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Abstract

This investigation comprises a comparison of experimental and
theoretical dechanneling of MeV protons in copper single crystals.
Dechanneling results when an ion's transverse energy increases to the
value where the ion can undergo small impact parameter collisions with
individual atoms. Depth dependent dechanneling rates were determined
as functions of lattice temperature, ion beam energy and crystal axis
orientation. Ion beam energies were 1MeV and 2MeV,temperatures ranged
from 35 K to 280 K and the experiment was carried out along both the
{100 and <110) axes.

Experimental data took the form of aligned and random
Rutherford backscattered energy spectra. Dechanneling rates were
extracted from these spectra using a single scattering theory that
took explicit account of the different stopping powers experienced by
channeled and dechanneled ions and also included a correction factor
to take 1into account multiple scattering effects along the ion's
trajectory.

The assumption of statistical equilibrium and small angle
scattering of the channeled ions allows a description of dechanneling
in terms of the solution of a diffusion like equation which contains
a so called diffusion function. The diffusion function is shown to be
related to the increase 1in average transverse energy. Theoretical
treatments of increase in average transverse energy due to collisions
of projectiles with channel electrons and thermal perturbations in the
lattice potential are reviewed. Using the diffusion equation and the
electron density in the channel centre as a fitting parameter
dechanneling rates are extracted.

Excellent agreement between theory and experiment has been
demonstrated. Electron densities determined in the fitting procedure
appear to be realistic. The surface parameters show themselves to be
good indicators of the quality of the crystal.
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1. Introduction

MeV and keV ion beams can be used for analysing and modifying
physical properties within several microns of a solid';‘ surface.
Modifications may be affected through controlled implantation of ion
species. For example: crystalline structure can be made amorphous and
doping can be carried out in semiconductor manufacturing. Analyses can
be performed using the ability to determine mass, concentration and
location of atoms wusing the techniques of Rutherford backscattering
(RBS), nuclear reactions and channeling. Atom location techniques, for
example, require channeling of ions along major crystallographic axes

of a single crystal and then the atom's position within the lattice

can be deduced from the resultant spectra.
1.1 Background

Consider an ion beam incident upon a single crystal, with energy
E, » along a major crystallographic direction. To the beam, there
appears an array of atomic strings parallel to the axis with end
points being the surface atoms. To a first approximation the ion beam
is assumed to interact with an infinite single string of atoms. An
incident angle, ¢ s, can be defined as that angle between the direction
of the beam and crystallographic axis.

The approximation to the potential of a Thomas-Fermi, T-F, atom
used by Lindhard7to derive an expression for the effective interaction
between a single string and an ion whose trajectory is almost parallel
to the string is given as

V(R) = 21 22 & (1 - (1 +(Cca/RS %) 1.1.1
R
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Where Z1,Z2 are ion and lattice atom atomic numbers, R is the distance
from a lattice atom, C is a constant with a value of /3 , a is the T-F
screening distance. By integrating equation l.1l.1 along the string's
axis the standard continuum potential U(r) 1is obtained
U(r) = z1 22 & 1n(l + (Ca/r) ) 1.1.2
d

Where d is the axial lattice spacing, and r is the radial distance
perpendicular to the string. This can be looked upon as an averaging
of the discrete spherical atomic charge distributions into a continuum
with a cylindrically symmetric charge distribution.

Trajectories can be described by the standard continuum potential
if an ion's trajectory at the channel centre with respect to the

string 1s less than a critical angle defined as

Y= Sz dlEd 1.1.3
If not, the projectile may, through small impact parameter
collisions with 1individual atoms in the string, undergo large
angle scattering.

For ions under the influence of the potential U(r), their velocities
parallel to the string are constant and it is thus necessary that
energy in the direction perpendicular to the string, called the
transverse energy, be conserved. Thus it is convenient to study the
three dimensional motion of ions as a projection on a two dimensional
plane perpendicular to the string. The parameter of interest now being

the transverse energy, E; , which can be calculated as follows

E,. = K_+ U(r) 1.1.4

Where K, is the transverse kinetic energy.
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Ideally, two regimes of projectile energies can be defined with

t
respect to the critical transverse energy Ehg( =‘Y E, )¢
i...Channeled fraction

Those projectiles with transverse energies less than the
critical transverse energy; they are steered away from
the string and will thus be precluded from small impact
parameter/large angle scattering collisions.

ii...Random fraction

Those projectiles with transverse energies greater than
the critical transverse energy; they interact mnormally
with the lattice and may undergo large angle scattering
as a result of small impact parameter collisions.

In reality, a channeled ion scatters from thermally vibrating
lattice atoms and individual electrons. In an individual collision an
ion may scatter to higher or to lower transverse energy. Since the
initial distribution is peaked towards low transverse energies it 1is
expected that the transverse energy distribution will broaden and thus
the average transverse energy of the beam will tend to increase with
depth. Theoretically, the change in transverse energy distribution
with depth 1is given by solving a diffusion-like equation. The
corresponding changes to the transverse energies are controlled mainly
by electron collisions within the channel and with thermally vibrating
string nuclei. Due to these scatterings, a channeled ion's transverse
energy can increase to the point where it makes a transition from the
channeled to the random fraction, i1.e. the ion 1is dechanneled. Once

part of the random fraction, an ion interacts mnormally with the

lattice and may therefore undergo large angle elastic scattering.
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Experimentally, the increase in dechanneled fraction with depth
may be observed using RBS techniques . For a well aligned beam/crystal
axis system the increase in average transverse energy with depth,
which brings increasing numbers of ions into the random fraction, is
seen 1in a backscattered spectrum as an increase in the aligned yield
with depth, figure 1.1l. If an amorphous solid of the same material
were used then the 1ions would interact normally with all atoms. The
backscattered 7yield for an amorphous solid quickly rises to the bulk
value in the surface region; the slight increase in yield with depth
is partially due to the change 1in differential scattering cross

section as a function of energy, figure 1l.1.

. random
Y L
i L]
e L]
1 L]
d . aligned
Energy —
<~ Depth
figure 1.1: schematic backscattered spectra

Dechanneled fractions can be extracted from these spectra and may

then be compared with theoretically determined values.
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1.2 Previous Work

In 1965 Lindhard7developed and used a continuum model to describe
the net effect of scattering by electrons and atoms on channeled ions.
This 1led to a diffusion-like equation whose solution describes the
depth dependent transverse energy distribution for a group of
projectiles. Since then several papers have been published dealing
with significant improvements in treatment of nuclear and electronic
scattering. Numerical solutions of the diffusion-like equation have
led to theoretical determinations of the dechanneled fraction.

Thus far, experiment and theory have been 1investigated for
silicon, germanium, tungsten and gold single crystals., Passing
reference has also been made about iron, mniobium, molybdenum and
tantalum crystals as well.

In 1972 Bonderup et aii solving Lindhard's equations numerically,
found that theoretical wvalues for the dechanneled fractions were a
factor of three lower than the experimental values for 1.6 MeV protons
along the (110> axis of silicon at 20" C and 700" C. The authors knew
that the nuclear and electronic scattering contributions were based on
rather cursory estimates and likely needed modification.

In 1973 Shiott et alfmodified equations in the previous paper by
including a more realistic electron density in the channel centre and
by taking into account terms in the nuclear scattering of higher order
than Lindhard's first order analysis. Also in 1973 Pederson et af?
based on Shiott's modifications, found the following: For both 1.6 MeV
protons along the (110> axis of silicon and 2.0 MeV protons along the

{1007 axis of tungsten agreement was excellent at 20" C and deviated by

up to 20% by the 700°C run. For several runs on tungsten down other
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axes they found good agreement. On 1iron, niobium, molybdenum and
tantalum theoretical values were a factor of 1.5 to 2 lower. They
suggested that this might be attributed to large concentrations of
defects.

In 1980 Matsunami and Howe treated the nuclear term in a slightly
different manner by adding in a high transverse energy contributiofﬁto
Lindhard's first order term, The electronic term was modified by
taking into account the geometry of the channel using a multi-string
formulation, and by using the electron density at the channel centre
as a fitting parameter. They found for both 1.6 MeV and 2.0 MeV
protons in silicon and germanium respectively along the {110% and
{11 axes that agreement with experiment was good with deviations of
10-20% at shallow depths and 10% at greater depths. These were
performed at temperatures ranging from 293 K to 973 K.

In 1980 Mooréﬁdeveloped a method for analysing experimental data
which took into account different rates of energy loss for channeled
and random fraction 1ions, variation of stopping powers and stopping
cross sections with energy and deviation of backscattered spectra from
single scattering theory. In this method it has been recognized that
there 1is no unique trajectory associated with the backscattered yield
at a particular energy. By taking this into consideration better
representations of experimental dechanneled fractions may be obtained.,

Recently, 1983, Howe et alﬂ+ applied the theoretical method of
Matsunami and Howélwith the Mooréstreatment of experimental spectra to
the interpretation of gold dechanneling data. The results for 0.5-2.0

MeV protons along {110) axis at temperatures from 35 K to 275 K were

that theory and experiment matched to within 10%.
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1.3 Thesis Topic

This thesis will concern itself with the extraction of experimental
and comparison with theoretical dechanneling rates for copper single
crystals; estimates of electron densities in the channel centre for
the two axes 1investigated will also result. The study comprises an
investigation of the dependence of the dechanneled fraction on lattice
temperature, ion beam energy and axial direction. The theoretical
treatment will be based on the latest model of Matsunami and Howg
which treats dechanneling as a diffusion problem and which includes
the electron density in the channel centre as a fitting parameter. The
experimental data will be analysed using a method developed by Mooré3
which explicitly takes into account the different stopping powers
experienced by channeled and dechanneled ions.

Given the fact that only the 1983 pape%% has been investigated
utilizing the more accurate treatment of experimental data it was felt
that further 1investigations were mnecessary in order to extend the
domain of wvalidity of the theoretical model and treatment of the
experimental data. Copper was chosen for it's availability as a high
quality single crystal and the fact that 1it's dechanneling data has
not been evaluated using the newest techniques. Copper has properties
similar to but sufficiently different from those systems already
studied, eg. atomic mass, debye temperature etc., that further

dechanneling information may be useful when looking for trends.
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2. Theoretical Dechanneling: Introduction

This chapter is an overview of dechanneling theory based on an
analysis of the four most significant papers starting from Lindhard's-7
classic 1965 work to Matsunami and Howe'élresearch in 1980.

When the functional relationship of the depth-transverse energy
distribution, g(E,.,z) , 1is known it becomes possible to extract the
dechanneled fraction , ?((z) , as a function of depth =z . This is
performed by integrating the product of this distribution with a
nuclear scattering (also refered to as close encounter or small impact
parameter) probability function, 1Y , over transverse energy, we get

the following
X(z) = SdELg(EJ_,z)/\\r(EJ_) 2. .1

The close encounter nuclear scattering probability function approaches
zero for well channeled ions and one for the random fractionj; it can
be approximated as a step function, written as
O E.l. < E;,C
W(E) = 2. .2
1 EJ- ) E*.c.
Thus, in this two beam model, the problem of calculating a

dechanneled fraction is completely specified by the determination of

the depth-transverse energy distribution function.
2.1 Dechanneling Theory

A beam of ions incident wupon a crystal along a crystallographic
axis will have an initial transverse energy distribution due to

collimation, beam/axis alignment and impact parameter distribution.

This distribution in phase space, however, will not be in statistical
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equilibrium.
For a perfectly collimated beam at zero depth the initial
transverse energy distribution is given by
g(E, ,0) dE, = d(® / 7, 2.1.0
Where r 1is the radius of the transverse unit cell area per string and
can be defined with vrespect to atomic density, N, and axial lattice
constant, d, as wr: = 1 / d N (overlap of unit cells being ignored).
And, E, is equal to Eé + Uz).
At zero depth, a group of particles on an energy shell
E, to E ,+ dE,_ has a real space distribution in the transverse plane as
represented in figure 2.1 and a momentum space distribution as in
figure 2.2. %

iy
y P,
string

A
- NS

Te

p.l.
figure 2.1: real space figure 2.2: momentum space
distribution distribution

As this group penetrates the crystal it would be expected that
the phase space distribution would become modified due to successive
scatterings from the continuum strings. Statistical mechanics suggests
that an equilibrium distribution will be achieved.

By considering elastic scattering collisions of ions with
strings, randomly distributed in the transverse plane, Lindharg
estimated the depth at which statistical equilibrium would be reached
to be roughly 1000 atomic layers, or, after an energy loss of 1 to 10

keV,
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For this group of particles, which have attained statistical
equilibrium, what is their spatial distribution in the transverse
plane?

This group of particles obeys a conservation equation in terms of

the transverse energy, and is written as
E, = p/ 2m + U 2.1.1

Corresponding to a point in transverse real space, the accessible
area in transverse momentum space is 2wp dp_ , where, using 2.1.1

we find

2T R_dp = 27Tm dE, = constant 2.1.2

4

Hence, for particles in statistical equilibrium, each accessible
point in real space is equally probable.Thus particles with transverse
energy in the range E, to E, + dE, are uniformly distributed across
the accessible area in the transverse plane. The accessible area is

. (9 A A . .
given by A(E,) =W(xr;- t ) and T, the distance of closest approach, is
. A
given by E .= U(T).

Now introduced into this idealized system of elastic collisions
between 1ions and the standard string potential is the realism of
thermally vibrating lattice atoms along with electrons which act as
scattering centres. These scatterings will have the effect of altering
the transverse energy distribution of the beam as a function of depth.

At a point r in transverse real space, for a particle of energy E,.
which scatters into an interval dELabout energy E;, the probability of

scattering can be written as pﬁEL,E*)dE:. The group of particles with
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transverse energy E,, having reached statistical equilibrium, have an
areal probability distribution that is independent of depth. Thus when
averaging over the accessible area the probability of scattering from
E, to El s over a path length dz, will be independent of depth and can
be written as dz p(E,,E, ) dE .

In this situation, an equation can be written from which the
transverse energy distribution function, g(E_,z), can be extracted.
The equation for the transverse energy distribution as a function of

depth is written as

g(E, ,z) dE = g(E_,z-dz) dE,
+ probability flux in 2.1.3

- probability flux out
In terms of the scattering probability, 2.1.3 can be written as

g(E, ,2) dE = g(Ei,z—dz) dE,_
+SdE; g(E! ,2-dz) p(E,_,E!) dz dE, 2.1.4
- GdB_ g(E ,z-dz) p(E],E ) dz dE!

Letting dz — 0 yields

9g(Es,z) = SdEl z p(E ,E') g(E!,2z) - p(E',E) g(E*,z?g 2.1.5

9z
Utilizing the fact that the scattering probability function is

highly peaked towards very small values in energy transfer ﬁL = EK'-E_,

3

Bonderup et al performed a Taylor series expansion on equation 2.1.5

with the final result being a diffusion~like equation, as shown below

dg(E,z) =9 \DEDD (e ,2)) 2.1.6
9z oE. JE, 'Z)
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The factor D(E,.), called the diffusion function, is given by
D(E,) = 1 S af, £, JERERD 2.1.7
2
Where g(El,lﬁJ ) is the probability per unit energy per unit length of
a particle undergoing an energy transfer ﬁ* to or from energy E, .
Through this parameter information about the physical attributes of
the scattering system are passed to the diffusion equation, 2.1.6.

Equations 2.1.6 and 2.1.7 apply to the case of small transverse
energy since then accessible area is approximately a constant.

The diffusion function D(E, ) is, physically, the mean square
transverse energy transfer per unit length and it is a function of
transverse energy, independent of transverse energy distribution and
depth.

It might be expected that to determine D(E,) a knowledge of the
transition probability as a function of both transverse energy and
energy transfer would be required. However, it is possible to utilize
the small angle scattering information implicitly available through
the stopping power and which 1s well modeled theoretically for
monoenergetic ions to determine the diffusion function.

Consider a group of channeled ions, energy E:at depth z_,, which
are in statistical equilibrium and therefore uniformly distributed
across the accessible area 1in the transverse plane. Their change in
average transverse energy with depth can be written

dE, = dE, Edg 2.1.8
9z dz

]

SdEJ_EL( D' g + D Jg )
SEy 3E;
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Using integration by parts and the fact that g 1s essentially a delta

function g(E,,z) = S<E¢‘ E:) at depth z, we get

&

E.L
D(E,) = SdEL dE. 2.1.9
dz

]

Where df* /dz is for a group of monoenerggtic ions of transverse
energy E, averaged over the accessible area. Thus the diffusion
function can Be determined directly from the rate of change in average
transverse energy as a function of depth.

Therefore, since the diffusion function can be determined in
terms of well modeled physical properties, as will be seen in the next
section, it 1is thus possible to determine the transverse energy
distribution as a function of depth. One method of solving equation
2.1.6 for g 1is through a numerical technique such as a finite
difference method. The rest of this chapter is concerned with various
approaches used to determine the rate of change 1in the average
transverse energy with depth.

If one assumes that nuclear (n) and electronic (e) contributions
are independent functions of energy then the rate of change of average
transverse energy with depth can be written as a linear combination of
each term, this is written as

dE, (E.) dE, (E.) +  dE.(E,)
dz a dz n,a dz e,a 2.1.10

Where subscripts a,n and e stand for aligned, nuclear and electronic
respectively.

Equations 1in the remainder of the thesis will be expressed in either
transverse energy, E,, or in reduced transverse energy, & = 2 EL/W%E B

formats.
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2.2 Increase in Average Transverse Energy:
Nuclear Component

Lindhard'; treatment (which should be consulted by the serious
reader) of the nuclear scattering contribution to the increase in
average transverse energy of the channeled fraction consists of
summing momentum transfers to beam ions due to collisions with
thermally displaced lattice atoms. Displaced atoms create a
perturbation in the continuum string potential résulting in a force

fluctuation, df, experienced by passing ions,figure 2.3,
1l: projectile - lattice atom
relative displacement

(x,7v) st lattice atom displacement
projectile displacement

200000828088 20060080
~a

0 dF b

figure 2.3: Geometry of displaced lattice atom relative to the
string and the passing lon, from Shiott 1973.

When averaged over accessible area and thermal displacement of
lattice atoms the fluctuations become proportional to the change in
average transverse energy, written as

(43 /dz) = a* aF> [ (227122 &) 2.2.1
The two dimensional thermal vibration amplitude distribution 1is
assumed to be gaussian with an RMS value of )P .

