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A BSTRACT

This thesis is an account of the first comprehensive ion
channelling experiments to he reported for diamond single crystals.
Since the discovery of ion channelling sixteen years ago, detailed
investigations have been performed on many solids, mostly those
crystallising in the diamond structure, but there have been few
experiments on diamond itself. It is obviously useful to extend
measurements to another substance witli a familiar structure but
diamond moreover is one of the most extreme cases from a channelling
point of vie*, bavins the s: illest thermal vibrati or amplitude and the
lowest atomic number of commonly-encountered crystals. These are the
two parameters most important for determining channelling behaviour.
It is of consibcrablc interest therefore to see how well the theories
which have proved quite successful in explaining and predicting the

channelling properties of other substances, succeed with diamond.

Natural diamond, although the be<t available form for these
experiments, is rather variable in its physical properties and so the
first part of the project was devoted to considering and solving the
problem of obtaining reproducible results representative of the ideal
crystal. It is shown how this can be achieved by selecting from a
sufficient number of good stones, using the channelling itself as a
criterion, and by paying careful attention to a number of precautions.
Techniques which were found to improve the quality of natural crystals

arc described.



Channelling studies were performed on several good crystals,
using the Rutherford bad scattering method. Critical angles for
proton channelling were measured for incident energies from 0.6 to
4.5 MeV, in the three most open axes and three most open planes of the
diamond structure, and for -particle channelling at 0.7 and 1.0 MeV
(Me ) in the same axes and planes. lor 1.0 MeV protons, the crystal
temperature was varied from 20°C to 700°C. The results are presented
as curves of backseattered yield versus angle in the region of each

axis cr plane, and summarised in the form of tables and graphs.

Generally the critical angles are well predicted by the accepted
theories, being closely represented by the sev-i-empirical expressions
of Barrett. Agreement is lest for the lowest-ordet axes (namely,
<110> and <111”) and for equally-spaced planes (for example {110} and
{100}). For higher-order axes (for example, <!00>) the measured critical
angles are smaller than the predictions, and for unequally-spaced planes
(for example {111}) a modified theory must DO used to obtain agreement
with the measurements. Temperature dependence is close to that
predicted, but is a slightly stronger function of temperature titan
expected in the axial case; it 1is suggested how theory might be
modified to take account of this. The most valuable overall conclusion
is that the mean thermal vibration amplitude of thn atoms in a crystal
determines the critical approach distance to the channel walls at which
an ion can remain channelled, even whet this distance is much smaller
than the Thor ts-Per;; i screening dist ance of the atomic potential, as is

the case in diamond.



Axial minimum yields and their temperature dependence are well
predicted by Barrett's expression for these quantities, confirming
that they arc determined largely or even entirely by thermal vibrations.
The smallness of the latter i diamond enables a more unambiguous

conclusion to be reached than is possible with other substances.

An additional result of the minimum-yicld and surface-peak
investigations was to provide some corroboration for current ideas as

to how the diamond structure terminates itself at a free surface.

A brief study .vas made of the radiation damage caused by
a-particle bombardment, via its effect on the channelling phenomenon.
The subject is evidently complex, but a few preliminary conclusions
are reached as to the probable nature of the damage: <chiefly amorphous
clusters, interstitials in tetrahedral sites, and mosaic spread. It
was possible to hold da: are d xn to negligible levels during the

performance of a channelling experiment.



I declare that the results presented in this thesis
are my own work performed under the supervision of

Professor .J.P.! . Scl Ischop.

None of the material has been submitted for a degree

in any university.






ACKNOIVLHDC! Ml M'S

During the course of this wort- I have become indebted to most
of my colleagues, past and present, in the Nuclear Physics Research
Unit, to many members of the Physics Department proper, and to sundry
other individuals and organisations for advice and assistance of one
kind or another. Some specific examples are acknowledged in the text.

The following deserve to receive special thanks:

Professor J.V.F. Sellschop, my supervisor, who suggested
this line of reseai.h, for his constant presence,
encouragement, and guidance throughout the period of

its undertaking. In a less direct way, too, he contributed

towards its success by his dynamic administration of the

Unit.

