 0.042 respectively. This means that frequencies increase due to concentration of
dislocation.

To the best of our knowledge, the only experiment of this kind, ie, study of crysta
defects using channeling radiation was reported by Park et.al [28]. The experiment was
done in Diamond cyrstals and the effects of didocationlike structures (along (100) pla-
nar direction) have indicated an increase in channeling radiation peak frequencies from
positrons. The concentration of disocations was too high in type | diamond crystals.
Most of the positrons are dechanneled at high didocation concentration, moreover at
these high dislocation concentrations they interact with each other and one sees for-
mation of dislocation loops. The modd presented above is for single noninteracting
dislocation, ofcourse the results are quantitatively in right direction namely increase in

channeling radiation frequency as observed experimentally. But quantitative comparison
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is not possible at this stage. We suggest an experiment of channeling radiation in single
crystals with moderate dislocation density of the order of 10® / cn?.

The other area in which channeling radiation can be used as a tool to study the
crystal defects and strains is Semiconductor Superlatticesin general and Strained Layer
Superlattices (SLS) in particular. As discussed in the last chapter Catastrophic Dechan-
neling Resonance is one of the methods in ion channeling experiments used extensively
for this purpose. It has been already theoretically predicted that [29,30] the channeling
radiation peak frequency decreases by a factor of cosAwy and line width decreases by a
larger factor cos’ At in LS (where At is the tilt at the interface and is a measure of
strain). The theory is based on the experimental fact [31] that due to the tilt at succes-
sive interfaces, the continuum planar potential is weakened as evidenced by the decrease
in the width of channeling dips. Hence if the strains in SLSs become too large (due
to increase in layer thickness), they relax to create dislocations resulting in increase of
channeling radiation frequencies and line widths. Therefore, one can immediately con-

clude from channeling radiation experiments, whether or not the misfit defects have been

created at the interfaces.

75 CONCLUDING REMARKS

The application of channeling phenomena to get monochromatic (and possibly coherent)
radiation has essentially revived the interest in coherent radiation sources and their ap-
plication in Solid State, Nuclear and Atomic Physics [12]. Presently the use of channeling
radiation is only of speculative nature [32] and the most exciting and challenging task is
the realization of the possibility to some how induce a population inversion mechanism
to cause the the channeled electrons or positrons to get pumped to higher transverse

energy levels. If this can be achieved, either by using a part of the emitted radiation to
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re-excite the transverse energy levels or any other way, one can produce a coherent x my
or 7 ray laser source, tunable by varying the channded particle energy [30]. As men-
tioned earlier the radiation characteristics are dependent on the crystal structure, one
has to characterize the properties of crystals and study the paramater like channeling
length [33] etc inside a crystal. Systematic accumulation of channeling radiation data on
variety of crystal species has aready been reported [33-35]. One can expect that very
soon Channeling Radiation techniques will emerge as potential alternative to /PR and
electron microscopy techniques for the determination of structure and properties of both

imperfect and perfect crystals.
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Spectral feature of planar channeled positrons

Table - 7.1
Crystal plane | Beam energy | v | Energy of emitted channeling radiation
(MeV ) ( keV )
E (exp) | E(calc) E (calc)
5] 18] | (prosent)
110 50 99 385+1 |33to38| 32.2to 349
110 56 111 [ 425 + 0.05 [38to 44 | 38.2 to 41.6
Spectral peaks for planar channeled electrons
Table - 7.2
Crystal plane | Beam energy | v | Energy of emitted channeling radiation
( MeV) (keV )
E (exp) E (Present Results)
(6] with out with
Thermal Thermal
correction correction
110 56 111 128 150 121
B4 87 90
68 Tl 67
52 54 55
42 45 43
28 56 40 46 39
25 25 26
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Fig 7.1:  The dashed curve represents the shell planar potential and the solid curve rep-
resents the shell planar potential fitted to the jorm Y, ezp(—k|y|) in the region

Wl < dy/2
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Fig 7.3: (a) A typical channel at some finite distance d, from a dislocation. (b) The model
channel replacing the actual channel of the part (a), and showing the co-ordinates
used in the text. Here R, is the distance between the aris of the channel and one of
the strings, r, is the equilibrium position about which the particle will oscillate and
vy and vy are the positions at which the particle arrives after traversing the first
and second parts of the channel, respectively (i.c. left and right to AB, respectively).

(Ref [24])



Chapter 8

CONCLUSION

81 SUMMARY OF THESIS

Beginning part of this thesis deals with energy loss measurements in the interesting veloc-
ity range near the maxima of stopping power versus velocity curve. These measurements
were restricted to random situations due to non-availability of goniometer at Paletron in
Nuclear Science Centre (N.S.C.),New Delhi. Corresponding theoretical calculations us-
ing different models were performed and compared with experimental results. However,
the major portion of the work reported in this thesis is mainly concerned with the theo-
retical calculations on energy losses (random and channeling cases), channeling radiation
and effects of dislocations/strains on channeling phenomena. The interatomic potential
used in dl these calculations is based on the Shdl structure potential constructed by
using spherically symmetric orbitals obtained by using Clementi’ssdf consistent orbital
exponents. These results are compared with those obtained by using other Thomas Fermi
type potentials. In most of the cases results obtained using shell structure potential are
in good agreement with experimental data and the degree of agreement is of the same
order as obtained using other statistical type potentials.