Equation 2.2.1 is a function of € as a consequence of averaging
over the accessible area, A(g.). When averaging over the accessible
area a uniform distribution resulting from statistical equilibrium is
assumed.,

The result is expressed in terms of a nuclear reduction function
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22}, which 1s given by the ratio of the increase in average
transverse energy for the channeled and random beams, given as
(dE_L/dz)“'q = (d?;/dz)h',, Z'E €) 2.2.2
The increase in average transverse energy for the random beam is
proportional to the theoretical random nuclear (nr) stopping power,
written as
(dE;/dz)mr = ~(M1/M2)(de /dz) 2,2.3
Where the subscript v stands for the random system and M1 and M2
are the masses of the projectile and target atom respectively.
?ﬂﬁ(q) evaluated to first order in s/r, the ratio of displacements

of lattice atom and projectile relative to lattice position, yields
2

¥ (e) =1 I 10a-™@+e™ 2.2.4
' In (Ca) 2 3

Where Ln is 1logarithmic and is derived from nuclear stopping power
energy loss considerations.

In this formulation, for energies approaching the critical transverse
energy, ie. s/r—1, the expansion becomes questionable; 7&355*) is an
order of magnitude smaller than the true value, in the most important
region, where nuclear scattering dominates.

The paper by Shiott et a&ﬁaddresses the above deficiency. They
examined the next highest contributing order in s/r in the expansion
of the force fluctuation from the continuum string and exact results
for two other central forces. From this, they decided to modify the
first order reduction function by requiring it to asymptote to unity
at approximately the critical transverse energy. This was accomplished
by including and adjusting the fitting parameter f in the following

equation 4 % 3 s
Xg( g) = 1 e (1-e™y@+e™ 2.2.5
",

L
2 3
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1]

In contrast to Schiott, Matsunaml and Howe in the latest paper
treat nuclear scattering at transverse energies approaching the
critical value in terms of a quantum theoretical description given by
Kitagawa and Ohtsukiﬁ The reduction function can consequently be

written as

3 3
Yle) +YCz) = _1 F a-&@+en  2.2.7
"L nK
' . 2 InCn 3 a* 3

+ exp(-3a 1)
PY (1 +e)e™- 1

Where Cn is a correction factor such that contributions from large
angle scatterings are excluded, The restriction is made since the
model is one where the diffusion process is being exploited. This is
accomplished by 1limiting scattering trajectories to those in the
channeled fraction that remain channeled. The term &, is equal to

(-3

3 a/ r‘;Z&k(sL) is the reduction function of Kitagawa and Ohtsuki.

2.3 Increase in Average Transverse Energy:
Electronic Component

In Lindhard'; treatment the electron scattering contribution to
the increase in average transverse energy of the channeled beam is
normalized to the random nuclear scattering component. In order that
all formulations are in the same units the results will be normalized
to the random electronic component.

For an amorphous solid, ie. a random distribution of nuclei, the
electron distribution can be considered to be uniform with average
electron density /f equal to Z2 N, For this case, the change in
average transverse energy for the random electronic component can be

written as
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QE; = m d Se [ 2.3.1
dz ., 2 M1 Z1 Z2 e* °

Where Se is the theoretical stopping cross section per electron for
high velocity incident ions. Increase in average transverse energy can
be attributed to the increase in average square fluctuation in angle
from momentum transfers due to 1individual projectile-electron
collisions. The term m is the electron mass.

For an aligned beam, the uniform distribution of electrons must
be replaced by the cylindrically symmetric electron density P (r)
consistent with the standard continuum potential, le. a single string
model, From statistical equilibrium, projectiles will be distributed
with equal probability over their accessible areas. Thus, evaluation
of the aligned electronic term requires an averaging, {...», over the

accessible area and is written as

a = <2m d Se /O(r)> 2.3.2

dz M 71 72 e

ja

The result of the above mentioned derivation can be formulated in
terms of a reduction function, given by
(deufdz), =~ = (d&/dz) B C e 2.3.3
The reduction function for the electronic term is thus the ratio
of the aligned to random electronic increase in average transverse

energy and is shown below

XelL(eJ)= (1-e

) 2.3.4

For this derivation the stopping cross section per electron, Se, has
been assumed to be independent of electron density and is proportional
to the logarithm of the ratio of maximum energy transfer divided by
is

average 1ionization energy per atom, Le = log(vaz /1, ), I

@

approximately Z2 * 10 eV,
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3
Bonderup et al instead of using the average ionization energy, as
15
Lindhard did for Le, used a form originally derived by Lindhard from a

dielectric approach, written as
Le = log( 2 m V}/ Ao ) -1 2.3.5

Now, when averaging over accessible area the additional term w ,
= ( 4ﬁ‘f>e1 / m ;3 the classical resonant frequency, must be taken
into account because of the added dependence on electron density. The
reduction function now evaluates to
K,BC g) = (1-e9+Xin(_1 )) 2.3.6
Le 1~ e
This formulation gives the same result for energies approaching the
critical transverse energy but modifies the contribution from the
channel centre for low transverse energy 1ions. oK is a function
weakly dependent on &, .

Shiott et alﬁmodified the previous paper's method by correcting
for the fact that electrons outside a radius r, had been neglected in
averaging over the accessible area. They kept the standard electron
density out to a radius r. and then set the electron density to a
constant C’ outside of this radius so that the total number of
electrons per target nucleus would equal the atomic number Z2. . is

approximately r, / J2. The reduction function can then be written as

same as 2.3.6. r {r_or €>U(r)
2.3.7
By = L (@e-1 r >r, or £ UCr,)
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1 ]

Matsunami and Howe's treatment, though similar to Shiott et al's,
introduces a significant improvement into the continuum string model
description of the electronic scattering contribution to increase in
average transverse energy. This 1is accomplished by summing the
standard electron density contributions from neighbouring strings in
order to estimate the average electron density in the channel centre.
Since the resulting electron density in the channel centre is
approximately constant they divided- the transverse real space into two
regions. These regions are the channel centre, where a constant
electron density is assumed, and string region, where the electron
density is well described by the standard continuum potential electron
density. The electron density in the channel centre is estimated using
a multi-string formulation which partially takes into account the
geometery of the channel, Recognizing that use of the standard charge
density at these 1large distances may mnot necessarily be a good
representation, in practice they use the constant electron density as
a fitting parameter when fitting the theoretical dechanneling curves
to experimental curves. The starting point is normally then the value
determined for the standard electron density. Their formulation of the
reduction function, once this 1is taken into consideration, can be

written as

1] ugs_‘_ £y .
Y (&) =X(l-e* D(A-_1 1n(1- ) + r$ror &)Ut
e,M e +
! Cele 1+ € e
2.3.8
Ben(8) =W, = p(Le = 1)/ N 22 Ce Le ryror €Ut

Ut 1s the potential at which the transition from the channel centre to

)
the string region occurs, Ce is a equal to (Le-1) / Le and & is given
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]

. o
approximately by 1 —2; . One important feature of Matsunami and Howe's

e
treatment 1is that their formulation ylelds an analytic equation for

the diffusion function which greatly facilitates the evaluation of the

diffusion - like equation.
2.4 Comparison of Reduction Function Components

Figure 2.4 exhibits the relative sizes of the various reduction

function components for protons on copper at 56 K , figure 2.4,

i .
B
Lo
N e 2 -53 e

0
15t . .
L
= 1 2 3 &
E, -
figure 2.4: comparison of reduction function components

When comparing the relative influences of the terms the

electronic reduction function must be divided by Le/(2 Ln Z2), which

here evaluates to 195. This is due to the fact that the electronic
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term must be renormalized to the random nuclear increase in average
transverse energy. Thus the electronic term dominates the diffusion
process for reduced transverse energies from zero up to approximately

one; the nuclear term predominates for energies above one.

8
It is thus now easy to see why Bonderup et al's solution of

Lindhard;; reduction functions resulted in such a poor fit to
experimental data. The electronic reduction function  decreases
unphysically to zero for zero transverse energy; this will result in a
much too slow increase in transverse energy for well channeled 1ions.
The nuclear reduction function does not reach the value that would be
expected for ions 1in the random fraction; this results in a great
decrease in diffusion for 1large transverse energy 1ions. These flaws

can be seen to have been corrected for both reduction functions in the

o "
equations of Shiott et al and Matsunami and Howe and thus 1t can be

appreciated why these formulations better describe experimental
13}
dechanneling fractions. Matsunami and Howe's mnuclear reduction

function, at low transverse energy, differs from Lindhard's due to the
1"
nuclear correction factor Cn. Also, Matsunami and Howe's electronic

q
reduction function differs from Shiott et al's due to the term Ce.

a U
Shiott et al's and Matsunaml and Howe's theoretical dechanneled

fractions both agreed with experiment up to 1980. The agreement

o
between theory and experiment is very good when Matsunami and Howe's

3
treatment 1s combined with Moore's analysis of the experimental data.
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3. Experimental Dechanneling: RBS Background

The experimental investigation of dechanneling in copper single
crystals was carried out wusing Van de Graaff accelerators at Chalk
River Nuclear Laboratories and Guelph University. The raw data was the
yield of ions backscattered and measured as a function of energy using
a solid state detector, figure 3.1l. The solid state detector can be
considered to be 100% efficient and it has an energy resolution of
about 10 keV which translates to a depth resolution of 0,1 um for 1
MeV protons on copper. The solid angle subtended by the detector 1is

approximately 0.0l steradians.

4
M2 oo Z e} 6, =0
A Q E, ,M1
T e 9
\63-—/ e‘l
‘ E=XKE,
CY
[i
% e N z detector
1
d
1.3 E = E(z,Qﬁ‘,MllMZ)
D :
i -1.0
| 3 Energy
& I Depth
figure 3.1: random and single scattering theory yields,

backscattering geometry, plural scattering

Converting an energy axis to a depth scale requires the knowledge
of energy losses experienced by ions interacting with the lattice
atoms. For ilons that backscatter from a target atom, the ratio of
kinetic energies after and before the collision yield the kinematic

5
2 .
factor k , written as
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z . a2 V1o
kz - (1~ (M./Mz) St 6;) +(M. /M,')Cose-s gz 3 L
V + My/m, ¢

Thus, the energy of an ion that backscatters from the surface is
given by E = f E. . Those ions that backscatter at depth also 1lose
energy due to inelastic multiple scattering along thelr ingoing and
outgoing paths. Semi-empirical tabulations for the rate of energy

16,17

loss, S(E), exist; from this data an energy-depth relationship can be

calculated using the following equations

ingoing E,= E,- S(C E,) dz / cos 8,
E;= E- S( E‘) dz / cos 8,
. 2 2
outgoing EAT kK E, - S(k E;) dz / cos §,
E; =...(E=(E-S( E)dz/ cos8)) 3..2
e -\ i

This assumes that the stopping power 1is constant over each slab

(shown in figure 3.2); precision will increase for thinner choices of

777 ) XI - QI?E;-;/E::}( E‘-‘
& [/

slab thickness.

2
Coen (XA
€ c=1 2 Jg
&; k‘!: [
figure 3.2: energy~depth slab diagram

Therefore it can be seen that the random yield can be associated

with both an energy and depth scale as in figure 3.1. Using a single
3 :

scattering theory and scattering cross section the theoretical yield

for particles scattering through an angle q;can be calculated. In this
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formulation the Rutherford scattering cross section has been corrected
6
for deviations due to screening from orbital electrons. The cross

section is written as

"
o (E) = F(E)oy (E) = (1-,049 71 zz'3)% 7172 & ) 3. .3
5 4E sif(8,/ 2)

Figure 3.1 shows a comparison of the normalized single scattering
and experimental yields. The inset graph, curve D, is the ratio of
these curves and indicates the contribution to the experimental data
due to multiple small angle/ plural large angle scattering. For 1 MeV
protons on copper the effect rises to about 25% at 3.5 um. When the
ion beam 1is well aligned with a major crystallographic direction
an aligned spectrum results, figure 1.1l. The suppressed yield, behind
the surface peak, is a 7result of a decrease in nuclear scattering
probability.

A comparison between the aligned and random spectra will allow a

determination of the dechanneled fraction.
3.1 Conceptual Basis for Data Analysis

Tons with sufficiently large transverse energies, such that they
are not bound by the coulomb barrier of the channel and therefore
interact normally with the lattice, are said to be dechanneled and are
thus part of the random fraction. These ions experience a stopping
power equivalent to that experienced by ions traversing an amorphous
solid. In contrast, the stopping power experienced by channeled ions
is reduced compared with that experienced by ions in the random
fraction., This is due to the fact that projectiles in the channel
centre interact almost solely with channel electrons with the effect

of the nuclei gradually increasing as the string is approached. In the
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amorphous system a projectile interacts more or less in a constant
manner with a random array of nuclei and their electron distributions.
In the aligned single crystal case, due to the different stopping
powers, it is easy to imagine a family of trajectories for which the
emergent energy, after backscattering, will be constant. These paths
form a continuum with end members illustrated by paths a and c in
figure 3.3. In path a 1ions dechannel at the surface; in path ¢ 1ions
dechannel and immediately Dbackscatter at maximum depth for the

emergent energy of interest.

AN\

o0

a
b — — ~— channeled
c random

ANN\Y

figure 3.3: trajectories with constant emergent energy

It must also be kept in mind that single scattering is only true
for ions backscattered at the surface and, in a sense, at the point of
maximum depth. All other iomns in the random fraction of the beam will
undergo multiple small angle/ plural large angle scattering to a
certain degree.

Thus, the fact that there is no unique trajectory associlated with
a particular emergent energy and, also, that the ions actually undergo
multiple small angle/ plural large angle scatterings must be taken
into account when extracting the dechanneled fraction in an analysis

of the aligned and random spectra.
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3.2 Extraction of the Dechanneled Fraction, ?((z)

For an amorphous solid a simple proportionality can be written
for the backscattered yield as a function of fluence, I, solid angle
subtended by the detector, d,f) , target layer thickness, dz, and the
atomic density wn , this is given by

Y « I wn dfldz 3.2.1

The constant of proportionality is called the scattering cross
section, o} . Rewriting equation 3.2.1 in terms of yield per unit
energy gilves

y = I »n dfLdz =/ dE 3.2.2

Since o4 varies as 1 / E: s 3.2.2 can be rewritten as

y = Kwl dz /[ E(z ) dE, 3.2.3

Where K is a constant. Figure 3.4 illustrates the parameters.

40 F
figure 3.4: random yield figure 3.5: aligned yield
parameters parmeters

For an aligned beam an added feature is that backscattering can
not occur unless an ion has made a transition to the random fraction,
figure 3.5, the rate of transition as a function of depth is dIX (z').
Thus equation 3.2,3 when written in terms of the random yield for the
single scattering theory evaluated at the surface yields the following

equation
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y(E,) = y E,[5]%dz dX(z}) / EdE,(2l) 3.2.4

10

WhereE%J the surface channel stopping power factor, is given by
5. = KS.(E)/cos 8, + 5 (i'E,)/cos 6, 3.2.5

The sum is over all pairs of depths z & z', 2z'{ z, such that the
emergent energy is E,.

Two cases should be considered in order to take into account the
multiple small angle/ plural large angle scattering correction, D :

i... for an ion that backscatters immediately after
dechanneling at maximum depth there can be only
one large angle scattering event ( a D factor
of one).

ii... for an ion that dechannels at the surface the D
factor 1s the ratio of the random to single
scattering theory yields, inset graph in figure
3.1,

As it has not been attempted, to date, to model the multiple/
plural scattering for path combinations between these extremes, a
linear approximation of the variation between these end members has
been assumed.

The aligned yield can now be expressed in terms of the single

scattering theory formulation taking into account the multiple/ plural

scattering factor, D#(Eq), at a particular energy as shown below
2 2 ¢
v(ED =y, E, [Svllz_dzkd'x(z';) DéE,,)/EJdEacz.-) 3.2.6

Variation in E;dEdfor rechanneled ions has been neglected since
it would be computationally difficult to take into account.
Equation 3.2,6 is the formulation by which the experimental data

have been reduced and it is the same as that originally derived by
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]
Moore3 . By 1inverting this equation successive dechanneled fraction
contributions, dﬁKl, starting from the surface slab can be calculated.
Summing the individual terms, as a function of depth, will yield the

dechanneling fraction X (z ).
3.3 Main Computer Program Description

Yield versus backscattering energy data for both the random and
aligned spectra are averaged over a suitable interval, say 5 channel
widths, starting just behind the surface peak. This data is then
entered into the main program where channel numbers are converted into
energies wusing the energy width per channel and the proper zero
channel offset. Along with this data is entered the 1initial beam
energy, the beam's fluence, the beam/target/detector system geometry,
total number of data points and the channeled/random stopping power
ratio The spectra are normalized using the ratio of the fluences. The
kinematic factor is evaluated. Also calculated is the surface channel
stopping power factor, equation 3.2.5.

With respect to the family of calculated curves which would be
generated in an evaluation of the denominator in equation 3.2.6 it was
decided that, since they are approximately linearly spaced functions
of depth, an interpolation scheme would be used to generate the
values, Thus two curves would be determined and the rest would be
interpolated. These are (1) the envelope of the end points of the
family of curves corresponding to backscattering immediately after
dechanneling and (2) the curve corresponding to dechanneling at the

surface, schematically shown in figure 3.6.
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figure 3.6: interpolation scheme for ExdEd

Also, the multiple/ plural scattering contribution is evaluated
assuming a linear interpolation between the two end members enumerated
in the cases considered in section 3.2, These are determined at
energies corresponding to the discrete data points and incorporated
into two matrices.

Starting just behind the surface peak, the contribution of each
layer to the dechanneled fraction is determined. For the first layer
there is only one contribution, written as

aX, = y(B) Ejdi(z!) /y E [5) D(E,)dz 3.3.1
In the next layer the contribution from the first layer is subtracted
and then the rest is attributed to the change in dechanneled fraction

of this layer, given by

ax, = V(Ea) - dz Da(Ee) dX ) E3dE(z!)  3.3.2
Y, E[S) Ediz) 3 D(E) dz

This process is then continued for all the rest of the data.

Next, the changes in dechanneling fraction in each 1layer are
summed to vyield the dechanneling fraction as a function of depth.
Graphs of the experimental dechanneling fractions are shown in

chapter 5.
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4, Crystal Quality: Introduction

Before extraction of dechanneling rates from aligned and random
spectra, for this thesis, it is necessary to ensure that high-quality
single crystals are being wused. In this chapter preliminary results
from Guelph University, taken to test the preparation techniques, will

be used in evaluating the quality of the crystals.
4,1 Crystal Preparation

An attempt was made to evaluate the significance of defects in
the bulk by comparing X-ray patterns before and after annealing. One
crystal was vacuum annealed just below the melting point for 72 hours
and then the temperature was decreased by 10°¢C per hour back to room
temperature. This procedure should reduce the overall number of mobile
defects.