Professor Donald Mingay, for much gladly-given advice,
interest, and support, and for his hard work in setting
up "Christine" as a thoroughly reliable and well-thought-

out ion accelerator.

Roger Fearick, whose sound grasp of the theory relating to
channelling and ion penetration helped illuminate many
dark comers and provided many valuable discussions, lie
also frequently rendered assistance with the experiments,

and gave me the use of his excellent computer programmes.



Harold zVnno”arn, for valuable advice on the finer points

of thesis-writing, and encouragement to do it.

All those colleagues who helped collect data, often
at unpleasant hours. They include all of the above,
plus Avelino and Anna Morgado and Tony Campos (of the
then Lourenco Marques University), Mike Rem.n, John

Vanstone, Professor Rex Keddy, and Mike Stemmet.

I.icb verga and hi workshop staff for constructin the
apparatus and for practical help; Mick Rebak for
precision work, including diamond-polishing; the
electronics workshop staff for construction and repair

of electronic equipment.

Laurie Moare and the generations of accelerator
technicians who succeeded him, for their efforts to keep

the equipment in good working order.

Professor J.II.N. I.oubscr and other members of the Physics
Department for assistance, especially for the use of

their ultra-h igh-vacuum equipment.

Vacation students Sharon V.'ainman and Desmond Arthur for

helping to extract some of the data.

Jeannette Menasce oho typed the manuscript with pains-
taking attention to detail, and Mrs Katherine Peach who
re-drew most of the Figures. The excellent quality of

their work speaks for itself.

Vil



viii

I express my appreciation to the University of the Nitwatcrsrand,
the Gold and Diamond Mining Industries of South Africa, and the Council

for Scientific and Industrial Research, f.i financial support.



CIIM'TIR

CONTTUILNTS

INTRODUCI ION

1.1 HISTORICAL

1.2 MOTIVATION FOR THIS WORK

1.3 OUTLINI. OP niK THESIS

1.4 OUTLINE: OF mi: WORKING PERIOD

1.5 PROPFRTI IS OF DIAMOND

Till CRY
2. 1 NATURlI OF ION AIANN LLING

2.2 CRITICAL ANGLES
2.2.1 The Continuum Model of Lindhard

2.2.2 The Dip-Shape Calculations of
Andersen

2.2.3 The Analytical Expressions of
Barrett

2.2.4 Other Theoretical Treatments

2.3 MINIMUM Y1! IDS
2.3.1 The Predictions of Lindhard
2.3.2 The Expressions of Barrett
2.3.3 Other Theories
2.3.4 The Thermal Vibrations of Diamond

2. 4 BACKSCATTi:RING ANALYSI S
2.4.1 Identification of Surface Layers
2.4.2 Quantifying Surface Layers
2.4.3 Lnergy to Depth Conversion

2.5 RADIATION DAMAGE EXTRACTION
2.5.1 General
2.5.2 Method

PAGE:

11

17

20
24

26
26
27
29
30

32
32
33
34

37
37
38



CHAPTER

APPARATUS AND METHODS

3.1

3.2

3.3

3.4

PRELIMINARY EXPERIMENTS

4.1

4.2

4.3

4.4

GENERAL CONSIDERATIONS

GONIOMETER MARK 1 AND ACCESSORIES
3.2.1 Goniometer

3.2.2 Beam-line Hardware

3.2.3 Detector and Electronics

3.2.4 Accelerator

GONIOMET'R MARK 2 AND ACCESSORIES
3.3.1 Goniometer

3.3.2 Beam-line Hardware

3.3.3 Detectors and Electronics

3.3.4 Accelerators

EXPERIMENTAL METHODS

3.4.1 Location of Channels
3.4.2 Data

3.4.3 Coordinate Conversion

MOTIVATION
APPARATUS

SILICON TARGET PREPARATION

4.3.1 Thickness Requirement for
Transmission

4.3.2 Techniques:  Summary
4.3.3 Lapping

4.3.4 Cutting

4.3.5 Planar Etching

4.3.6 Thickness Measurements

CHANNELLINGEXPERIMENTS K'TH SILICON
4.4.1 Experimental Technique

4.4.2 Results

ON SILICON

PAGP.