The statistical type potentials are ussful choice for a rough estimation of the interac-
tions involving heavier atoms, because, when the sze of the atom increases its number

of shells and number of electrons aso increase. The accuracy of statistical models dso

87
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improves with the increase in number of electrons. At the same time, the computer time
needed to handle the shell potentials increases enormoudy where as it remains ;o
or less constant for statistical potentials. We will elucidate the above mentioned com-
ment with an example of the time of run taken for trgectory simulations of 4}y ions in
GaAs; Pyi_FaP. For 200 incident particles with y, = 0.133°, r. = 1.35¢; ad Ay =
0.153°, Shell potential calculations took 27 hours, 3 minutes and 19 seconds (27 : 3 : 19).
For Moliere and Biersack's Universal cases, the computation times were just 0:19: 42
and 0 : 20 : 22 respectively. Eventhough the computation time is more in shdl potential
case, this potential gives a better physical picture of the interactions involving the target
and probe beam.

Channeling and its applications were discussed in chapter 1. We have done eectronic
energy loss measurements (random case) using Elastic Recoil Detection Analysis (ERDA)
method at the N.SC., New Delhi, India. The unique features of electronic energy loss
measurements using ERDA method were discussed in the second chapter. Mog of the
interatomic potentials used in the channeling studies are either of statistical nature or
obtained using numerical iteration methods. We have developed Shell model charge
densities and corresponding Shell model potentials which have analytical forms and carry
information on detailed distribution of electrons in the atom. We strongly fed that
these shell model potentials give better physical picture compared to the other Thomas
Fermi Statistical type potentials. The Shdl modd potentials were compared with other
statistical type potentials and were discussed in chapter 3. The calculations usng Shell
model charge density in the position dependence of electronic stopping power in planar
and axial cases gave good comparison with the experimental results. This is discussed in
chapter 4. In chapter 5, the Z, oscillations in the electronic stopping powers of elements
are discussed on the basis of Briggs-Pathak theory and shell modd charge density is used

to calculate the electronic stopping powers of Slicon and Tungsten for ions ranging from
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Zy = 610 Z; — 35. Results are in good agreement with experimental data. This gave us
the motivation to study various problems like channeling in Strained Layer Superlattices
and Channeling Radiation in semiconductors using the corresponding Shell continuum
potentials. The results are compared with other theoretical models and experimental
results. As expected the calculations using Shell model potenitals gave good agreement
with experimental results. These calculations were discussed thoroughly in chapter 6
and chapter 7respectively. Both Shell model charge densities and potentials were derived
in a phenomenological form which can be used as a potential alternative for numerica

computer simulation methods.

82 COMMENTS ON POSSIBLE FUTURE WORK

In chapter 2 we have made only an introduction to our series of ongoing research project
of electronic energy loss measurements at N.SC., New Delhi, India. The projectile
energy has been chosen in such a manner that the velocity is of the order of 10 — 3.0
atomic units of velocity. Only very few experimental data values are available in this
low velocity region. As mentioned earlier, it has been theoretically predicted that in the
velocity region of 2— 3 atomic units, the oscillations in the electronic stopping power will
damp out. In the future experimental runs, we will cover the energy values corresponding
to low velocity region and projectile belonging to the range (Z; = 8 — 29), for which
we didn't have the data sofar. We aso plan to perform channeling experiments, once
goniometer becomes available at paletron in N.5.C. New Delhi. A theoretical mode for
random electronic stopping power taking into account of shell structure of target atom
is to be developed. The transition from channeling to random case involves breaking of
continuum approximation and close encounter processes cannot be completely neglected

in random situations.
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In Srained Layer Superlattices (SLS) the tilt at the interfaces were represented by
Dirac Delta function. Then replacing the Dirac Delta function by a smooth function is on
the cards and this will tremendously improve the scope of getting an analytical solution
to the problems of effects of defects on channeling in .S

It has been already stated before that many theoretical predictions are not experi-
mentally verified. For example, Only very few experimental data are available for the
electronic stopping power region for 1 — 3 atomic unit of velocities. The other area where
the experimental data are very sparse is the possibility of using Channeling radiation in
the defects and dislocation studies in Strained layer Superlattices. Setting up of channel-
ing facility at Indira Gandhi Centre For Atomic Research, Kalpakkam, India IGC AR is
presently at the preliminary stage, where 400 AeV and 2 MeV accelerators have already
been installed for material science applications. There is aso a possibility of installation
of channeling facility at NSC. Once these channeling facilites become operational, we can
do many interesting channeling experiments in the areas of energy 10ss measurements,
channeling radiation and defect studies in Strained Layer Superlattices, and verify many

of the theoretical predictions.
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