Surface preparation just prior to channeling was needed in order
to remove oxides from the exposed surface and any defects in the near
surface region due to implantation of protons and helium ions during
previous runs. Crystals were cleaned by mechanical-polishing with a
+05 um alumina slurry on cloth for several minutes followed by a few
minutes electro-polishing in a solution of 557 phosphoric acid and 457
distilled water at 1.6V potential. These techniques removed troughly
0.03 and 3 wum of copper per minute respectively. Polishing was
performed in air and it is expected that a slight reoxidation will

occur before the crystals can be introduced into the vacuum.
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4,2 Crystal Quality Data

Laue X-ray diffaction patterns were examined prior to and after
annealing. There were no discernible differences between Laue patterns
for the same crystal slice before and after annealing and when
compared to slices from the same crystal and another crystal. A couple
of Laue spots appeared to have some internal structure which may be
indicative of a little strain.

A small digression is necessary here before proceeding to the
rest of the data.

Backscatter spectra yield‘ useful information for determining
crystal quality when the 1lon beam is brought into close coincidence
with a major crystallographic direction. Three parameters which will
be investigated are the axial half angle, “ﬂh, minimum yield,’XHh, and
surface peak yield.

Their definitions and diagramatic representations follow:

A%

the angle at full width half minimum
of the channel dip, figure 4.1.

\ I'L

€thm : ratio of the minimum in the aligned vyield
' divided by the random yield, figure 4.1 and 4.2.

surface : yield associated with backscattering from atoms
peak in the surface region, figure 4.2, shaded area.

2 T . $ . tilt scan
Y ) Y . ¢ window
i ® i L]

; e 't,‘ (--—%(Io‘x_:‘), e .

1 L] 1 ®
: d » ® x~:- d °
‘ O ad
energy =
tilt scan
figure 4.1: angular dip figure 4.2: aligned/random

spectrum spectra
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These parameters are functions of crystal structure and
temperature and are sensitive to perfection of the lattice. They have
been investigated experimentally and through computer simulations.

The following analysis is based on equations originally derived

'3
by Barrett, using a computer simulation, as recorded in the Ion Beam

1q
Handbook.

Axial half angles can be estimated through the following equation
"k/l = 0.8 F (DM, 4.2.1

Barrett's characteristic angle, Ah&, is given by 0.307 (21 z2 " /E d;%
(zZ1 72 & /d) is a measure of the strength of the string's potential
energy barrier; 1it's strength 1increases with a decrease 1in atomic
spacing along the axial direction. é is equal to 1.2 u,/ a, the
Thomas- Fermi screening radius, a, equals .8855 ao(Zf + Zézsasand a,is
the Bohr radius. The constants .8 and 1.2 are fitting parameters {from
Barrett's simulation, d = d(&) is the axial atomic spacing and E =
E(MeV) is the energy of the incident ion beam. Euis proportional to
the square root of the continuum potenfial and is tabulated in other
source;T There is an uncertainty in the half angle of 5-107% associated
with the plane in which the tilt scan 1is performed. The one
dimensional rms thermal vibration amplitude is shown below

u, = 12.1 %(@+”1_)___1_jgzi 4,2.2

X 4 M2 @,
>
Where ¢ (x) is the Debye function igbft%- and x equals 6,/ T, 6, the

Debye temperature and T the sample temperature are in degrees Kelvin;

M2 is in atomic mass units.
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The minimum yield is given by the following equation

- 1
2 1o

K=188xwauva+3) 4.2.3

M

N d u® T represents the fractional area in the transverse plane
occupied by thermally wvibrating surface atoms. tf is equal to
126 u, /“ﬂ%d. N is the atom density per unit cell.’thphus has a weak
dependence on energy through :5 along with a stronger dependence on
temperature through wu, . This equation represents what would be
expected for a minimum yield determined just behind the surface peak
for a depth of 1000 £.

Surface peak yileld can be estimated through
z Vo
L=(1+%) 4.2.4

I. is the number of atoms per string contributing to the suface peak
yield. The factor 1 is the surface atoms' contribution, necessarily
energy and temperature independent. The term jz is the contribution
from partially shadowed atoms in the first few monolayers of the
crystal. L increases with both increasing temperature (through u,) and
energy (inversely through“ﬁe?.

The number of atomic monolayers contributing to the experimental

surface peak yield can be determined through the following equation

Lt = dE

1 4,.2.5
[s] a,

aed

?

The total number of displaced atoms being equal to L'- L. A is the
area of the surface peak yield in counts. H is the height of the
random spectra at the surface, dE is the energy width of a channel in

the multi-channel analyser, [ S ], defined in equation 3.2.5, is the
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stopping power factor and %)is the axial lattice constant. These

are illustrated in figure 4.3.

|
|
|

AR Y
*l?“
-
¢
l

® °
] dx L

Q=

figure 4.3: illustrations of parameters in equation 4.2.5

In the surface approximation with 6, = 6,= 0 for the Guelph data

equation 3.2.5 can be written as
[ s1=(" +1)sE) 4.2.6

Where the kinematic factor, k*, is given by equation 3. .1.

The following table is a result of an evaluation of experimental
data gathered at Guelph wusing the equations just presented. These
measurements were made at room temperature though there may have been
some radiative heat loss due to the fact that the cryo-shield was in
close proximity,and was being held at 1liquid nitrogen temperatures.
The Debye temperature has been taken as 315K and rms thermal vibration

amplitudes are tabulated in Appendix I.
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Table 4.1: Guelph University Data

1 MeV H+
Minmum Yield sample axis CKJnin comments
+/-
exp. pure 110> 027 12% polished
" 017 In <110 025 127 "
theor. “L110) .025 20-30%
Axial Half Angle sample axis A? 1/2 comments
+/-
exp. .01l%In (1107 0.72 .08 polished
theor. 10 0.78 .06 "
1 MeV He+
Minmum Yield sample axis 6( min comments
+/-
exp. pure 110> .025 18% polished
" .01%In <110» .028 18% "
theor. <110> .025 20-30%
Axial Half Angle sample axis A% 1/2 comments
+/-
exp. .017%In {110> 1.0 .04  polished
theor. {110> 1.1 .08
Surface Disorder sample atoms/string ~ comments
{110% axis +/-
exp. pure 3.6  35% polished
.01%In 3.6 35% "
theor. 4.0 147 surface + thermal

A further test of the preparation technique can be made from an

examination of dechanneling data for several crystals,figure 4.4.

404 SN
30~ 1or i
T e
/X(em 20-- . .':.:"’ 4
10__ ) .!.:.~:,': o
; et ! "‘f:f .
e } ! l 3 t I I }
® .91.0 1.5 2.0 2.5 3.0 3.5 4.0
Derti cumy—
figure 4.4: Dechanneling fractions for several copper

crystals for 1 MeV protons along the <1103
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Curves 1 and 2 are from slices of the same crystal, curve 2
has been taken after annealing. Curve 3 and 4 were rtuns from each

machine and are from a slice of a totally different crystal.

4,3 Discussion

Annealing and X-ray data indicate that the bulk of each crystal is
well ordered and that 1if there are any defects they are probably
immobile.

Agreement between observed minimum yields and axial half angles and
results of the computer simulation for a perfect crystal is good and
would tend to support the contention that the surface is well ordered.
Since agreement between theory and experiment is good for the minimum
yvields it is therefore probable that the uncertainty in choosing a
Debye temperature 1s not as serious as the error analysis value of 20-
30% would tend to 1indicate; thus the theoretical accuracy is 1likely
much better than that recorded.

Surface peak ylelds indicate that the lattice is well ordered out to
the surface, though patches of disorder may exist. Lower experimental
values are most 1likely due to radiative cooling; no monitor of the
target temperature could be made and it was therefore assumed to be at
room temperature.

Dechanneled fraction curves are the same within thelr experimental
accuracy and they would tend to indicate again that the crystals are
highly ordered., Since annealing had no visible effect it can also be
concluded that no significant concentration of mobile defects exist in

the crystals.
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Mozaic spread was found to be less than 1/2 of a degree when
aligning the beam along the ¢(110) axis over the surface of the
crystal. The beam angular divergence was less than .06 of a degree.

Hence, 1in conclusion, the techniques wused in handling and
preparing crystals has not injured their integrity and thus the
experimental data will be that of a well ordered crystal with

undeformed channels extending to the surface.
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5. Results and Discussion: Introduction

In this chapter descriptions, physical interpretations and
theoretical predictions will be made for experimental data from Chalk
River. Experimental and theoretical results, some of which are
tabulated in appendix II, are presented in graphical form. The Debye

temperature has been taken to be 315K.

5.1 1 MeV H+ on Copper

The following tilt scans were taken within an energy/depth window,
just behind the surface peak, of width 13 channels from channel 186 to
198; this is equal to approximately 0.3 microns. The surface edge 1is

at channel 202 and channel widths are approximately 4.7 keV / channel.

1500+ 1MEV H+ ON CU#2 <100)
12064 T
} ~ \
5
g 2004-
'S 600+
300+
o : +
30 31 32 33 34

TILT ANGLE —

figure 5.1: temperature dependent tilt scans
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Tilt scans in figure 5.1 show the dependence of nuclear back
scattering vyield on tilt angle and thermal vibration amplitude; as
vibration amplitude increases with temperature the dip and axial half
angle decrease. Increase in thermal vibration amplitude will result in
spreading of the continuum string and thus; its ability to steer 1iomns
away from the string decreases (this can be attributed to changes ih
the string potential). Also, the fact that string atoms move closer to
the channel centre results in an increase in the probability of lower
transverse energy ions undergoing large angle nuclear scattering and
therefore contributing to the backscattered yield. Thus the increase
in backscattered yield at lower energies will result in a decrease in

the axial half angle.

S00+
400+

3004

Orme-¢ —

200+

100+

figure 5.2: axial dependent tilt scans
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Tilt scans in figure 5.2 show the yields' dependence on channel
geometry as a result of the different axial lattice parameters. Along
the (100> axis the axial parameter is larger than for the {110} axis.,
This results in a decrease in the critical angle and, see equation
4,2.1, therefore a decrease in the axial half angle. This can be
understood in the context that increasing the spacing between string
atoms will decrease their ability to steer 1ions away at lower
transverse energies and thus an increase in backscattered yield would
be expected.

As a consequence of the statistical nature of the backscattered
yvield the data has a precision given by the square root of the yield
divided by the yield. Thus the error in MEI is approximately 10%.

Experimental and theoretical axial half angles are tabulated in table

5.1
table 5.1: Axial Half Angles
35K 120K 200K 280K
{100% 1.0 MeV
theoretical 0.81 0.74 0.69 0.65 (77%)
experimental 0.78 0.69 0.62 0.56 (107%)
{110)» 1.0 MeV
theoretical 0.96 0.88 0.82 0.80 (7%)
experimental 0.98 0.88 0.76 0.70 (10%)

From table 5.1 a comparison between experimental and theoretical axial
half angles shows good agreement. This indicates that the quality of
the crystal appears to be good within the first one thousand atomic
layers. A preliminary beam alignment was always performed on the
periphery of the crystal just prior to this final alignment.

Before aligned spectra were recorded it was mnecessary to take
quick tilt and azimuthal scans through the axis in order to verify the

beam/axis alignment. The angle choosen from each scan was the average
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of the mid-points from either side of the tilt scan yield through the
dip. Reproducibility was very good and the precision was about one
hundredth of a degree.

In figure 5.3 a tilt scan down an axis with two windows set at
different depths was recorded. Alignment of the tilt scan yields tends
to indicate that the channel is wundeformed. Increasing yield with
depth at a specific tilt angle 1is partially a consequence of the
increase in scattering cross section with decrease in energy and,
also, the increase 1in average transverse energy of the channeled

fraction.,

700+
600+
S804
400+
300
200
1004

0 — : : - t
27 28 29 30 31 3

TILT ANGLE -

Orme—< —

N -+

figure 5.3: tilt scans at different depths
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Figures 5.4 and 5.5 represent the temperature and axial dependence
of the RBS Dbackscattered yields. From these spectra dechanneled
fractions shall be extracted.

RBS vyields have been plotted against channel number. Decreasing
channel number is equivalent to increasing depth and decreasing energy

though these relationships are nonlinear.

30001 iMEV H+ ON CU <110> -
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figure 5.4: temperature dependent RBS spectra

Figure 5.4 shows a typical group of RBS spectra for 1MeV protons
on copper along the (110) axis. A strong dependence of the aligned
yvield with increasing temperature is observable. This dependence is a
result of the increase in thermal displacement of lattice atoms with

increasing temperature and results in an increase in force fluctuation
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experienced by channeled 3ions. This increases the probability of
transition to higher transverse energies at shallower depths and thus
to the dechanneled fraction. Larger fractions of 1ions in the
dechanneled portion of the beam will result in an 1increase in

backscatter yield.
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figure 5.5: axial dependent RBS spectra

Another observable feature from RBS spectra 1s the axial dependence
of aligned yield, figure 5.5. The controlling factors are the same as
those discussed for the tilt scans.

‘me1va1ues in table 5.2 were extracted from RBS spectra by
averaging yields over 5 channels just behind the surface peak for both
the aligned and random spectra and then taking their ratio. Five

channels corresponds to a depth of approximately 0.1 um.
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table 5.2: Chi Minimum

35K 120K 200K 280K

{100 1.0 MeV
theoretical  0.013 0.020 0.030 0.040 (20-30%)
experimental 0.015 0.021 0.033 0.044 (12%)
110> 1.0 MeV

theoretical  0.009 0.014 0,021 0.028 (20-30%)
experimental 0.009 0.014 0.020 0.027 (12%)

From table 5.2 a comparison between experimental and theoretical
values, wusing a Debye temperature of 315 K, shows very good agreement
(discussion of experimental error in chapter 4). This parameter will
be discussed a little later on in the text of this section.

Figures 5.4 and 5.5 are representative spectra plotted from the

13
data 1in appendix II. We proceed with a discussion based on Moore's

v . oot
method of analysis of experimental data and Matsunami and Howe's‘

theoretical treatment. Curves are distinguished by dots for

experimental values and solid lines for. theoretical values,
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figure 5.6: axial dependent dechanneled fractions, 280K
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Large differences in dechanneled fractions for the two axes at the
same temperature is easily observed in figure 5.6. A good theoretical
description should yield a good fit at all.temperatures. Variation in
the rate of change of dechanneling for shallow and large depths will

be demanding upon the theoretical treatment.
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figure 5.7: channel stopping power dependent

dechanneled fractions, {100)

Figure 5.7 shows the sensitivity of dechanneled fractions on
channel stopping power choosen for the analysis of experimental data.
It is customary to use a value equal to 0.5 times the random stopping
power. This corresponds to the stopping power which would be expected

for well channeled ions. For the channeled beam as a whole, the



Chapter Five: Results and Discussion page 51

average channel stopping power would be expected to be greater than
this minimum value. One can get a feeling for the average stopping
power from data generated from the theoretical model of Matsunami and
Howe,appendixII. Figure 5.7 shows the effect of varying this parameter
on the dechanneled fraction. The obvious result that particles will

penetrate to greater depths for lower stopping powers is evident.

ELECTRON DENSITY
, SQWL SENSITIVITY
i 701
| 60 ' B=-234

S0+
404

=ZMOOMT —»

L] | ]

i } ! ! !
) .9 1.0 1.5 2.0 2.5 3.0 3.5
DEPTH (MICRONS) —

figure 5.8: electron density dependent theoretical
dechanneled fractions

Figure 5.8 shows the sensitivity of the theoretical dechanneled
fractions as a vresult of varying the constant electron density
parameter for the channel centre. Nuclear scattering dominates

dechanneling at shallow depths. The effect of varying electron density
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is to wag the dechanneled fraction at greater depths; this results
since it takes time for electronic collisions to raise the average
transverse energy of well channeled ions to the point where nuclear
scattering becomes significant.

Through adjustment of the constant electron density parameter in
the channel centre the theoretical dechanneling curves which result in
a best fit of the experimental data along the ({110) axis is 0.875 1z’
and for the {100 axis it is 0.7325 & .

Figures 5.9 and 5.10 show experimental and theoretical dechanneled-
fraction curves from an analysis of the experimental data using a
channel stopping power of 0.5 times the random value and the best fit
electron densities. Comments on these graphs will be made after figure

5.10.
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figure 5.9: temperature dependent dechanneled fractions, {110
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figure 5.10: temperature dependent dechanneled fractions, {100)

Before ‘description of the figures a table of values showing the
range of variation of dechanneling fractions with temperature and

depth will be shown.

table 5.3: Range of variation in dX /dz with z , T
' from figures 5.9 and 5.10

{110% curve {100)
0.5 um 2.5 um 0.5 um : 2.5 um
%2 Zf/um % s %/um 7% ¢ %/um % % /um
280 K 4.5 4,6 26 14 () 9 12 45 18
200 X 3.0 3.2 18 11 (3) 6 9 35 18
120 K 2.3 2.4 12 8 (2) 4 6 24 13
35 K 1.8 1.4 6 5 (L 2 3 15 9
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Figures 5.9 and 5.10 result from an analysis of the spectra of
1MeV protons on copper for the {100Y and {110) axes. It is apparent
that theoretical and experimental curves match extremely well.
Deviations only occur at large depths and these increase slightly with
increasing temperature. The talling off of the theoretical values to
values lower than the experimental values appears to be occurring
above 20 to 30% dechanneling.

In table 5.3 slopes change by up to factors of 4,3 and 2 as
functions of temperature, depth and axis respectively. The theoretical
treatment yields results comparable to the experimental results over a
wide range of values, The ability of the theoretical description to
match the large changes 1in dechanneled fractions and their rates of
change for quite different geometries as functions of both depth and
temperature 1s a testament to the treatment of the physical processes.

Defect dechanneling appears to be insignificant for several
reasons. First, surface parameters indicate well ordered crystals
with undeformed channels, at 1least in the surface region. Second,
yields for two different crystals, having different histories, match
very well and 1is thus self corroborating. Lastly, wvariation of
dechanneled fractions with z and T in accordance with theory lends to
the argument that crystal quality is good. Thus dechanneling due to
residual defects appears to be insignificant. Also, since the crystals

appear to be of high quality then Xwin values are probably also good.
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Therefore the poor precision in the theoretical 7<“Mva1ues is probably
exaggerated.