42

42

43
43
45
47
47

47
47
54
56
58

61
61
62
62

64

64

64

64

64
65
66
66
67
68

69
69
73



CHAPTI-.R

DIAMONDS I-OR ION CHANNHI.LING
5.1 INTRODUCTION

5.2 SI:U:CTION
5.2.1 The Hi-stones
5.2.2 The K-stones
5.2.3 Assessment

5.2.4 Selection

5.3 CL! ANINC
5.3.1 Contamination
5.3.2 Systcmati ¢ Approach
5.3.3 Rout inc

5.4 IMPROM:M NT
5.4. 1 General
5.4.2 Gas-etching
5.4.3 Poli shing
5.4.4 Annealing
5.4.5 Ion Milling
5.4.6 Heating in Hydrogen

5.4.7 Assessment

EXPI RIMI NTAI PROEM MS AND TECHNIQUES
6. ! INTRODUCTION

6.2 ELECTRON SUPPRESSION
6.2.1 Background
6.2.2 Design
6.2.3 Sclf-supprcssion

6.3 TARGET CHARGING
6.3.1 Evidence
6.3.2 Remedies

6.4 TARGET CURRENT EEAKAGE
6.4.1 Heater
6.4.2 Other Sources

PAGF

76

76

78
78
80
81
86

86
86
88
90

91
91
93
95
95
97
97
98

101

101

101
101
102
102

103
103
104

105
105
105



CHAPTER
6 6.5 ELECTRONICS

6.5.1 Noise
6.5.2 Pulse Pileup

6.6 TARGET CONTAMINATION
6.6.1 Sources
6.6.2 Mechanism
6.6.3 Prevention

6.7 RADIATION DAMAGE

6.8 AXIAL SCAN-PLANE AZIMUTH
6.8.1 Nature of the Probler.
6.8.2 Investigation
6.8.3 Scan-plane Choice

6.9 PLANAR SCAN LOCATION
6.9.1 Nature of the Problem
6.9.2 Investigation
6.9.3 Scan-plane Choice

7 CRITICAL ANGLE STUDIES AT ROOM

TEMPERATURE

7.1 INTRODUCTION

7.2  DATA PROCI '.SING
7.2.1 Depth Conversion
7.2.2 Normalisation
7.2.3 CHANSPLC

7.3 DATA ANALYSIS
7.3.1 Plotting
7.3.2 Curve Fitting
7.3.3 Depth Plots

7.4 THE DATA

7.4.1 General

7.4.2 1.0 MeV Protons
Temperature

PACE

105
105
106

106
106
108
109

109

110
110
112
115

121
121
122
122

127

127

128
128
128
130

130
130
130
131

133
133

133



CHAPTER
7 7.4.3 Higher Proton Energies
7.4.4 Alpha Channelling
7.4.5 Errors
7.5 COMPARISON KITH THEORY
7.5.1 Axes
7.5.2 Planes
7.5.3 Re-calculationof {111}
Critical Angles
7.5.4 Other Theories
7.6 COMPARISON KITH O'DIER MEASUREMENTS
8 TEMPERATURI DEPENDENCE OF CRITICAL
ANGLES
8.1  INTRODUCTION
8.2  MEASURE!! NTS A! ELEVATED TEMPERATURES
8.2.1 Experimental
8.2.2 Results
8.3 COMPARISON KITH THEORY
8.3.1 Comparisons
8.5.2 Modifications
9 MINIMUM YIELD AND SURFACE PEAK

9.1 INTRODUCTION
9.2  DATA PROCESSING
9.3 11IE SURFACE PEAK

9.4  THE MINIMUM YIELD
9.4.1 Data Analysis
9.4.2 Temperature Dependence
9.4.3 Row-spacing Dependence
9.4.4 Planar Minimum Yields

9.4.5 Comparison with Other Measurements

9.5 NATURE OF THE SURFACE

PAGE

147
165
165

173
173
175

179

181

183

185

185

186
186
186

192
192
195

198

198

198

200

204
204
207
210
210

215

216



APPENDIX

REFER! NCI'S

CHAPTER
10 RADIATION DAMAGE.
10.1  INTRODUCTION
10.2 EFFECT ON MINIMUM YIELD
10.2.1 Method
10.2.2 Results
10.3 ANNEALING
10.3.1 Experimental
10.3.2 Results
10.4 ENERGY rEPENPLNCI
10.4.1 General
10.4.2 Experimental
10.4.3 Results
10.4.4 Explanatic ns
10.5 DA-AGT PROFILE EXTRACTION
10.5.1 Method
10.5.2 Results
10.6 SUMMARY
11 CONCLUSIONS

PACE

221

221

224
224
224

226
226
228

233
233
233
235
251

258
258
259

265

267

274

279



ric.URi:

2.1

3.5(a)

3.5(b)

LIST OF FICURnS

Schematic diagram showin relationship
between beam penetration and i'-iukscattered
energy spectrum.

Schematic diagram showing quantities involved
in extracting dai ipe profiles from

channel ling -spectra.

Mark 1 goniometer.

Schematic diagrar: of beam-line used for the
Phase 1 experiments.

Exploded view of tar 'ct translation device.
Target-hoi'r, 1Ithinl type.

Target-holder, ’thick 1 type.

Schematic Ji rar of tmarr-line v ed for the
Phase II and IIl experiments.

Block dia ran of elect ronics.

Location of channels in silicon: first method.
Location of channel in silicon: second rethod.
Compari' >n of expviirent al values of » for
silicon axes arl planes, with theoretical values

calculated from Lgn- 2."' and 2.S respectively.

|
damage.

Channelled yields of various diamonds.

Examples of impurity spectra taken with 1.0 MeV
lie ions.



RIC;UPJ:

6.1 Schematic diap.rai of scats taken through a
major axial channel for different scan-planes.

6.2 Variation of .: vith scan-plane ar.i muth for
a <110> axis.

6.3 Scans through a <100> axis at different
azimuths.
6.4 Schematic illustration of the azimuthal ranges

of the conical can reported in 6.8.2.

6.5 Conical scans about a *'110> axis.
6.6 Conical scans about a <l11"-' axis.
6.7 Conical scans about a <100> a>is.
6.8

<111>.
6.9 Scan down a {l11Ceplane near <110-.
6.10 Scan down a 111-plane near <110'.
6.11 Scan down a {100; lane near <110>.
7.1 Trai nts.
7.

channel It d in. wmre. .
7.3 Scans throw ,h <110>: 1.0 MeV protons.
7.4 Scans through <111> 1.0 MeV protons.
7.5 Scans through <100>: 1.0 MeV protons.
7.6 Scans acre- r110;: 1.C "eV protons.
7.7 Scans acn s fill): 1.0 ~eVprotons.
7.8 Scans across {100 -: 1.0 MeVprotons.
7.9 Dependenceof critical angle on depth for

1.0 MeV protons.

7.1( ' nee of <110>
with etc putor calculations [lea ’c], for
1.0 MeV protons.



FIGURE

7. 11

7.12

7.13

7. 14

7. 15

7. 16

7.17

Scans through <110>: 2.5 MeV protons.
Scans through <IIP: 2.5 MV protons

Scans through <100”: 2.5 MeV protons.
Scans across {110}: 2.5 MeV protons.
Scans across {IIP: 2.5 MeV protons.
Scans across {100}: 2.5 MeV protons.

Pcpemlcnce of critical angle on depth for
2.5 MeV proton;

Scans through <I110>: 4.5 MeV protons.
Jeans through <111 : 4.5 MeV protons.
Scans through m=100>: 4.5 MeV protons.
Scans across {110': 4.5 MeV protons.
Scans across {IIP: 4.5 MeV protons.

Dependence of critical angle on depth for
4.5 MeV protons.

Backscattcred 1.0 MeV lie* spectra, sare
horizontal sc.le as Figure .2, random and
channelled incidence.

Scans through 110 : 1.0 MeV lie* ions.
Scans through 'IIP: 1.0 MeV lie ions.
Scans through <100+ 1.0 MeV lie* iens.

Dependence of critical angle on depth for
1.0 MeV He* ions.