One aspect investigated was the possibility that defects might
have been induced during the course of the experiment.

While exposing crystals to the 3ion beam spectra were recorded
with increasing temperature in order that the majority of well
channeled ions would reach their maximum depth and would thus have a
less detrimental effect upon later dechanneled fractions. Also, it is
expected that damage introduced through implanting of protons will
probably be annealed out at the temperatures of the investigation.
When the temperature was cycled back to the starting temperature after
a day of channeling no evidence of induced damage could be identified

from the RBS spectra.
5.2 2 MeV H+

For the 2 MeV spectra the surface edge is at channel 202, alignment
of the <crystal was performed with a window 28 channels wide from
channel 167 to 194 and which is equal to approximately 2.0 microns.
The channel width was approximately 9.4 keV / channel. 'X,M were
calculated wusing data averaged over 3 channels (equivalent to about

0.2 microns) just behind the surface peak.

table 5.4: Chi Minimum
56K 170K 280K
(100> 2.0 MeV
theoretical 0.013 0.025 0.039 (20-30%)
experimental 0.018 0.036 0.058 (12%)

{110> 2.0 MeV

theoretical 0.009 0.018 0.028 (20-30%)
experimental 0.009 0.018 0.031 (12%)
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The data in table 5.4 indicates that even though the {110) axis
appears to be alright the {100y axis is probably marginal at best.
When viewed in the 1light of the probable increased precision of the
theoretical data then the data presented here 1indicates that the
crystal quality is poor and thus it can not be compared directly with
Matsunémi and Howe's theoretical dechanneling curves.

Using the sameAelectron density for the channel centre determined
for a best fit of the 1 MeV data above, theoretical dechanneling
curves were generated for 2MeV protons on copper for the 100> and
{110 axes. Plots of these against experimental data are shown in

figure 5.11 and 5.12.
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figure 5.11: temperature dependent dechanneled fractions, {110»
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figure 5.12: temperature dependent dechanneled fractions, {100)

The fit for these sets of data are relatively poor, 257% at shallow
depths decreasing to 107 at larger depths. The low temperature fits
are fair and the fits get worse with increasing temperature.

One mistake, in hindsight, may be that angular scans were not
taken over a small enough energy range. Thus the half angles could not
be used as a measure of the quality of the crystal.

The fits along with the minimum yields appear to indicate that
the crystal is flawed in some way, most probably in the first two
microns as attested by the quick divergence of the experimental and
theoretical values for the <(100) axis, either through the prevacuum
preparation technique or some inherent or induced flaw such as a high

defect concentration.

Unfortunately a second run on a different crystal was not performed
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as a check on the validity of the first run. Lack of data on the other
suface parameters hampers any attemp to make a definative statement

about crystal quality other than that it is dubious.
5.3 A Look at Electron Densities

Equipotential plots in reduced energy for the {100) and {110) axes
are shown in figure 5.13 along with cross sections through electron
density distributions shown in figure 5.14; radii are indicated by
letters in figure 5.13. These were produced using the standard
potential; if a Moliere potential were used then electron densities at
the channel centres would be about twice the values shown and thus

correspond more closely with constant electron densities from the

fitting procedure,
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figure 5.13: Equipotential plots in reduced energy

for the <100% and <110% axes
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figure 5.14: Electron density cross sections

for the (100> and <110 axes

Another measure of the wvalidity of the constant electron
densities used can be seen when the outer 1l electrons in the 3d and
4s shells are averaged over the atomic volume. Cooresponding to this
calculation the electron density is slightly more than 0.9 electrons
per cubic angstrom.

Continuity i1s observed between channel centre and string vreglons
for both equipotential and electron density plots for the (100> axis;
the agreement with the (110> axis is less readily justified due to the
large discontinuity of the electron density with the long axis. The
dotted potential lines in figure 5.13 were calculated assuming the

constant electron densities from the fitting procedure. Thus, at least

for the more symmetric axis, using the electron density as a fitting
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parameter seems justified.
5.4 Summary

In summary, theoretical and experimental dechanneling fraction
curves match excellantly for 1MeV protons on copper when using
constant channel centre electron densities of 0.875 i}and 0.7325 Kgfor
the 110> and <£100> axes respectively. Electron densities and their
respective interatomic potentials were compared to those expected from
a Moliere approximation and the 0.9 electrons per cubic angstrom
electron density expected when the outer 3d and 4s electrons are
averaged over their atomic volume. The relatively good agreement
indicates that the electron densities obtained from the fitting
procedure are reasonable. Subsequently one may conclude that for good
quality single crystals both the experimental and theoretical analyses
are’well founded and thus the continuum string approach which vyields
excellant results with respect to channeling phenomena has shown
itself to be very useful in modeling dechanneling phenomena.

Surface parameters have been shown to be wuseful in determining
the quality of single crystals, namely in the case of the 2MeV data.
The conclusion which may be drawn from the minimum yields along with
the poor match with the theoretical predictions is that the crystal
was elther damaged or that defects were encountered while polishing
the crystal. This experience also highlights the necessity of taking
spectra with several good crystals in order to have some confidence in

the results.
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The theoretical calculation requires several inputs which are
listed in the following table.

temp- electron displace- mid nuclear
energy axis erature dens%ty ment Tms string correction
(MeV) (XD 0% ¢.9) potential factor
1.0 {110) 35 0.8750 0.06270 0.02913 0.340919
120 0.08083
200 0.09869
280 0.11563
1.0 {100) 35 0.7325 0.06270 0.06215 0.312463
120 0.08083
200 0.09869
280 0.11563
2.0 {1107 56 0.8750 0.06619 0.02913 0.357188
170 0.09259
280 0.11563 0.357176
2.0 <100) 56 0.7325 0.06619 0.06215 0.331640
170 0.09259

280 0.11563 0.331628
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Theoretical dechanneling and electronic stopping power values for
channeled 1.0 MeV protons in pure copper, <110>.

depth 35K 120K 200K 280K

(um) chi Se chi Se chi Se chi Se
0.00 .0052 .8364 ,0074 .8363 .,0091 .8361 .01l6 .8360
0.05 .0058 .8390 .0084 ,8389 .0106 .8387 .0138 .8386
0.10 .0064 .8414 ,0094 ,.8412 .0122 .8411 .0l160 ,8409
0.15 .0070 ,8435 ,0104 .8433 ,0137 .8432 .0182 .8431
0.20 .0076 .8455 ,0113 .8453 ,0152 .8451 .0203 .8450
0.25 .0081 .8473 .0123 .8471 .0166 ,.8469 .0224 ,.8469
0.30 .0087 .8491 .0133 .8488 .0181 .8486 .0245 .8486
0.35 .0093 .,8508 ,0142 .8504 .,0195 .8502 .0265 .8502
0.40 .0099 .8524 ,0152 .8520 .0210 .8517 .0286 .8517
0.45 .0105 .8539 .0161 .8543 .0224 .8532 .0307 .8531
0.50 .0110 .8553 .,0171 .8548 .0239 .8545 .,0329 .8544
0.55 .0116 .8567 .0181 .8562 .0254 ,.8558 .0351 .8557
0.60 .0122 .8581 ,0191 .8574 ,0269 .8571 .0374 .8569
0.65 .0128 .8594 ,0201 .8587 .0285 .8583 ,0398 .8581
0.70 .0135 .8606 ,0211 .8598 ,0302 .8594 .0424 ,8592
0.75 .0141 ,8618 .0222 .8609 .0319 .8605 .0450 .8603
0.80 .0147 .8629 ,0233 .8620 .0337 .8615 .0478 .8612
0.85 .0154 ,8640 ,0245 ,8630 .0356 .8625 .0508 .8622
0.90 .0161 .8651 ,0257 .8640 .0376 .8634 .0539 .8630
0.95 .0168 .8661 ,0270 .8650 .0397 .8643 .0572 .8639
1.00 .0175 .8671 ,0283 .8659 .0419 .8652 .0607 .8646
1.10 .0190 .8690 .0311 .8675 .0467 .8667 .0683 .8659
1.20 ,0207 .8707 .0343 .8690 .0520 .8680 .0767 .8670
1.30 .0225 .8723 ,0378 .8704 .0579 .8691 .0859 .8678
1.40 .0245 ,8737 .0416 .8715 .0644 ,8699 .0958 .8682
1.50 .0266 .8751 .,0459 .8725 .0715 .8706 .1l066 .8683
1.60 .0290 .8763 .,0505 ,8733 .0793 ,8709 .1180 .8681
1.70 .0317 .8773 ,0556 .8739 .0876 .8710 .1300 .8674
1.80 .0346 ,8782 ,0612 .8742 .,0964 ,8707 .1427 .8664
1.90 .0377 ,8790 .,0672 ,8744 ,1058 .8702 ,1558 .8649
2.00 .0412 .8796 ,0735 .8743 .1156 .8693 .1693 .8630
2.10 .0449 ,8800 .0803 ,8740 .1259 .8680 .1831 .8605
2.20 .0489 .8803 .0875 .8734 ,1366 .8664 .1973 .8577
2.30 .0532 .8803 .0951 .8725 .1l476 .8644 ,2116 .8543
2.40 .0578 .8802 ,1030 .8713 .1589 .8621 .2261 .8504
2.50 0627 ,8799 .1112 .8699 .,1705 .8593 .2407 .8459
2.60 .0678 ,8794 ,1197 .8681 ,1823 .8561 .2554 .8410
2.70 .0732 .8787 ,1285 .8661 .1942 .8525 .2700 .8355
2.80 .0789 .8778 1376 ,8637 .2063 .8484 .2847 .8294
2.90 .0848 ,8766 .1468 .8610 .,2185 .8439 ,2992 .8227
3.00 .0909 .8752 .1562 .8579 .2308 .8390 .3137 .8155
3.10 .0973 .8736 .1658 .8545 .2431 .8336 .3280 ,8077
3.20 .1039 .8717 .1756 .8508 .2554 ,8277 .3422 .7993
3.30 .1106 .8696 1852 .8467 .2678 ,8214 ,3563 ,7903
3.40 .1175 .8673 ,1954 .8422 .2801 .8l46 .3702 ,7807
3.50 1246 ,8647 .,2054 ,8374 ,2923 .8073 .3839 .7704
3.60 .1318- .8618 ,.2155 .8322 .3046 .7995 .3974 .7596
3.70 1392 .8586 ,2257 .8266 .3167 .7912 .4107 ,7482
3.80 1467 .8552 .2359 ,8207 .3287 .7824 .4238 ,7362
3.90 1543 ,8515 .2461 .8l4a4 .3407 .7732 .4367 .7236
4.00 1620 .8476 ,2563 .8077 .3526 .7634 .4495 .7103
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Theoretical dechanneling and electronic stopping power values for
channeled 1.0 MeV protons in pure copper, {100).

depth 35K 120K 200K 280K

(um) chi Se chi Se chi Se chi Se
0.00 .0075 .7423 .0107 .7420 .0130 .7416 .0166 .7413
0.05 .0086 7464 ,0126 .7462 .0162 .7460 .0212 ,7459
0.10 .0098 .7501 ,0146 .7500 .0193 .7499 .0257 .7500
0.15 .0110 .7535 .016é6 .7535 .,0223 .,7535 .0300 .7538
0.20 .0122 .7568 .0185 .,7568 .0252 .7569 .0342 ,7573
0.25 .0133 .7600 .0204 ,7599 .0281 .7600 .,0384 ,.7606
0.30 .0145 .7630 .0223 .7629 .0310 .7630 .0426 .7637
0.35 .0157 .7659 .0243 .7657 .0340 ,7659 ,0469 .7666
0.40 .0168 .7687 .0262 .7685 .,0370 .7687 .0514 .7694
0.45 .0180 .7714 ,0282 ,7711 .,0401 7713 .0561 .7721
0.50 0192 .7741 .0303 .7736 .0434 ,7739 .0610 .7746
0.55 0205 ,7766 ,0324 ,7760 .0468 ,7763 .0662 7771
0.60 .0218 ,7790 .0346 ,7784 .0504 .7786 0717 .7794
0.65 .0231 .7813 .0370 .7806 .0541 .7808 .0775 .7815
0.70 .0245 ,7836 .0394 ,7827 .0581 .7828 .0836 .7836
0.75 .0259 ,7857 .0420 .7847 .0623 .7848 ,0901 ,7854
0.80 0274 ,7878 .0447 ,7866 ,0668 .7866 .0970 .7872

0.85 .0289 .7897 .0476 .7884 0715 .7884 .1042 .7888
0.90 .0306 .7916 .0506 .7902 .0765 .7900 .1117 .7902
0.95 .0323 .7934 .0538 .7918 .08l7 .7914 .1196 .7915
1.00 .0341 .7951 .0572 .7933 .0873 .7928 .1278 .7926
1.10 .0380 .7983 .0645 .7960 .0991 .7950 .1450 ,7942

1.20 0424 ,.8012 .0726 .7982 1119 .7967 .1633 .7951
1.30 .0472 .8037 .081l4 .8000 .1256 .7977 .1824 ,7951
1.40 .0525 ,8058 .,0910 .8013 .1402 .7981 .2022 .7944
1.50 .0583 .8076 .1013 .8021 .1555 .7979 .2224 .7928
1.60 0646 .8090 .1123 .8024 1713 .7970 .2430 .7904
1.70 .0715 .8100 .1239 .8021 .1877 .7954 .2637 .7871
1.80 .0788 ,8107 .1360 .8014 .2045 .7931 .2845 .7829
1.90 .0866 .8109 .1486 .8000 .2215 .7901 .3052 .7779
2.00 .0949 .8107 .lé6l6 .7981 .2388 .7864 .3258 .7719
2.10 .1036 .8101 .1749 .7956 .2561 .781l9 .3461 .7651
2,20 1127 .8090 .1886 .7926 .2735 .7768 .3661 .7573
2.30 .1221 .8076 .2024 .7890 .2908 .7709 .3858 .7487
2.40 .1319 .8057 .2164 .7849 ,3081 .7642 .4051 .7391
2.50 «+1420 .8034 .2306 .7801 .3252 .7570 .4240 .7287
2.60 1523 .8006 .2448 7748 3422 7489 4424 ,7173
2.70 1628 .7974 2591 .7689 .3589 .7401 .4603 .7051
2.80 1736 .7938 2734 .7625 .3754 .7306 .4778 .6920
2.90 1844 ,7897 .2876 .7554 ,3917 .7203 .4949 .6780
3.00 .1955 .7852 .3018 .7478 .4077 .7094 .5115 .6631
3.10 .2066 .7803 ,3159 .7397 .4234 .6977 .5276 .6474
3.20 .2178 . 7749 .3299 .7309 .4388 .6853 .5433 .6308
3.30 .2291 7691 .3438 .7216 .4539 .6722 .5586 .6134
3.40 .2405 .7629 .3575 .7117 .4688 .6584 .5735 .5952
3.50 .2518 .7562 .3712 .7013 .4833 .6439 .5880 .5763
3.60 - .2632 .7491 .3846 .6903 .4976 .6287 .6020 .5565
3.70 .2746  .7416 .3979 .6788 .511l6 .6129 .6158 .5361
3.80 .2860 .7336 .4111 .6667 .5253 .5964 .6291 .5149
3.90 <2973 .7253 .4240 .6541 .5387 .5793 .6422 .4930
4,00 .3086 .7165 .4369 .6409 .5519 .5615 .6549 .4704
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Theoretical dechanneling and electronic stopping power values for
channeled 2.0 MeV protons in pure copper, {110).

depth 56K 170K 280K
(um) chi Se chi Se chi Se
0.00 .0055 .7409 .0087 .7406 0116 .7441
0.05 .0058 .7431 .0095 7428 .0128 .7463
0.10 .0062 .7452 .0102 .7449 .0141 .7484
0.15 .0065 .7472 .0110 .7469 .0154 .7504
0.20 .0069 .7490 0117 .7487 .0166 .7523
0.25 .0073 .7508 .0125 .7505 .0178 .7541
0.30 .0076 .7524 .0132 ,7522 .0190 .7558
0.35 .0080 .7541 .0139 ,7538 .0202 .7575
0.40 .0084 .7556 .0146 .7554 .0214 .7591
0.45 .0087 .7572 .0153 .7569 .0226 .7607
0.50 .0091 ,7586 .0161 .7583 .0238 .7622
0.55 .0094 ,7601 .0168 .7597 .0250 .7637
0.60 .0098 .7615 0175 .7611 .0261 .7651
0.65 .0102 .7628 0182 .7624 .0273 .7665
0.70 .0105 .7642 .0189 .,7637 .0286 .7679
0.75 .0109 .7655 .0197 .7649 .0298 .7692
0.80 .0113 .7667 .0204 .7661 .0310 ,7705
0.85 .0116 .7680 .0212 .7673 .0323 ,.7718
0.90 .0120 .7692 .0219 .7685 .0336 .7731
0.95 .0124 .7704 .0227 .7696 0349 ,7743
1.00 .0128 .7716 .0235 7707 .0362 .7755
1.10 .0136 .7738 .0251 .7728 .0390 ,7778
1.20 0144 ,.7760 .0267 .7749 .0420 ,7800
1.30 .0152 .7781 .0285 ,7768 .0451 .7822
1.40 .0160 .7801 .0304 .7787 .0485 .7842
1.50 ,0169 ,7821 .0323 .7805 .0521 .7862
1.60 .0178 .7840 .0344 ,7822 .0559 ,7881
1.70 .0188 .7858 .0366 ,7838 .0600 .7899
1.80 .0198 .7875 .0390 .7854 0644  ,7916
1.90 .0209 .7892 .0415 .7868 .0691 .7932
2.00 .0220 .7909 L0442 ,7882 .0740 ,7947
2.10 .0232 .7924 .0471 .7896 .0793 .7961
2.20 .0245 ,7939 .0502 .7908 .0848 ,7974
2.30 .0258 .7954 .0534 ,7920 .0906 .7986
2.40 .0272 .7968 .0569 .7931 .0967 .7997
2.50 .0287 .7981 .0605 .7941 .1030 .8006
2.60 .0303 .7994 .0643 ,7950 .1096 .8015
2,70 .0320 .8007 .0684 ,7958 .1164 ,8022
2.80 .0338 ,8018 L0726 .7966 .1235 ,8027
2.90 .0357 .,8029 0770 ,7972 .1307 .8031
3.00 .0376 .8040 0816 .7977 .1382 .8034
3.10 .0397 .8050 .0863 ,7981 .1458 ,8035
3.20 .0420 .8059 ,0913 ,7985 .1536 .8035
3.30 0443 ,8068 .0964 ,7987 .1615 .8033
3.40 .0467 .8076 .1017 .7987 .1695 ,8029
3,50 .0493 ,8083 .1071 ,7987 1777 .8024
3.60 .0519 ,8089 .1127 .7986 .1860 .8017
3.70 .0547 .8095 .1184 ,7983 .1944 ,8008
3.80 .0576 .8100 .1242  ,7979 .2028  ,7998
3.90 .0605 .8105 .1302 .7973 .2113 .7985