Compari son of experimental values of .* for
axes with theoretical values calculated from
F:gn 2.7.

Comparison of experimental values of ip for
planes with theoretical values calculated
from Iqn 2.8.

Spacings of {111} planes in the diamond lattice.

PAGE;

149
150
151
152
153
154

155

157
158
159
160
161

162

166

167

168

169

170

174

176

178



FIGURE

7.32

10. 1

10.2

10.3

10.4

10.5

10.6

10.7

Model of {111; planar channelling in the
diamond lattice, as developed in ".5.3.

Scans throw h <110> at different temperatures:
1.0 MeV protons.

Scans through <l111-'" at different temperatures:
1.0 MeV protons.

Scans through <100> it different temperatures:
1.0 MeV pr tons.

Dependence of criticial angle on depth at
different temperature fir 1.0 MeV protons.

Dependence of surface critical angles on thermal
vibration piitudt .

Integrated surface peak as a function of proton
dose.

Rate of increase of surface peak vers a
temperature .

Graph givin. temper'ur. dependence of axial
minimum >ie.d (see 59.4.1).

Dependence of ixial -:rimum yield on the string
spacing.

Dependence of near-surface -ini" yield of
scattered 1.0 ’'e\' He* ions on ion fluence.

Examples of 1.0 MeV proton spectra for <111>
incidence on a cryst ,1 damaged by 1.0 MeV He*

ions.

Anneal in « of alpha-cu .god diamond monitored
by changes in the minimur yield.

Mininun yield versus energy at different depths:

undamaged crystal, <110>.

Minimum yield vecrsu er.er \ at different depths:
undamaged crystal, <111e.

Minimum yield versus oner y at different depths:

undaraged crystal, 100>.

Minimum yield versus energy after damage:
damage peal depth, <110>.

PAGE

178

187

188

189

190

193

201

203

208

211

225

227

252

256

23“

258

259



10.9

10. 10

10.11

10.12

10.13

10. 14

10. 15

10. 16

10.17

10. 18

10.19

10.20

10.21

A1

Minimum yield versus energy after damage:

damag" peak depth, <111>.

Minimum yield versus energy
damage peak depth, <100>.

Minimum yield versus energy
sub-damage depth, *il0>.

Minimum yield versus energy
sub-damage depth, 111>,

Minimum yield versus energy
sub-damage depth, -1C0>.

Dechannel ling corrpvncnt due
versus encr y: <I110>.

Dcchannel ling component due
versu. encr y: 111.

Dechannel ling component due
Versus energy: 100.

after damage:

after damage:

after damage:

after damage:

to

to

to

Dependence of sub-da; age yield

1.3 MeV.

Dependence of sub-damage yield

4.5 MeV.

damage only,

damage only,

damage only,

on dose, at

on dose, at

Projection of diamond lattice on '110),

showin., ex epic of wuggc ted self-interstitial

sites.

Projection of di ind lattice on <'HO),

screening of tetraliedral interstitial sites

along <111> and <100>.

Extracted damage profile nfc) with original

spcctrur x(z) and fitted dcchannclling function

f(z).

Dependence of measured damage or damaging dose.

Definition of goniometer coordinates.

Definition of local coordinates.

showing

PAGE

240

241

242

243

244

246

247

248

249

250

253

253

260

264 .

276.

276.



LIST 014 TABLF.S

Values of Barrett's Litting Parameters

Some Properties of Diamond and a T>"ical Metal
Critical Angles for Silicon

The Di-stones

The K-stones

Diamonds Selected for Channelling Studies
Cleaning

Effect of Surface Treatment on "inimum Yield
Summary of Results of Improvement Techniques
Optimum Trans axi .1 'can-plane m

Oi'tirun Transp l..nai Scan-planes

Transaxial Scans: Incrementing Values of ,
for Spectra

Transplanar Scans: Incrementing Values of
for Spectra

Critical Angles for 1.0 MeVProtons
Critical Angles for 2.5 MeVPn ton-
Critical A .les tor 4.5 MeVProtons
Critical Angles for 0.6 MeV Protons
Critical Angles for 1.0 MeVlie Ions
Critical Angles for 0.7 MeVlie Ilons
Spacings of (111) Planes in Diamond
Calculated Value: of fill) Ciitical Angles

Critical Angles . Calculated after Reference
Var72



TABU;

7.12 Comparison of Diamond Critical Anpics tp.
Measured by Different Workers

8.1 Temperature Dependence of Axial Critical Angles

8.2 Temperature Dependence of Planar Critical Angles

9.1 Temperature Dependence of Axial Minimum Yields

9.2 Minimum Yields for Diamond Planes

9.3 Values of R and B' (see Text)

9.4 Comparison of Diamond Minimum Yields v

Measured 1y Pi I"ferent Workers

10.1 Analysis Depths for f'neryy Dependence of
Pcchannolling

10.2 Values of "Relative Dar age Dechannelling"

10.3 Oarage extraction Parameters

Function of
Muencc and Analysis energy



QIAPirR J_

INTRODUCTION

1.1 HISTORICAL

It is one of the ironies of physics that von l.aue, Friedrich and
Knipping’s discovery of X-ray diffraction by crystals and W.L. Bragg's
explanation of it in terns of a i.ave picture, coincided with the
publication in 1912 of the first paper [Stal2] to consider the
possibility of ion channelling. Once this had been disproved as an
explanation for the \-ra> experirvnts (see Lauf2), the idea was shelve*,
for fifty years, until the ot:sen ition f anomalously largc penetrations
of fast ions in crystalline solids led to its independent revival [Og59,

Ne62].

Ion channelling viS first unambiguously found in the computer
simulations of Robinson .md Cen [Oef'2, Ro63a, Ro( 3t ]. This stimulated a
rash of icretr.it ;> <> -'ri* nts u in ’ heavy radioactive ions, whose depth
profile were detc-rr.h.vd by strij ;i o f f cnstal layers and measuring
the residual rad: *ivity [Piet 2, 1it63, lot 1, Pavv 1, Pie* 1, Lut61,
Kor64, Ch64, Hal65]. At the sate tine, increased transmission of light
ions through thin cry; tab was observed by Nelson and Thompson [Ne63],
then by others [Ita6l, [,rg( 1, t¥. , ILt( (lu .v> iotvO, Ci65, Anr65].
Tlie expected reduction in nuclear re action yields for channelled ions
was soon reported [Bo64, Thmol, Bra65, Bo65], as was the inverse-

channelling effect - blocking - for ion:, originating at lattice sites



[Do65, Tu65a, Ce65, TuGSb, TuGSc]. Even electron 'channelling' was
demonstrated [As65, Be65]. Initially the emphasis was on proving the
existence of channelling and blocking effects in as many substances as
possible. The theory was rapidly developed [Ne63, Li64, TuGSa, ErgGS,
ApGS, 0e65, Li65], with the most important and enduring contribution
coming from Professor Jens Lindhard in 1965 [1.iGS]. Detailed surveys
of the work of this period ..re present in several review articles (for
example, Pat67, BraGS, Thu 8, fli"!) and in the Introduction by Thompson

to the book Mo73.

Ion channelling rapidly found applications in studies of the
lattice location of impurity atoms [llato7, EriG7, Dav67, May67, MayGS,
Cai68, BJ68, LriGPb]; fabrication of ion-implanted particle detectors
[Mey67, Il.aeCSa, Lac h]; lattice di order investigations [BoGS,
EriGPa, Pic69b, Pas'9, BoGY9, Ha69, JoG9, WesGP, etc]; nuclear reaction
lifetime measurements (h> blocking) [Bm<-8, MarGD, Kom69, Gi*O]; and
the determination of interatomic p tentials [Lutbu, DatGP, Ro69]. Such
applied work shared the field with a continuation of more basic investig-

ations during the next period of channelling experimentation.

Refinements to the understanding of the channelling process followed.
The most important were the appreciation of 'flux-peaking* [Ale~0, Ku™Oa,
Do70, And71, Yal71, Mo72j - the flux of ions 's not constant across the
channel space, but is greatest at the centre, with important implications
for lattice-location experiments - and the investigation of dechannelling
[Mor70a, Ac70, Ku70a, Fo70, Ku70b, Mor70b, Fu70, Fo71, Mor71, Cam71,

and others], the group of processes by which ions pass from the 'aligned'



to the ’random' component of the beam.