4,00 .0636 .8108 1362 .7967 .2199 .7971
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depth 56K 170K 280K
(um) chi Se chi Se chi Se
4,1 .0668 .8111 L1424 7959 .2285 ,7955
4,2 .0701 .8113 . 1487 .7950 .2371  .7937
4,3 .0735 .811l4 .1550 .7939 . 2458  ,7917
4.4 0770 .8114 L1615 .7927 2544 ,7895
4,5 .0806 .81ll4 L1680 .7913 .2631 .7871
4.6 .0843 .8112 .1746 .7898 2717 .7845
4,7 .0881 .8110 .1812 .7882 .2804 ,7818
4,8 .0920 .8107 ,1879 .7864 .2890 ,7788
4,9 .0959 .8103 . 1946 ,7845 .2975 7756
5.0 .1000 .8098 L2014  .7824 .3061 7722
5.1 .1041 .8092 .2082 ,7801 .3146 .7685
5.2 .1082 .8085 2151 7777 .3231 .7647
5.3 .1125 .8078 2219 7752 .3315 .7607
5.4 .1168 .8069 .2288 .7725 .3399 ,7564
5.5 .1212 .8059 .2357 .7696 .3482 7520
5.6 .1256 .8049 L2426 ,7666 .3564 ,7473
5.7 .1301 .8037 2495 ,7634 3646 ,7424
5.8 .1347 .8024 .2564 7600 .3728 .7373
5.9 .1393 .8011 .2633 .7565 .3808 7319
6.0 . 1439 ,7996 .2702  ,.7529 ,3888 ,7264
6.1 . 1486  .7980 .2771  .7490 . 3968 ,7206
6.2 +1534 .7963 2840 ,7451 L4046 7146
6.3 .1581 .7946 .2909 7419 L4124 L7084
6.4 .1629 .7927 .2977 .7366 4202 .7020
6.5 .1678 .7907 .3046 .7321 4278 .6953
6.6 L1727 .7886 3114 7274 24354 ,6885
6,7 1776 .7864 .3182 .7226 L4429 6814
6.8 . 1825 7840 .3249 7177 .4503 6741
6.9 .1875 .7816 .3317 .7125 L4577  .6666
7.0 .1924 .7791 .3384 7072 L4650 L6589
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Theoretical dechanneling and electronic stopping power values for
channeled 2.0 MeV protons in pure copper, (100).

depth 56K 170K 280K
(um) chi Se chi Se chi Se
0.00 .0078 .6577 .0125 .6571 .0166 .6598
0.05 .0085 .6607 .0140 .6602 .0192 ,6631
0.10 .0093 .6635 .0156 .6632 .0218 .6663
0.15 .0100 .6661 0171 .6660 .0243 ,6693
0.20 .0107 .6686 ,0186 .6686 .0268 .6721
0.25 0115 .6710 .0200 .6712 ,0293 .6749
0.30 .0122 .6734 .0215 .6736 .0317 .6775
0.35 0129 .6757 .0229 .6759 0341 .6801
0.40 0137 .6779 L0244 - ,6781 ,0365 .6825
0.45 0144 ,6801 ,0258 .6803 .0389 ,6850
0.50 .0151 .6823 .0273 .6824 .0413 .6873
0.55 .0158 .6844 .0287 .6845 .0438 ,6896
0.60 .0166 .6864 ,0302 .6865 0463 ,6919
0.65 .0173 .6885 .0317 .6884 .0489 .6941
0.70 .0181 .6905 .0333 .6903 ,0515 .6963
0.75 .0188 .6924 0348 .6922 0542 ,6984
0.80 .0196 .6943 .0364 ,6940 .0570 ,7004
0.85 L0204 .6962 .0380 .6958 .0598 .7025
0.90 0212 .6980 .0397 .6975 0628 .7045
0.95 .0220 .6998 L0415 .6992 .0659 ,7064
1.00 .0229 .,7016 .0433 ,7009 .0690 ,7083
1.10 .0246 ,7051 L0470  .7041 0757 .7120
1.20 .0264 .7084 .0510 .7072 .0829 .7155
1.30 ,0283 .7115 - .0553 .7101 .0906 .7188
1.40 .0303 .7146 .0599 7128 , .0987 .7218
1.50 .0324 7175 L0648 ,7154 . 1074 7247
1.60 .0347 ,7203 .0701 .7178 .1165 .7274
1.70 L0372 .7229 0757 .7200 .1260 ,7298
1.80 .0398  .7255 .0816 .7220 . 1360 7320
1.90 0425 ,7279 ,0879 .7239 .1463 .7339
2.00 .0455 ,7301 .0945 7256 .1570 .7355
2.10 .0486 .7323 .1014 7271 .1680 .7369
2.20 .0519 .7343 .1086 .7283 .1793 .7380
2.30 .0555 .,7362 .1062 .7294 .1908 ,7388
2.40 .0592 .7379 «1239 7302 .2025 .7393
2.50 L0631 .7395 »1320 .7309 .2143  ,.7395
2.60 0672 7409 .1403 ,7313 2263 .7394
2,70 L0715 .7423 . 1488 .7315 2384  .7390
2.80 0760 7434 .1575 .7314 .2506 .7383
2.90 .0807 7444 .1663 .7312 .2628 .7373
3.00 .0856 .7453 1754  ,7307 .2750 .7360
3.10 0906 .7460 L1846  .7299 .2872 .7343
3.20 .0958 ,7466 .1938 ,7289 .2994  ,7323
3.30 .1012 .7470 .2032 .7277 .3115 .7300
3.40 . 1067 7472 .2127  .7263 .3235 .7274
3.50 L1124 ,7473 2223 .7246 .3355 7245
3.60 .1182 .7472 .2319 .7226 3474 ,7212
3.70 1242 .7470 .2415 7205 .3592 7176
3.80 ,1302 .7466 .2512 .7180 .3708 .7137
3.90 .1364 .7466 2608 .7154 .3823 .7094

4,00 1427 .7453 2705 .7125 .3937 .7049
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depth 56K 170K 280K
(um) chi Se chi Se chi Se

4,1 L1491 7444 .2802 .7093 . 4050 ,7000
4,2 .1556 .7433 .2898 .7059 4161 .6948
4,3 1622 .7421 .2995 ,7023 L4270 ,6892
4.4 .1688 .7407 .3091 .6984 .4378 .6833
4.5 .1755 .7392 .3186 .6943 L4485 .6771
4,6 .1823 .7374 .3281 .6899 .4589 ,6706
4,7 .1891 .7356 .3375 .6853 L4693 ,6637
4.8 .1959 .7335 .3469 .6805 L4794 ,6566
4,9 .2028 ,.7313 .3562 .6754 L4894  ,6491
5.0 .2098 .7289 .3655 .6700 .4993  .6413
5.1 .2167 .7264 3747 .6645 .5090 .6332
5.2 .2237 .7236 .3838 .6586 .5185  .6247
5.3 .2308 .7208 .3928 .6526 .5279 .6160
5.4 .2378 7177 4017 .6463 .5371 .6070
5.5 2448 .7145 .4106 .6398 .5462 .5976
5.6 .2519 .7111 4194 .6330 . .5551 .5880
5.7 .2589 .7076 4280 .6260 .5639 ,5781
5.8 .2660 .7039 .4367 .6188 .5726 .5679
5.9 .2730 .7000 4452 ,6114 .5811 .5574
6.0 .2801 .6960 .4536 .6037 .5995 .5466
6.1 .2871 .6918 L4620 .5958 .5978 .5356
6.2 .2941 .6875 L4702 .5877 .6059 .5243
6.3 .3011 .6829 L4784  .5793 .6139 .5127
6.4 .3081 .6783 4865 .5707 .6218 .5009
6.5 .3150 .6734 L4945 .5620 .6295 ,4888
6.6 .3220 .6684 .5024 ,5530 .6372 .4765
6.7 .3289 .6633 .5103 .5438 6447  .4639
6.8 .3358 .6580 .5180 .5344 .6522 .4511
6.9 .3427 .6525 .5257 .5248 .6595 ,4381
7.0 . 3495 .6469 .5333 ,5150 6667 4248
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February
1.0 MeV proton backscattering spectrum on copper.
Gr4a Sp4a <100  tilt 32.00 35K 1.0 uC

30 1506 1505 1464 1472 1488 1480 1373 1449 1407 1426
40 1394 1380 1352 1326 1414 1252 1324 1250 1224 1361
50 1260 1294 1233 1193 1232 1218 1234 1184 1165 1136
60 1123 1137 1073 1082 1073 1066 1114 1021 1099 1018
70 1074 1058 972 991 988 1020 984 969 1004 . 937
80 929 959 943 923 912 860 828 874 873 858
90 802 807 823 788 790 782 748 767 759 708
100 681 683 700 684 686 657 @ 618 688 643 669
110 635 628 561 550 592 584 582 591 571 561
120 545 512 511 537 476 480 446 488 475 478
130 451 453 451 447 432 399 392 412 365 411
140 398 365 375 331 359 338 328 314 301 311
150 309 304 312 304 291 282 287 274 246 273
160 260 265 219 219 223 216 206 203 221 207
170 198 181 176 152 159 169 149 182 175 155
180 159 139 152 123 11e 121 135 103 125 104
190 107 118 106 105 97 86 74 84 83 99
200 153 112 30 2 2 0

1.0 MeV proton backscattering spectrum on copper.
Gré Sp6 110> tilt 16.63 35 K 1.0 uC

30 649 643 680 680 659 633 623 599 609 640
40 615 604 553 618 586 534 624 583 586 549
50 545 550 539 519 527 479 500 531 517 512
60 508 491 504 498 479 483 442 432 437 423
70 421 409 423 424 454 415 433 485 377 414
80 398 438 358 364 365 368 333 374 360 353
90 349 341 339 345 341 345 327 324 320 310
100 287 296 333 309 323 294 312 301 288 281
110 285 311 240 267 240 237 256 237 239 220
120 232 213 236 247 232 208 207 224 202 - 227
130 226 197 191 180 205 189 180 210 190 184
140 170 186 171 134 178 171 151 159 168 136
150 141 143 153 138 166 148 146 146 140 136
160 117 111 120 131 118 115 98 107 112 99
170 94 99 94 112 79 111 90 94 84 82
180 83 99 79 89 75 88 89 63 61 59
190 61 62 72 50 59 58 51 46 59 77
200 149 90 14 2 0 0
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1.0 MeV proton backscattering spectrum on copper.

Gr8 Sp8

30 1359
40 1183
50 1068
60 995
70 895
80 767
90 707
100 639
110 531
120 421
130 375
140 299
150 250
160 218
170 165
180 138
190 100
200 146

{110

1323
1192
1102
960
841
781
682
626
523
420
409
337
214
201
189
140
95
123

tilt 16.63
1243 1304
1144 1167
1031 1042

933 861

848 885

767 777

656 627

583 620

535 520

459 463

371 = 366

318 293

245 243

203 214

173 148

139 129

103 97

34 3

120

1240
1117
1001
905
807
722
647
579
506
426
328
307
231
190
139
115
86

1

K 1'

1256
1116
1075
856
821
757
648
560
469
451
343
284
248
177
154
118
87

1

0 uC

1194
1124
1034
924
818
743
694
548
472
450
332
269
278
207
153
126
78

1219
1094
1042
880
822
730
643
532
487
406
356
287
217
189
163
102
74

1.0 MeV proton backscattering spectrum on copper.
Grl0O Splo

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

2605
2369
2298
1978
1812
1643
1421
1339
1163
995
786
663
566
427
327
208
169
159

100>

2667
2419
2282
1965
1790
1699
1532
1312
1082
979
755
622
552
418
330
212
162
143

tilt 32.00 120 K
2643 2531 2637 2613
2369 2327 2399 2340
2313 2085 2167 2047
2002 1940 2005 1934
1887 1868 1747 1817
1655 1608 1595 1531
1479 1484 1402 1499
1271 1235 1258 1258
1103 1049 1093 1115

963 939 916 890
806 760 774 729
670 632 624 589
535 492 543 501
411 407 376 348
303 325 284 290
251 221 200 203
138 138 130 138

57 11 3 5

1.0 uC

2522
2306
2041
1878
1747
1532
1388
1270
1060
928
751
595
515
368
269
193
108

2617
2210
2172
1858
1716
1578
1353
1221
1065
897
700
592
466
389
286
184
120

p

1191
1087
921
932
795
699
673
554
487
400
335
252
231
182
153
121
89

2441
2351
1952
1866
1675
1529
1302
1250
1057

826

728
546
425
321
245
179
120

age 73

1174
1088
949
901
823
662
601
553
466
379
355
291
230
182
141
100
90

2405
2253
1959
1812
1674
1565
1348
1192
972
854
714
549
447
336
229
167
119
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1.0 MeV proton backscattering spectrum on copper.
Grl2 sSpl2 <100  tilt 32.00 200 K 1.0 uC

30 3766 3548 3714 3548 3602 3473 3542 3512
40 3314 3344 3346 3435 3312 3263 3189 3293
50 3200 3117 3118 3171 3172 2967 3020 3022
60 2999 2995 2888 2947 2914 2797 2967 2780
70 2752 2704 2676 2627 2603 2562 2768 2540
80 2490 2558 2579 2465 2380 2429 2310 2318
90 2283 2343 2199 2135 2209 2189 2176 2097
100 2027 2010 2035 2037 1955 1936 1921 1891
110 1782 1715 1830 1800 1759 1708 1652 1668
120 1559 1539 1532 1496 1434 1482 1458 1379
130 1365 1336 1322 1237 1242 1235 1229 1228
140 1157 1110 1114 1070 1013 946 961 924
150 916 856 813 827 862 831 781 773
160 698 701 691 626 657 592 575 593
170 575 522 510 479 493 448 407 399
180 363 407 358 313 313 294 288 286
190 265 230 244 220 210 221 187 186
200 240 155 47 14 4 3 ’

1.0 MeV proton backscattering spectrum on copper.
Grl3 Spl3 (110>  tilt 16.62 200 K 1.0 uC

30 1980 1841 1860 1864 1905 1742 1883 1879
40 1776 1748 1755 1641 1711 1663 1639 1585
50 1589 1558 1560 1480 1526 1501 1511 1481
60 1422 1462 1481 1396 1376 1376 1429 1385
70 1306 1263 1332 1300 1293 1222 1253 1254
80 1179 1205 1161 1146 1140 1137 1153 1109
90 1039 1041 1081 1122 993 1046 1012 961
100 971 935 923 893 909 857 863 835
110 896 781 733 738 783 755 734 753
120 721 697 611 615 644 684 654 627
130 628 606 586 518 528 524 522 516
140 495 462 456 486 428 419 443 389
150 437 389 413 391 407 372 380 330
160 333 284 181 309 296 279 257 263
170 229 259 281 239 250 217 216 196
180 197 181 170 160 165 175 184 165
190 147 142 136 121 127 127 118 114
200 159 123 33 13 4 2

page 74

3489
3204
3081
2839
2450
2378
2099
1853
1640
1386
1197
883
786
577
437
279
184

1761
1676
1537
1285
1223
1043
965
850
678
613
454
417
357
260
193
148
118

3414
3146
2975
2587
2567
2360
2048
1849
1598
1357
1093
867
746
565
414
248
189

1773
1605
1460
1259
1309
1068
991
857
717
626
529
362
348
252
194
146
111
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1.0 MeV proton backscattering spectrum on copper.
Grl4 Spla 110> tilt 16.62 280 K 1.0 uC

30 2626 2636 2562 2571 2504 2540 2501 2375
40 2412 2403 2473 2350 2309 2365 2276 2239
50 2231 2237 2174 2201 2175 2110 2095 2067
60 1988 2100 1965 2041 2011 1958 1934 1850
70 - 1814 1948 1848 1839 1898 1758 1823 1859
80 1714 1695 1698 1721 1578 1615 1625 1647
90 1541 1556 1435 1446 1455 1415 1446 1456
100 1387 1344 1356 1314 1341 1302 1278 1235
110 1209 1232 1190 1140 1110 1117 1093 1065
120 1025 973 1030 990 966 921 947 851
130 910 848 843 772 815 789 857 846
140 728 747 700 659 705 655 663 661
150 599 565 624 568 549 534 535 525
160 460 488 495 453 397 390 378 393
170 323 329 362 332 319 322 338 288
180 337 251 232 228 241 243 218 236
190 203 181 167 162 159 159 163 159
200 7150 125 51 10 4 3

1.0 MeV proton backscattering spectrum on copper.
Grl5 Splb {100) tilt 31.96 280 K 1.0 uC

30 4486 4368 4417 4443 4552 4523 4365 4349
40 4223 4246 4229 4088 4099 4069 4045 3995
50 4057 4147 3981 3817 3930 4004 3815 3767
60 3746 3760 3557 3629 3631 3595 3583 3645
70 3405 3483 3451 3450 3294 3283 3366 3308
80 - 3136 3126 3135 3203 3062 3119 3120 2965
90 3010 2987 3000 2931 2872 2815 2772 2766
100 2671 2575 2660 2637 2640 2512 2523 2565
110 2454 2379 2330 2327 2254 2266 2218 2145
120 2195 2029 2127 2053 1953 1967 1914 1910
130 1766 1802 1766 1793 1632 1703 1615 1673
140 1550 1478 1455 1457 1418 1344 1340 1319
150 1281 1152 1141 1143 1170 1133 1037 1000
160 958 967 912 926 845 862 828 739
170 715 710 682 702 671 640 602 579
180 516 487 495 436 466 417 400 - 422
190 356 337 304 258 293 278 220 233
200 249 164 71 15 9 7
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2375
2298
2080
1966
1743
le41
1347
1259
1088
902
711
630
503
359
247
207
142

4331
4060
3656
3529
3366
3003
2695
2513
2192
1921
1530
1238

984

785

536

368

240

2382
2210
2106
1987
1772
1483
1378
1240
1052
886
743
550
455
407
281
228
151

4319
3962
3659
3483
3198
2988
2714
2417
2103
1849
1551
1319
1019

806

537

359

269
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1.0 MeV proton backscattering spectrum on copper.
Gr4 Spl8  random rotating tilt 20,00 35 K 0.1 uC

30 907 829 864 876 820 862 859 848 884 794
40 848 858 84l 785 - 807 855 804 783 825 839
50 792 799 814 794 845 838 855 713 815 816
60 759 791 798 796 791 798 800 770 825 780
70 768 776 741 828 729 752 788 783 781 740
80 759 775 739 736 746 818 753 736 794 680
90 763 745 726 750 741 764 707 746 693 759
100 716 746 740 772 749 689 726 713 759 694
110 774 726 768 702 704 726 724 687 741 711
120 721 691 669 688 676 693 701 679 727 727
130 703 723 642 713 751 690 711 678 711 743
140 653 689 677 665 653 672 666 629 696 696
150 681 716 705 679 644 674 659 664 664 708
160 675 673 726 678 685 611 655 649 688 673
170 624 639 615 659 621 674 620 631 601 612
180 633 577 656 645 637 636 665 665 607 664
190 565 592 637 623 590 590 612 616 577 575
200 377 182 58 10 6 2 ’
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Dechanneling Fraction Cu#2 {110> 35K

Sc = 0.5 Sr Sc = 0.85 Sr
Depth Chi Depth Chi
(um) (%) (um) (%)
0.106 0.90 0.088 0.86
0.210 1.02 0.176 1.02
0.339 1.16 0.283 1.15
0.467 1.39 0.390 1.38
0.592 1.51 0.494 1.50
0.716 1.56 0.598 1.54
0,838 1.69 0.699 1.66
0.958 1.84 0.800 1.80
1.08 2.26 0.898 2.21
1.19 2.32 0.996 2.26
1.31 2.48 1.09 2.41
1.42 2.67 1.19 2.58
1.53 2.96 1.29 2.85
1.64 3.10 1.37 2.98
1.75 3.32 1.46 3.18
1.85 3.70 1.55 3.51
1.96 3,68 1.63 3.50
2.06 4,15 1.72 3.93
2.16 4,68 1.80 4,38
2.26 4,83 1.88 4,51
2.36 5.12 1.97 4.75
2.45 5.41 2.04 4,99
2.54 5.63 2.12 5.18
2.63 6.11 2.20 5.58
2.72 6.89 2.27 6.14
2.81 6.83 2.35 6,17
2.90 6.96 2.42 6.27
2.98 8.02 2.49 7.14
3.06 8.15 2.56 7.23
3.14 8.71 2.62 7.67
3.22 9.33 2.69 8.16
3.30 9.70 2.75 8.44
3.37 10.08 2.81 8.72

3.45 10.83 2.88 9.29
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Dechanneling Fraction Cu#2 <110 120K

3.45

Sc = 0.5 St
Depth Chi
(um) (%)
0.106 1.41
0.210 1.62
0.339 1.82
0.467 2.17

1 0.592 2,51
0.716 2.66
0,838 2.99
0.958 3.17
1.08 3.80
1.19 3.68
1.31 4,40
1.42 4,98
1.53 5.38
1.64 5.79
1.75 6.58
1.85 7.03
1.96 7.49
2.06 8.22
2.16 8.75
2.26 9.63
2.36 10.41
2.45 10.55
2.54 11.47
2,63 12.25
2.72 13,10
2.81 13.86
2.90 14,33
2,98 15.06
3,06 16,28
3.14 17,17
3.22 17.93
3.30 19.05
3.37 19.71

21.31

Sc = 0.85 Sr
Depth Chi
(um) %)
0.088 1,40
0.176 1.61
0.283 1.81
0.390 2.15
0.494 2.48
0.598 2.62
0.699 2.94
0.800 3.11
0.898 3.71
0.996 3.60
1.09 4,27
1.19 4,80
1.29 5.17
1.37 5.54
1.46 6.25
1.55 6.65
1.63 7.06
1.72 7.70
1.80 8.16
1.88 8.93
1.97 9.59
2.04 9.70
2.12 10.48
2.20 11.13
2.27 11.83
2.35 12.45
2.42 12.82
2.49 13.40
2.56 14.37
2.62 15.07
2.69 15.65
2.75 16.51
2.81 17.00
2.88 18.23
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Appendix II

Dechanneling Fraction Cu#2 <110) 200K

Sec = 0.5 Sr
Depth Chi
(um) (%)
0.106 2.00
0.210 2.27
0.339 2.63
0.467 2.85
0.592 3.33
0.716 4,13
0.838 4,19
0.958 4,67
1.08 5.67
1.19 6.45
1.31 6.46
1.42 7.47
1.53 7.96
1.64 9.02
1.75 10.1
1.85 10.6
1.96 11.5
2,06 12.4
2.16 13.6
2.26 14.7
2.36 15.9
2.45 16.9
2.54 17.6
2.63 18.8
2.72 20.1
2.81 21.1
2.90 21.4
2.98 23.1
3.06 24,2
3.14 25.1
3.22 26.5
3.30 28.3
3.37 29.5

3.45

30.9

Se¢ = 0.85 Sr
Depth Chi
(um) (%)
0.088 1.99
0.176 2.26
0.283 2.62
0.390 2.83
0.494 3.30
0.598 4,06
0.699 4,12
0.800 4,58
0.898 5.52
0.996 6.26
1.09 6.26
1.19 7.20
1.29 7.65
1.37 8.61
1.46 9.62
1.55 9.99
1.63 10.81
1.72 11.58
1.80 12.69
1.88 13.59
1.97 14.66
2.04 15.48
2.12 16,09
2.20 17.03
2.27 18.18
2.35 18.91
2.42 19.19
2.49 20.56
2.56 21.40
2.62 22.10
2.69 23.15
2.75 24,51
2.81 25.44
2.88 26.51
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Appendix II

Dechanneling Fraction Cu#f2 {110> 280K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.106 2.64
0.210 2.94
0.339 3.66
0.467 4,23
0.592 4,85
0.716 5.45
0.838 6.18
0.958 7.18
1.08 8.10
1.19 9.21
1.31 10.12
1.42 11.41
1.53 12.43
l.64 13.18
1.75 14.21
1.85 16,07
1.96 17.12
2.06 18.54
2.16 20.21
2,26 21.32
2.36 22.43
2.45 23.68
2.54 25.62
2.63 27.27
2,72 28.73
2.81 30.26
2.90 30.80
2.98 32.60
3.06 33.56
3.14 35.79
3.22 36.62
3.30 38.73
3.37 39.06

3.45

41.67

Sc = 0.85 Sr
Depth Chi
(um) %
0.088 2.63
0.176 2.92
0.283 3.63
0.390 4,19
0.494 4.79
0.598 5.37
0.699 6.07
0.800 7.02
0.898 7.89
0.996 8.93
1.09 9.78
1.19 10.97
1.29 11.91
1.37 12.58
1.46 13.51
1.55 15.17
1.63 16.11
1.72 17.35
1.80 18.81
1.88 19.76
1.97 20.70
2.04 21.75
2.12 23,39
2.20 24,53
2.27 25.96
2.35 27.20
2.42 27.59
2.49 29.03
2.56 29.76
2.62 31.52
2.69 32.12
2.75 33.74
2.81 33.93
2.88 35,92
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Appendix II

Dechanneling Fraction Cu#2 {100) 35K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.106 1.44
0.210 1.80
0.340 1.89
0.467 2.25
0.593 2.73
0.716 2.82
0.838 3.37
0.959 3.70
1.08 4,32
1.19 4,80
1.31 5.07
1.42 5.90
1.53 6.18
1.64 7.05
1.75 7.46
1.86 8.30
1,96 9.19
2.06 9.26
2.16 10.40
2.26 10.84
2.36 12.02
2.45 12.81
2.54 13.73
2.64 15.16
2.72 15.77
2.81 16.41
2.90 12.99
2.98 17.80
3.06 19.29
3.14 20.36
3.22 20.99
3.30 22,72
3.38 23.46

3.45

24,45

Sc = 0.75 St
Depth Chi
(um) (%)
0.093 1.44
0.184 1.79
0.297 1.88
0.409 2.23
0.519 2,71
0.627 2.80
0.734 3.32
0.840 3.65
0.943 4,24
1.05 4,70
1.15 4,95
1.24 5.73
1.34 5.99
1.44 6.80
1.53 7.18
1.62 7.96
1.72 8.77
1.81 8.83
1.89 9.86
1.98 10.25
2.06 11.31
2.15 12.00
2.23 12.82
2.31 14.07
2.39 14,59
2.46 15.14
2.54 12.12
2.61 16.29
2.68 17.56
2.75 18.45
2.82 18.96
2.89 20.40
2.96 20.99
3.02 21.79
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Appendix II

Dechanneling Fraction Cuf#2 {100y 120K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.106 2.06
0.210 2.49
0.340 3.00
0.467 3.58
0.593 4,35
0.716 5.15
0.838 5.65
0.959 6.40
1.08 7.50
1.19 8.50
1.31 9.19
1.42 10.4
1.53 11.4
l.64 12.3
1.75 14.0
1.86 15.5
1.96 16.8
2.06 17.3
2.16 20.0
2.26 20.4
2.36 22.1
2.45 23.4
2.54 24,8
2.64 26.6
2,72 27.6
2.81 29.4
2.90 29.8
2.98 32.1
3.06 32.7
3.14 36.5
3.22 37.5
3.30 39.0
3.38 41.3

3.45

42.8

Sc = 0.75 Sr
Depth Chi
(um) (%)
0.093 2.05
0.184 2.48
0.297 2.98
0.409 3.55
0.519 4,30
0.627 5.09
0.734 5.57
0.840 6.30
0.943 7.35
1.05 8.34
1.15 8.96
1.24 10.08
1.34 11.02
1.44 11.83
1.53 13.40
1.62 14,82
1.72 16.04
1.81 16.42
1.89 18.89
1.98 19.23
2.06 20.74
2.15 21.94
2.23 23.11
2,31 24,69
2.39 25.57
2.46 27.12
2.54 27.43
2.61 29.35
2.68 29,87
2.75 33.08
2.82 33.86
2.89 35,10
2.96 36.96
3.02 38.21
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Appendix II

Dechanneling Fraction Cu#2 100> 200K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.106 3.29
0.210 3.95
0.340 4,50
0.467 5.75
0.593 6.94
0.716 8.48
0.838 9.33
0.959 10.62
1.08 12.50
1.19 13.57
1.31 14,66
1.42 17.73
1.53 18.84
1.64 20.60
1.75 22.39
1.86 24,38
1.96 26.31
2.06 27.94
2.16 30.3
2.26 31.9
2.36 33.8
2.45 35.5
2.54 37.5
2.64 40,2
2.72 40,8
2,81 42,6
2.90 44,1
2.98 47.4
3.06 47.9
3.14 50.7
3.22 51.5
3.30 53.9
3.38 55.7
3.45 58.2

Sc = 0,75 Sr
Depth Chi
(um) (%)
0.093 3.28
0.184 3.93
0.297 4,48
0.409 5.71
0.519 6.87
0.627 8.37
0.734 9.19
0.840 10.44
0.943 12.24
1.05 13.25
1.15 14.28
1.24 17.19
1.34 18.23
1.44 19.86
1.53 21.51
1.62 23.35
1.72 25.11
1.81 26.59
1.89 28.72
1.98 30.10
2.06 31.82
2.15 33.35
2.23 35.09
2.31 37.41
2.39 37.95
2.46 39.49
2.54 40,73
2.61 43,49
2.68 43.92
2.75 46,24
2.82 46,87
2.89 48,82
2.96 50.26
3.02 52.24
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Dechanneling Fraction Cu#f2 100> 280K

Sc = 0.5 St Sc = 0.75 Sr
Depth Chi Depth Chi
(um) %) ~ (um) %)
0.106 3.9 0,093 3.92
0.210 5.2 0.184 5.21
0.339 6.4 0.297 6,34
0.467 7.9 0.409 7.82
0.592 9.5 0.519 9.45
0.716 11.4 0.627 11.29
0.838 12.9 0.734 12,75
0.958 14.5 0,840 14,26
1.08 16.5 0.943 16.14
1.19 18,7 1.05 18.27
1.31 21.1 1.15 20.51
1.42 23.9 1.24 23.14
1.53 25.4 1.34 24,57
1.64 27.7 l.44 26,73
1.75 30.3 1.53 29.11
1.86 33.4 1.62 32,00
1.96 34,7 1.72 33.12
2,06 36.8 1.81 35.06
2.16 40.1 1.89 38.03
2.26 41.6 1.98 39.32
2.36 43.6 2.06 41.15
2.45 47.0 2.15 44,14
2.54 48.1 2.23 45,03
2.64 50.0 2.31 46.70
2,72 52.0 2,39 48,44
2.81 54,2 2,46 50.26
2.90 55,9 2.54 51.74
2.98 58.2 2.61 53.62
3.06 59,5 2,68 54,72
3.14 63.5 2.75 58,09
3.22 63.8 2.82 58.19
3.30 66.5 2,89 60,38
3.38 69.3 2.96 62.68

3.45 70.1 3.02 63.24
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April
1MeV proton backscattering spectra on Cu(.01%In)
Gr3 Spl7 {100} tilt 36.63 35 K 1.0 uC

30 1696 1637 1693 1697 1615 1719 1594 1671 1601 1590
40 1569 1492 1530 1455 1464 1492 1423 1465 1472 1488
50 1430 1393 1417 1431 1326 1358 1353 1274 1261 1261
60 1275 1257 1295 1265 1188 1231 1230 1218 1132 1050
70 1150 1172 1123 1107 1183 1117 1064 1099 1076 1027
80 1048 985 1019 1036 963 982 946 939 865 916
90 898 918 854 912 922 833 803 809 817 816
100 759 798 789 785 778 735 686 729 706 709
110 697 660 664 665 704 639 676 626 606 588
120 581 603 562 629 554 577 525 474 507 479
130 500 486 451 485 445 474 420 467 419 457
140 414 426 394 405 391 380 359 381 371 391
150 318 311 341 351 327 309 300 303 284 293
160 286 281 297 263 251 237 247 253 208 231
170 202 219 200 208 187 181 184 198 198 171
180 193 165 150 153 154 164 131 106 144 127
190 136 121 131 118 91 88 92 86 89 96
200 159 169 138 39 8 0 0

1MeV proton backscattering spectra on Cu(.01%In)
Gr4 Spl8 {110) tilt 29.70 35 K 1.0 uC

30 811 852 853 857 842 810 813 799 783 778
40 767 813 738 783 694 698 702 770 688 705
50 676 718 672 671 671 737 608 656 648 623
60 632 557 604 599 606 587 601 596 562 531
70 576 534 543 589 578 535 541 560 504 557
80 502 523 461 480 508 462 452  4la 471 477
90 475 471 431 464 446 429 432 445 419 367
100 417 407 428 371 389 357 378 341 359 326
110 343 365 339 325 359 330 306 322 347 277
120 331 348 269 298 315 279 304 285 263 260
130 260 279 243 259 257 261 236 235 278 236
140 220 225 253 202 202 206 209 206 217 211
150 182 197 172 180 191 203 199 170 162 174
160 152 181 148 164 166 153 124 141 141 140

170 162 128 126 122 98 126 87 115 113 101
180 103 98 113 84 83 82 101 97 82 72
190 106 69 81 68 56 53 70 47 59 82

200 116 166 132 35 4 1 0
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1MeV proton backscattering spectra on Cu(.01%In)
Gr4 Splo {110 tilt 29.66 120 K 1.0 uC

30 1350 1415 1322 1382 1371 1313 1364 1304 1298
40 1176 1237 1292 1189 1179 1250 1241 1171 1178
50 1133 1092 1129 1120 1120 1126 1088 1101 1062
60 1023 1015 1021 1062 994 951 980 1005 960
70 1002 929 958 929 890 . 921 914 870 872
80 846 820 887 882 801 815 817 783 761
90 773 751 758 768 749 678 695 654 748
100 726 664 663 645 632 650 638 639 655
110 612 543 559 538 526 523 555 530 506
120 519 489 46l 504 443 482 460 431 406
130 435 452 415 448 400 442 382 365 377
140 380 367 359 373 367 332 356 350 319
150 320 327 326 296 281 279 308 262 266
160 261 233 241 230 266 249 229 219 216
170 223 217 183 197 184 178 171 187 173
180 161 192 154 143 143 154 115 136 126
190 125 109 94 118 87 129 90 110 87
200 162 189 154 48 12 3 1

1MeV proton backscattering spectra on Cu(.01%In)
Gr5 Spll {100) tilt 36.63 120 K 1.0 uC

30 2689 2577 2609 2682 2581 2645 2536 2537 2446
40 2462 2487 2439 2315 2344 2278 2299 2376 2307
50 2384 2182 2148 2258 2206 2227 2107 2143 2095
60 2066 2071 2081 2010 1986 2027 1930 1974 1920
70 1876 1848 1879 1859 1754 1880 1714 1733 1745
80 ~ 1701 1635 1658 1647 1625 1599 1627 1559 1545
90 1501 1474 1498 1507 1445 1405 1424 1392 1480
100 1376 1329 1318 1214 1324 1274 1219 1275 1259
110 1192 1174 1145 1139 1057 1098 1068 1068 1018
120 1001 986 969 952 966 889 948 893 859
130 794 834 838 805 840 749 778 749 712
140 692 695 653 629 684 607 588 626 547
150 593 510 507 510 514 493 523 474 473
160 408 440 439 426 405 391 400 416 391
170 348 335 328 322 316 308 304 300 241
180 276 239 221 228 216 207 215 198 195
190 162 190 163 143 160 157 151 137 132
200 174 224 159 51 13 5 1

1268
1137
1015
949
851
803
655
592
530
462
379
308
260
215
145
127
110

2467
2252
2165
1870
1731
1576
1310
1184
1038
843
711
546
417
360
275
200
147



Appendic es:

1MeV proton backscattering spectra on Cu(,.01%In)
1.0 uC

Gr6 Spl2

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

1MeV proton backscattering spectra on Cu(.01%In)
1.0 uC

3788
3522
3242
3085
2740
2528
2270
2076
1772

- 1517

1274
1084
908
679
557
368
253
242

Gr7 Spl3

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

2192
1988
1738

1670

1540
1422
1174
1083
958
760
743
597
467
411
330
249
194
204

100>

3659
3510
3343
3043
2722
2511
2195
2013
1787
1572
1318
1095
828
729
519
362
277
264

{110}

2105
1951
1816
1674
1471
1360
1219
1109
920
783
673
546
460
385
311
269
156
218

tilt 36.63
3727 3711
3362 3381
3107 3193
2949 3029
2768 2637
2497 2457
2220 2255
2065 1972
1725 1800
1500 1523
1290 1210
1045 996

820 837
657 656
535 522
363 344
264 252
190 55

tilt 29.70
2139 2131
1926 1977
1815 1778
1654 1581
1493 1532
1406 1323
1186 1174
1087 1022

889 928
807 776
701 723
584 544
468 430
383 387
283 292
231 227
172 168
155 67

Appendix IT

200 K

3563
3288
3045
2851
2617
2484
2207
1944
1746
1485
1268
1012
788
657
483
333
225
6

3591
3330
3135
2965
2714
2406
2134
1945
1670
1419
1198
991
763
670
450
339
189
2

200 K
2119 2150
1887 1910
1872 1816
1657 1545
1536 1462
1322 1320
1163 1127
1009 989

873 875
751 726
625 666
565 525
449 458
343 368
289 257
190 206
178 147

11 3

3535
3278
3080
2843
2640
2412
2122
1928
1649
1380
1175
963
807
584
404
338
206
3

2161
1876
1723
1495
1425
1333
1069
957
894
753
656
523
439
318
281
219
145
1

3472
3272
3027
2819

-2542

2395
2110
1834
1618
1405
1155
899
755
572
400
299
182

2010
1889
1689
1560
1441
1252
1130
992
830
707
622
519
431
326
234
195
133

page 87

3547
3239
2971
2899
2607
2298
2137
1907
1589
1341
1167
852
711
552
400
299
195

2030
1890
1678
1553
1375
1265
1114
928
868
697
600
487
424
345
255
173
154

3433
3283
2887
2679
2535
2350
2132
1770
1595
1374
1087
937
709
507
389
295
188

2036
1876
1694
1542
1345
1320
1103
965
825
720
587
482
390
335
260
154
142
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1MeV proton backscattering spectra on Cu(.01%In)
Grl Spla (100) tilt 36.63 280 K 1.0 uC

30 4630 4504 4626 4520 4477 4454 4395 4380 4431 4276
40 4314 4312 4271 4305 4077 4121 4063 4090 3994 3999
50 4086 3929 4105 4002 3998 3938 3821 3846 3739 3909
60 3754 3787 3662 3559 3660 3724 3593 3603 3516 3648
70 3481 3479 3432 3522 3443 3368 3403 3337 3327 3256
80 3299 3289 3282 3145 3197 3178 3088 3187 3091 3007
90 3132 3042 3035 2947 2912 2977 2876 2865 2806 2733
100 2688 2752 2743 2799 2709 2693 2676 2620 2494 2543
110 2452 2449 2405 2448 2280 2309 2343 2185 2208 2243
120 2224 2141 2158 2049 2031 2091 1964 1892 1869 1875
130 1812 1748 1837 1699 1727 1713 1628 1599 1573 1573
140 1596 1573 1478 1378 1344 1380 1296 1285 1253 1201
150 1236 1220 1145 1123 1124 1098 1065 1115 951 977
160 945 956 886 880 809 855 817 803 806 74l
170 706 685 682 650 689 650 626 542 596 562
180 544 526 491 452 465 446 442 424 401 374
190 362 359 348 331 269 311 218 267 240 264
200 237 315 208 52 16 8 11

1MeV proton backscattering spectra on Cu(.01l%In)
Gr2 Splé6 110> tilt 29.70 280 K 1.0 uC

30 2946 2862 2839 2854 2859 2841 2804 2792 2697 2748
40 2780 2643 2555 2651 2585 2534 2509 2565 2508 2495
50 2475 2434 2519 2334 2381 2374 2324 2280 2328 2325
60 2254 2268 2280 2271 2209 2233 2176 2182 2121 1991
70 2088 2060 2003 1964 1996 1921 2002 1904 1938 1906
80 1852 1932 1847 1957 1857 1864 1855 1834 1760 1650
90 1772 1660 1704 1656 1728 1628 1609 1670 1574 1602
100 1574 1440 1468 1484 1522 1417 l466 1433 1423 1320
110 1367 1339 1339 1325 1295 1239 1304 1225 1237 1173
120 1210 1146 1100 1135 1115 1143 1072 1048 968 1020
130 995 993 928 968 976 916 914 851 826 868
140 836 813 821 792 779 723 776 731 742 690
150 702 671 652 608 614 587 605 640 570 572
160 507 571 549 518 473 539 431 481 484 457
170 425 407 396 380 378 364 369 322 373 346
180 316 293 321 315 277 303 276 251 209 228
190 260 241 205 198 193 200 192 170 175 181
200 252 231 871 65 8 5 3
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1MeV proton backscattering spectra on Cu(.017%In)
Gr6 Spl9 random rotating tilt 20.00 35 K 0.1 uC

30 906 964 898 925 851 872 929 904 952 898
40 846 827 898 870 858 898 795 880 826 846
50 873 847 898 811 827 798 828 826 845 794
60 841 792 867 797 841 831 868 787 804 821
70 794 793 835 857 842 807 781 815 780 827
80 843 822 766 856 765 815 810 831 772 822
90 803 794 761 781 758 782 783 783 741 784
100 769 799 769 786 782 785 785 743 793 714
110 787 758 763 751 736 772 744 724 777 701
120 768 715 732 743 734 748 738 728 712 720
130 752 735 731 765 758 752 730 706 689 740
140 722 713 775 707 659 720 721 689 676 673
150 690 700 709 711 687 710 709 746 703 774
160 666 721 670 693 708 672 711 650 679 699
170 684 701 698 644 690 668 670 668 657 664
180 658 671 681 661l 669 691 639 653 597 663
190 606 634 656 627 640 644 652 645 602 647
200 527 375 148 38 9 1 1



Appendic ‘es:

Dechanneling Fraction Cu(.01In) <110> 35K
0.5 St

Sc
Depth
(um)
0.08
0.21
0.34
0.47
0.59
0.72
0.84
0.96
1.08
1.19
1.31
1.42
1.53
1.64
1.75
1.85
1.96
2.06
2.16
2.26
2.36
2.45
2.54
2.64
2.72
2.81
2.90
2.98
3.06
3.14
3.22
3.30
3.37
3.45

Chi
(%)

o
O

. °

e o s o ° o e o e o o

L]
WoOOoOOP,APHWOOTONOUNKFNOOFONWNONEREFOUNUVEEN

CQOWWOVOXIOTOODULUULEDEDEPWWWWNNNNERF-RFF
. ° L]

=
o
L]

10.9
11.7
12.0
12.9

Appendix II

Sc = 0.85 Sr
Depth Chi
(um) (%)
0.088 0.90
0.176 1.20
0.283 1.34
0.390 1.46
0.494 1.64
0.598 1.90
0.699 2.08
0.800 2,40
0.898 2.59
0.996 2,68
1.09 3.07
1.19 3.16
1.29 3.56
1.37 3.62
1.46 3.95
1.55 4,39
1.63 4,43
1.72 4,81
1.80 4,84
1.88 5.51
1.97 5.76
2.04 6.26
2.12 6.09
2.20 6.66
2.27 7.35
2.35 7.53
2.42 7.71
2.49 8.03
2.56 8.88
2,62 9.10
2.69 9.57
2.75 10.18
2,81 10.41
2.88 11.06
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Dechanneling Fraction Cu(.0lIn) <110 120K

Sc = 0.5 St
Depth Chi
(um) (%)
0.08 1.6
0.21 1.7
0.34 2.1
0.47 2.4
0.59 2.6
0.72 3.0
0.84 3.4
0.96 3.7
1.08 4,0
1.19 4,6
1.31 5.0
1.42 5.5
1.53 5.8
1.64 6.3
1.75 6.7
1.85 7.1
1.96 7.8
2.06 8.2
2.16 9.4
2,26 9.8
2.36 10.2
2.45 11.3
2.54 11.7
2.64 12.6
2,72 13.3
2.81 14.0
2.90 14,5
2.98 15.4
3.06 16.5
3.14 16.9
3.22 18.4
3.30 18.6
3.37 19.8
3.45 20.8

Appendix II

Sc = 0.85 Sr
Depth Chi
(um) (%)
0.088 1.58
0.176 1.68
0.283 2.04
0.390 2.40
0.494 2.58
0.598 2.99
0.699 3.35
0.800 3.64
0.898 3.89
0.996 4,52
1.09 4,87
1.19 5.70
1.29 5.55
1.37 6.00
1.46 6.36
1.55 6.78
1.63 7.41
1.72 7.72
1.80 8.78
1.88 9.12
1.97 9.45
2.04 10.41
2.12 10.71
2.20 11.45
2,27 12.07
2.35 12.60
2.42 13.00
2.49 13.74
2.56 1l4.64
2.62 14,93
2.69 16.08
2.75 16.24
2.81 17.11
2.88 17.92
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Appendic es:

Dechanneling Fraction Cu(.01In) <110) 200K

Sc = 0.5 St
Depth Chi
(um) (%)
0,08 2.3
0.21 2.7
0.34 2.9
0.47 3.6
0.59 3.9
0.72 4,5
0.84 5.1
0.96 5.8
1.08 6.3
1.19 6.8
1.31 7.7
1.42 8.4
1.53 9.3
1.64 10.2
1.75 10.7
1.85 11.5
1.96 12.8
2.06 13.6
2.16 14.3
2.26 15,7
2.36 16.5
2.45 17.6
2.54 19.2
2.64 20.4
2.72 21.2
2.81 22,6
2.90 23.0
2.98 24,9
3.06 26.4
3.14 27 .4
3.22 29.0
3.30 29.9
3,37 31.4
3.45 32,5

Appendix II

Sc = 0.85 Sr
Depth Chi
(um) (%)
0.088 2.27
0.176 2.74
0.283 2,93
0.390 3.53
0.494 3.89
0.598 4.49
0.699 5,03
0.800 5.64
0.898 6,12
0.996 6.62
1.09 7.43
1.19 8.15
1.29 8.96
1.37 9.71
1.46 10.24
1.55 10.90
1.63 12.06
1.72 12,73
1.80 13.35
1.88 14.57
1.97 15.30
2.04 16.21
2.12 17.53
2.20 18.51
2.27 19,22
2.35 20.30
2.42 20.67
2.49 22.18
2.56 23,37
2.62 24,13
2.69 25.39
2.75 26.06
2.81 27.15
2.88 27.95
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Appendic es:

Dechanneling Fraction Cu(.01In) 110> 280K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.08 2.9
0.21 3.5
0.34 3.9
0.47 4,6
0.59 5.4
0.72 6.0
0.84 7.3
0.96 7.9
1.08 8.7
1.19 9.7
1.31 11.1
L.42 12.1
1.53 13.1
1.64 14.3
1.75 15.7
1.85 17.0
1.96 18.5
2.06 19.9
2.16 20.9
2.26 22.1
2.36 24,2
2.45 25.4
2.54 26.4
2.64 28.0
2.72 29.0
2.81 29.9
2.90 32.0
2.98 34.0
3.06 35.5
3.14 36.6
3.22 38.5
3.30 40,4
3.37 41.6
3.45 43,3

Appendix II

Sc = 0.85 Sr
Depth Chi
(um) @)
0.088 2.89
0.176 3.46
0.283 3.92
0.390 4,61
0.494 5.37
0.598 5.92
0.699 7.12
0.800 7.74
0.898 8.51
0.996 9.47
1.09 10.73
1.19 11.63
1.29 12.53
1.37 13.63
l.46 14.95
1.55 16.08
1.63 17.38
1.72 18.60
1.80 19.54
1.88 20.54
1,97 22,35
2.04 23.36
2.12 24,17
2.20 25.54
2.27 26.33
2,35 26,97
2.42 28.72
2.49 30.31
2.56 31.51
2.62 32.36
2.69 33.77
2.75 35.29
2.81 36.09
2.88 37.39
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Appendic es:

Dechanneling Fraction Cu(.01In) <£100> 35K

Sc = 0.5 St
Depth Chi
(um) (%
0.08 1.4
0.21 1.9
0.34 2.1
0.47 2.5
0.59 2.9
0.72 3.1
0.84 3.6
0.96 4,2
1.08 4,3
1.19 5.0
1.31 5.7
1.42 6.1
1.53 6.6
1.64 6.9
1.75 7.7
1.85 8.7
1.96 9.4
2.06 10.1
2.16 10.5
2.26 11.6
2.36 12.2
2.45 13.6
2.54 13.8
2,64 15.1
2.72 16.2
2.81 17.2
2,90 17.7
2.98 19.1
3.06 20.1
3.14 21.4
3.22 22,7
3.30 23.2
3.37 24.9
3.45 25,5

Appendix II

Sc = 0.75 St
Depth Chi
(um) (%)
0.093 1.40
0.184 1.88
0.297 2.08
0.409 2.48
0.519 2.83
0.627 3.04
0.734 3.52
0.840 4,10
0.943 4,27
1.05 4,86
1.15 5.55
1.24 5.91
1.34 6.45
1.44 6.70
1.53 7.38
1.62 8.37
1.72 8.95
1.81 9.61
1.89 10.02
1.98 10.92
2.06 11.46
2.15 12,70
2.23 12,88
2.31 14,08
2.39 15.02
2.46 15.87
2.54 16.26
2.61 17.48
2.68 18.27
2.75 19.42
2.82 20.50
2.89 20.87
2.96 22,28
3.02 22.72
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Appendic es:

Dechanneling Fraction Cu(.01In) <100> 120K

Sc = 0.5 Sr
Depth Chi
(um) (%)
0.08 2.3
0.21 2,6
0.34 3.2
0.47 3.6
0.59 4,4
0.72 5.0
0.84 6.0
0.96 6.4
1.08 7.0
1.19 7.9
1.31 - 8.8
1.42 10.1
1.53 11.0
1.64 12,1
1.75 13.3
1.85 14.6
1.96 15,9
2.06 17.0
2.16 18.5
2,26 19.4
2.36 21.0
2.45 22.3
2,54 23.5
2.64 24,7
2.72 26.5
2,81 27.5
2.90 29.4
2,98 31.0
3.06 33.1
3.14 34.0
3.22 35.3
3.30 37.0
3.37 38.0

3.45

39.8

Appendix II

Sc = 0.75 Sr
Depth Chi
(um) (%)
0.093 2.28
0.184 2.58
0.297 3,14
0.409 3.59
0.519 4,35
0.627 4,95
0.734 5.87
0.840 6.30
0.943 6.85
1.05 7.78
1.15 8.59
1.24 9.78
1.34 10.69
l.44 11.71
1.53 12,81
1.62 13,96
1.72 15.14
1.81 16,22
1.89 17.53
1.98 18.36
2.06 19.77
2.15 20.93
2.23 21.96
2.31 23.02
2.39 24.54
2.46 25,44
2.54 26,99
2.61 28,39
2,68 30,15
2.75 30.91
2.82 31.96
2.89 33.38
2.96 34.09
3.02 35.58
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Appendic es:

Dechanneling Fraction Cu(.01In) {100) 200K

Sc = 0.5 St
Depth Chi
(um) (%)
0.08 3.0
0.21 4.0
0.34 4,9
0.47 5.4
0.59 6.3
0.72 8.0
0.84 8.8
0.96 10.2
1.08 11.0
1.19 12.6
1.31 14.0
1.42 15.7
1.53 17.3
1.64 18.8
1.75 20.8
1.85 22.7
1.96 24,3
2.06 26.4
2.16 27.9
2.26 29.8
2.36 31.8
2.45 33.4
2.54 35.2
2.64 37.3
2.72 40.4
2.81 40,0
2.90 42.6
2.98 45,1
3.06 46,0
3.14 47,9
3.22 49,8
3.30 51.8
3.37 51.9

3.45

Appendix II

Sc = 0.75 Sr
Depth Chi
(um) (%)
0.093 3.02
0.184 4,00
0.297 4,86
0.409 5.39
0.519 6,21
0.627 7.87
0.734 8.64
0.840 10.07
0.943 10.80
1.05 12,36
1.15 13.70
1.24 15.27
1.34 16.71
1.44 18,12
1.53 20.01
1.62 21.77
1.72 23.23
1.81 25,09
1.89 26.45
1.98 28.17
2.06 29.95
2.15 31.37
2.23 32.88
2.31 34,70
2.39 37.45
2.46 37.03
2.54 39.25
2.61 41,40
2,68 42,11
2.75 43,71
2.82 45,20
2.89 46,89
2.96 46,84
3.02 49,45
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Appendic es:

Dechanneling Fraction Cu(.01In) <100» 280K

Sc = 0.5 Sr
Depth Chi
(um) )
0.08 3.9
0.21 5.3
0.34 6.5
0.47 7.6
0.59 9.1
0.72 10.4
0.84 12.2
0,96 13.6
1.08 15.3
1.19 17.7
1.31 19.4
1.42 22.2
1.53 24,3
1.64 26.0
1.75 29.2
1.85 31.7
1.96 33.8
2,06 35.9
2.16 38.7
2.26 40.5
2.36 42.5
2.45 45,1
2.54 45,8
2.64 48.0
2.72 49.5
2.81 51.0
2.90 53.7
2.98 54,7
3.06 58.1
3.14 59.9
3.22 60.5
3.30 63.8
3.37 63.8

3.45

Appendix 1II

Sc = 0.75 Sr
Depth Chi
(um) 3]
0.093 3.86
0.184 5.26
0.297 6.47
0.409 7.56
0.519 9.06
0.627 10.25
0.734 12.05
0.840 13,33
0.943 15.03
1.05 17.30
1.15 18.94
1.24 21.53
1.34 23.39
1.44 25.14
1.53 28,05
1.62 30.39
1.72 32.30
1.81 34,16
1.89 36,72
1.98 38.25
2.06 40,07
2.15 42.35
2,23 42.92
2.31 44,87
2.39 46,10
2.46 47,39
2.54 49,64
2.61 50.46
2.68 53.34
2.75 54,79
2.82 55,27
2.89 57.95
2.96 57.81
3.02 60.25
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Appendic es:

September

2.0 MeV proton backscattering
{110

Gr2

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

100
110
120
130
140
150
160
170
180
190
200

Sp2

2772
2876
2843
2819
2634
2664
2554
2363
2274
2071
1822
1605
1282
1021

813

530

307

136

MeV proton backscattering

Sp3

3725
3809
3791
3897
3911
3884
3833
3675
3500
3234
3072
2831
2429
2075
1659
1122

691

249

2759
2735
2817
2714
2697
2613
2628
2328
2166
2053
1795
1522
1279
1058

739

453

281

182

{100%

3778
3735
3858
3870
3899
3872
3811
3599
3542
3346
3037
2800
2394
2001
1560
1077

604

296

Appendix II

tilt 16.33
2664 2670
2741 2772
2805 2786
2776 2823
2677 2631
2559 2628
2482 2552
2381 2348
2209 2190
2024 1968
1864 1776
1506 1482
1311 1174

977 1001

700 715

503 425

262 255

127 9

tilt 31.75
3811 3785
3845 3724
3968 3957
3950 3902
3908 3921
3859 3835
3803 3669
3712 3678
3457 3526
3331 3307
3020 2911
2700 2624
2392 2409
2033 1962
1452 1464
1058 962

573 544

103 6

spectrum on Cu.

280K

2730
2704
2706
2689
2726
2622
2489
2292
2188
1967
1808
1487
1273
951
863
416
233
0

1.0 uC
2746 2761
2723 2786
2702 2742
2741 2670
2687 2731
2565 2604
2538 2428
2374 2330
2046 2086
1999 1888
1656 1682
1458 1417
1134 1225

909 911
603 620
448 368
195 182

spectrum on Cu.

280K

3808
3803
3906
3834
3862
3837
3791
3653
3447
3241
2979
2705
2275
1904
1420
949
458
7

1.0 uC
3809 3803
3831 3796
3849 3876
3834 3778
3914 3954
3800 3808
3662 3701
3612 3626
3326 3482
3135 3228
2883 2842
2653 2658
2230 2230
1835 1894
1358 1308

931 895
430 362

2789
2838
2711
2665
2639
2490
2514
2245
2106
1872
1590
1461
1106

873

599

370

145

3823
3932
3925
3841
3810
3697
3557
3567
3427
3167
2893
2511
2147
1838
1282

789

332

page 98

2826
2741
2735
2696
2697
2552
2454
2315
2106
1827
1626
1357
1024

802

535

344

154

3845
3870
3822
3872
3918
3861
3700
3476
3388
3029
2812
2494
2195
1733
1239

739

328

2787
2805
2787
2707
2571
2540
2445
2234
2023
1849
1662
1293
1034

817

550

331

155

3846
3978
3864
3858
3861
3787
3652
3602
3401
3019
2812
2455
2106
1725
1209

746

264



Appendic es:

2.0 MeV proton backscattering

Gra

30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200

100
110
120
130
140
150
160
170
180
190
200

Sp4

2190
2234
2269
2135
2163
2111
2004
1816
1668
1524
1267
1130
910
655
447
330
160
81

MeV proton backscattering

Sp5

1297
1233
1203
1219
1126
1050
914
880
830
694
591
477
401
274
199
135
94
49

<100>

2218
2235
2283
2188
2167
2090
1994
1777
1676
1460
1319
1063
807
673
460
306
135
130

<110>

1283
1231
1181
1191
1085
1071
-968
819
827
625
578
466
371
256
206
119
69
131

Appendix II

tilt 31,78
2229 2291
2271 2233
2227 2230
2285 2168
2191 2117
2067 2019
1841 1828
1820 1719
1565 1614
1472 1406
1239 1212
1058 1001

822 872

657 586

467 442

257 250

140 130

88 8

tilt 16.33
1305 1312
1242 1211
1241 1260
1245 1198
1115 1137
1051 1067

993 958

879 881

728 784

673 695

514 530

493 441

389 375

267 274

195 200

103 131

87 73
32 1

spectrum on Cu.

56K

2296
2215
2255
2217
2123
2032
1912
1792
1552
1463
1176
947
773
601
394
240
130
1

1.0 uC
2301 2213
2286 2278
2168 2139
2142 2230
2160 2118
1976 1981
1887 1849
1756 1736
1571 1558
1391 1401
1214 1165

973 973
765 750
558 551
354 376
225 216
131 97

spectrum on Cu.

56K

1325
1190
1235
1160
1152
1070
939
847
734
607
543
428
351
252
178
100
59

0

1.0 uC
1205 1264
1240 1273
1178 1236
1119 1191
1066 1095

993 1035
914 933
841 839
776 670
646 661
557 551
426 402
336 311
274 246
150 163
115 90
62 72

2242
2246
2175
2176
2116
2025
1888
1695
1550
1373
1210
926
705
479
344
207
93

1272
1210
1197
1126
1114
988
958
804
741
639
490
426
313
228
152
90
52

page 99

2273
2317
2239
2155
2114
2034
1761
1760
1550
1345
1145
871
690
499
323
190
89

1251
1262
1155
1140
1095
1080

870

789

709

602
484
398
317
229
158

84

45

2269
2251
2248
2188
2085
1873
1844
1762
1484
1340
1108
920
709
499
312
169
90

1312
1209
1225
1153
1050
994
912
786
712
561
495
388
317
223
157
85
39



Appendic es: Appendix II page 100

2.0 MeV proton backscattering spectrum on Cu.
Gré6 Spb <110> tilt 16,33 166K 1.0 uC

30 2116 2152 2101 2134 2197 2186 2216 2159 2156 2230
40 2205 2115 2190 2196 2135 2110 2096 2188 2214 2183
50 2157 2211 2210 2173 2157 2127 2166 2099 2137 2120
60 2151 2106 2132 2110 2173 2138 2107 2101 2117 2044
70 2116 2075 2056 2096 2098 1991 1967 2058 1878 1945
80 1957 2084 1965 1900 1906 1899 1941 1913 1822 1916
90 1848 1834 1800 1797 1827 1808 1778 1712 1779 1850
100 1747 1702 1694 1686 1713 1674 1681 1684 1541 1613
110 1572 1610 1547 1512 1541 1516 1469 1463 1381 1431
120 1486 1401 1415 1367 1342 1330 1390 1269 1272 1284
130 1229 1174 1187 1205 1174 1105 1151 1159 1156 991
140 1069 952 999 1001 955 951 941 921 878 833
150 857 799 846 791 748 718 738 703 652 658
160 588 620 629 623 617 573 518 499 448 493
170 435 419 424 403 400 327 336 336 319 315
180 280 273 254 239 232 223 190 187 188 197
190 174 150 132 144 108 = 106 102 96 85 80
200 97 129 52 2 0

2.0 MeV proton backscattering spectrum on Cu.
Gr7 Sp7 <100» tilt 31.77 170K 1.0 uC

30 3322 3285 3347 3293 3367 3230 3374 3348 3463 3370
40 3343 3327 3399 3357 3326 3388 3328 3292 3388 3486
50 3328 3427 3466 3396 3370 3340 3363 3428 3341 3333
60 3430 3459 3407 3452 3360 3415 3320 3384 3369 3349
70 3493 3467 3267 3291 3303 3358 3267 3195 3281 3305
80 3328 3308 3264 3324 3242 3143 3297 3200 3273 3144
90 3148 3222 3194 3074 3194 3134 3196 3052 2985 2995
100 3024 3011 3021 3055 3016 2918 2993 3005 2902 2891
110 2890 2943 2908 2872 2820 2754 2767 2721 2807 2743
120 2714 2679 2572 2561 2626 2573 2540 2506 2550 2421
130 2415 2392 2454 2407 2376 2266 2275 2312 2185 2214
140 2179 2205 2133 2143 1991 1931 2022 1909 1868 1861
150 1821 1752 1733 1775 1764 1664 1629 1592 1531 1485
160 1448 1407 1401 1395 1329 1309 1266 1265 1132 1172
170 1196 1128 1087 1040 980 970 908 847 849 868
180 727 714 702 645 658 601 590 557 454 470
190 403 384 375 338 291 286 230 234 202 163
200 151 213 77 9 2



Appendic es: Appendix II page 101

2.0 MeV proton backscattering spectrum on Cu.
Gr7 Sp8 random rotating  tilt 20.00 (rot. 90-180) 1.0 uC

30 436 500 533 494 483 523 445 514 491 466
40 474 493 463 467 467 506 497 530 537 492
50 489 544 501 486 507 532 483 522 499 525
60 513 499 495 531 513 533 515 541 569 540
70 516 497 545 558 513 538 507 521 542 505
80 493 591 534 553 501 557 562 529 504 499
90 552 537 513 543 498 525 516 569 499 506
100 538 533 513 522 535 576 543 536 572 483
110 560 507 565 564 530 554 565 548 512 563
120 553 556 501 537 500 551 516 506 518 536
130 532 525 524 554 527 546 510 542 528 519
140 550 564 511 513 505 547 537 562 553 523
150 562 528 543 535 525 507 535 520 534 528
160 541 532 510 527 518 496 506 518 514 567
170 485 523 417 507 500 470 525 500 561 496
180 510 473 520 511 506 545 495 496 471 481
190 485 486 474 454 436 516 471 532 470 486
200 490 345 51 2 1



Appendic es: Appendix II page 102

Dechanneling Fraction Cu#2 110> 56K

Sc = 0.5 Sr Sc = 0.75 Sr
Depth Chi Depth Chi
(um) (%) (um) (%)
0.160 0.92 0.140 0.92
0.556 1.36 0.487 1.36
0.945 1.83 0.829 1.82
1.33 2.32 1.16 2.31
1.70 3.07 1.49 3.03
2.07 3.69 1.82 3.64
2.44 4,41 2.14 4,34
2.79 5.51 2.45 5.41
3.14 6.15 2.75 6.02
3.48 7.25 3.05 7.07
3.82 8.02 3.35 7.80
4,15 8.97 3.64 8.69
4,47 9.99 3.92 9.65
4,78 11.36 4,19 10.93
5.21 13.21 4,57 12.65
5.51 14.04 4,83 13.41
5.80 15.29 5.09 14.55
6.09 16.70 5.34 15.84
6.37 17.53 5.58 16.58
6.64 18.99 5.82 17.90
6.90 20.53 6.05 19.27
7.16 21.44 6.27 20,07
7.41 23.22 6.49 21.65
7.65 24,40 6.70 22.67
7.88 25.35 6.91 23.50
8.11 26.59 7.11 24,56
8.33 27.15 7.30 25.02
8.55 29.89 7.49 25.39
8.75 29.89 7.67 25.35
8.95 31.45 7.84 28.67
9.14 32.11 8.01 29.20
9.33 33.33 8.17 30.22
9.51 34,56 8.33 31.23

9.68 36.79 8.48 33.09



Appendic es: Appendix II page 103

Dechanneling Fraction Cu#2 <110 170K

Sc = 0.5 Sr Sc = 0.75 Sr
Depth Chi Depth Chi
(um) (%) (um) (%)
0.160 1.82 0.140 1.82
0.556 2.52 0.487 2.51
0.945 3.87 0.829 3.85
1.33 4,67 1.16 4,63
1.70 6.24 1.49 6.17
2.07 7.91 1.82 7.80
2,44 9.34 2.14 9.19
2.79 12,51 2.45 12,26
3.14 12.85 2.75 12.57
3.48 15.41 3.05 15.02
3.82 17.38 3.35 16.89
4.15 20.19 3.64 19.54
4,47 22.15 3.92 21.38
4,78 24,28 4,19 23,37
5.21 27.76 4,57 26.60
5.51 29.85 4,83 28.52
5.80 30.55 5.09 29.14
6.09 33.05 5.34 31.41
6.37 35.20 5.58 33.35
6.64 37.45 5.82 35.37
6.90 39.67 6.05 37.34
7.16 40.50 6.27 38.05
7.41 42,75 6.49 40,03
7.65 44,43 6.70 41,48
7.88 45.29 6.91 42,20
8.11 48.83 7.11 45,29
8.33 48.97 7.30 45,35
8.55 52.07 7.49 48,02
8.75 52.11 7.67 47.99
8.95 55.08 7.84 50.51
9.14 54,58 8.01 50,01
9.33 58.21 8.17 53.09
9.51 58.59 8.33 53.33

9.68 58.17 8.48 52.89



Appendic es: Appendix II page 104

Dechanneling Fraction Cuff2 {110} 280K

Sc = 0.5 Sr Sc = 0.75 Sr
Depth Chi Depth Chi
(um) 3] (um) (%)
0.160 3.09 0.140 3.08
0.556 4o74 0.487 4,73
0.945 6.81 0.829 6.77
1.33 8.75 1.16 8.68
1.70 10.89 1.49 10.77
2.07 13.84 1.82 13.65
2.44 16.46 2.14 16.19
2.79 19.59 2.45 19.22
3.14 21.24 2.75 20.79
3.48 24,98 3.05 - 24,37
3.82 26.89 3.35 26.18
4,15 30.44 3.64 29.53
4,47 32.81 3.92 31.76
4,78 36.54 4,19 35.24
5.21 39.69 4,57 38.14
5.51 42.59 4.83 40.81
5.80 43.16 5.09 41.31
6.09 46.34 5.34 44,20
6.37 48.85 5.58 46.46
6.64 50.73 5.82 48,12
6.90 54,48 6.05 51.48
7.16 55.96 6.27 52.76
7.41 56.58 6.49 53.27
7.65 58.28 6.70 54,72
7.88 60.51 6.91 56.65
8.11 61.08 7.11 57.09
8.33 61.26 7.30 57.18
8.55 66.16 7.49 61.43
8.75 65.39 7.67 60.67
8.95 68,91 7.84 63.67
9.14 68.69 8.01 63.39
9.33 72.77 8.17 66.85
9.51 72.61 8.33 66.61

9.68 71.95 8.48 65,96
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Dechanneling Fraction Cu#2 <100> 56K

Sc = 0.5 Sr Sc = 0.70 Sr
Depth Chi Depth Chi
(um) (%) (um) %
0.160 1.81 0.144 1.80
0.556 2.65 0.500 2.64
0.945 3.59 0.850 3.57
1.33 4,81 1.19 4,78
1.70 6.62 1.53 6.56
2.07 8.54 1.86 8.44
2.44 9.70 2.19 9.57
2.79 12.20 2.51 12.00
3.14 13.99 2.82 13.73
3.48 16.33 3.13 15.99
3.82 18.02 3.43 17.60
4,15 20.59 3.73 20,06
4,47 23.36 4,02 22.69
4,78 25.09 4.30 24,32
5.21 29,07 4,69 28.06
5.51 31.17 4,95 30.02
5.80 32.45 5.21 31.20
6.09 34,35 5.47 32.95
6.37 37.50 5.72 35.86
6.64 39.09 5.96 37.30
6.90 41.01 6.20 39.04
7.16 42,79 6.43 40,64
7.41 44,42 6.66 42,10
7.65 46.78 6.87 44,22
7.88 49,12 7.09 46,30
8.11 50.25 7.29 47.28
8.33 50.63 7.49 47.57
8.55 53.34 7.68 49,97
8.75 53.55 7.86 50.09
8.95 56.67 8.04 52.83
9.14 57.43 8.21 53.44
9.33 60.05 8.38 55.72
9.51 60.22 8.54 55.80

9.68 60.81 8.70 56.25
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Dechanneling Fraction Cu#2 <100} 170K

Sc = 0.5 Sr Sc = 0,70 St
Depth Chi Depth Chi
(um) (%) (um) (%)
0.160 3.58 0.144 3.58
0.556 6.42 0.500 6.40
0.945 9,21 0.850 9.17
1.33 12.90 1.19 12.81
1.70 16.70 1.53 16.55
2.07 20.93 1.86 20.68
2,44 23.72 2.19 23.41
2.79 27.65 2.51 27.22
3.14 30.13 2.82 29.62
3.48 35.39 3.13 34.68
3.82 37.23 3.43 36. 44
4,15 41,75 3.73 40.75
4,47 44,73 4,02 43.59
4.78 48.63 4,30 47.27
5.21 52.75 4,69 51.12
5.51 55.12 4,95 53.33
5.80 56.98 5.21 55.03
6.09 60.42 5.47 58.22
6.37 61.95 5.72 59.60
6.64 64.99 5.96 62.37
6.90 66.89 6.20 64.08
7.16 69.20 6.43 66.15
7.41 70.33 6.66 67.13
7.65 72.56 6.87 69.12
7.88 73.73 7.09 70.12
8.11 76.21 7.29 72.30
8.33 75.42 7.49 71.52
8.55 80.60 7.68 76.12
8.75 79.17 7.86 74.77
8.95 82.36 8.04 77.55
9.14 81l.41 8.21 76.62
9.33 86.89 8.38 81.43
9.51 85.66 8.54 80.24

9.68 85,90 8.70 80.37
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Dechanneling Fraction Cu#2 <100) 280K

Sc = 0.5 Sr Sc = 0.70 Sr
Depth Chi Depth Chi
(um) (%) (um) (%)
0.160 5.83 0.144 5.83
0.556 10.04 0.500 10.01
0.945 15.11 0.850 15.04
1.33 19.19 1.19 19.06
1.70 24,33 1.53 24,12
2.07 29.65 1.86 29,33
2.44 34,64 2.19 34,19
2.79 39.00 2.51 38,42
3.14 42,94 2.82 42,23
3.48 46.73 3.13 45,88
3.82 49,12 3.43 48,16
4,15 54.64 3.73 53,43
4,47 56.99 4,02 55.65
4,78 59.91 4,30 58.39
5.21 64.69 4,69 62.87
5.51 68.46 4,95 66.39
5.80 69.57 5.21 67,39
6.09 72.19 5,47 69.80
6.37 74,44 5.72 71.85
6.64 77.84 5.96 74.96
6,90 78.55 6,20 75.56
7.16 81.60 6.43 78.31
7.41 81.76 6.66 78,40
7.65 83.53 6.87 79.95
7.88 86,22 7.09 82.34
8.11 86.66 7.29 82.67
8.33 83.68 7.49 79.90
8,55 89.60 7.68 85.17
8.75 89.14 7.86 84.68
8,95 92.46 8.04 87.58
9,14 91.39 8.21 86.54
9.33 95,89 8.38 90.48
9,51 95.16 8.54 89.73

9.68 95,10 8.70 89.59