Present-day investigations cover a wide field, including
continuation of most of the lines of work which have been indicated above
by their first few publications. The best general reviews are probably
the book Mo73 .md Cemmell's comprehensive review article Ge74. The

latter contains references to ill channelling publications up to 1973.

Although channelling has been established in a wide variety of
elemental and compound crystals, a few substances have borne the brunt
of investigations. By far the greatest number of experiments has been
on silicon, followed by gold, tungsten, germanium, copper and various
IIT - V compounds [Ge~4, page 21"]. The Group IV and III - V semi-
conductors are of obvious interest to industry, while Wand Au have
attracted investigators because of their negligible surface oxide

thickness.

Ions ranging from protons to Au have been channelled, plus
mesons and electrons - the latter conforming only approximately to the

classical channelling theory.

1.2 MOTIVATION' IOR IMIS IMOPK

An important ser-mt of channelling research has been the
comparison of measured channelling parameters, chiefly critical angles
and minimum yields, with theoretical predictions, and their inter-

comparison between different substances. Since the greatest volume of



work has been carried out on two elements in Group IV of the Periodic
Table, both crystallizing in the dian;om structure (Si and Ge), it is

an obvious next step to perform measurements on the third such member

of the Group, namely diamond itself, for purposes of comparison. Further,
the Group III - V compound semiconductors, which have been quite well
characterised by channelling (GaP, GaAs, GaSb, InSb), crystallize in the
analagous zincblende structure. That few diamond channelling experiments
have been reported [Pic69a, I'as< 9, Ga70, Das~I, Se73), is probably due to
the problems of procuring suitable samples in countries other than South
Africa, aid of obtaining consistent results with this material

(see Section 5.1).

Although it is necessary to rely on natural samples, carbon tends
to form large, good-qu.: lity sin le crystals, if impurities are absent,
under natural conditions. Thus, samples which are sufficiently large,
defect- and impurity- free for use in making valid channelling measure-
ments ray be obtained by a simple process of selection. (This will be
considered further in Chapter 5.) There is no problem of substantial
surface oxide layers, since the oxides of t bon are volatile. (Put see

Section f.5).

Moreover, carbon has the lowest atomic number of those elements
which can conveniently be obtained as single crystals (channelling
studies on beryllium have only rcv<- tly been reported [Kau75]). The
channel potentials, and hence critical angles, arc therefore also
low for a given ion and direction, and diamond provides an opportunity

for verifying channelling theory in an extreme case.



Finally, diamond has a uniquely high Debye temperature of
1860+ 10 K (effective value, 0 - 800°C) [Vic62]. At rooir, temperatures
("300 K) the atomic vibration amplitudes arc relatively si;.-ill as will
be the dechannelling by thermally displaced atoms. Diamond thus offers
the opportunity to study channelling in an atomically 'cold' crystal, at

room temperature. The situation 1is actually somewhat more complex, and

will be discussed fully in 52.3.1.

1.3 OtTL.INT OF Til! THISIS

A review of theoretical channelling results is given in Chapter 2.
This is not intended as an exhaustive treatise on the theory itself, but

merely summarises those results of others to be used in subsequent

analyses.

In Chapter 5, the apparatus is described, and the advantages of
certain peculiarities of design are explained. Its mode of use to obtain
the channelling measurements is outlined in the section on experimental

methods .

Preliminary experiments were performed on silicon, and all
information on these is encompassed in Chapter 4: target preparation,

the experiments themselves and the results.

The thorny problems of the selection and preparation of the
diamond specimens, so as to obtain results representative of pure

diamond, ar~ considered in Chapter 5. It is shown that ultimately the



only reliable index of crystal perfection is, for our purposes, the
channelling experiments themselves. Techniques which have been
developed for improving the perfection thus indicated, for regenerating
beam-damaged crystals, and for surface cleaning, are described. The

results of other diagnostic techniques are mentioned.

All problems related to the actual performing of the experiments,
and the special techniques developed, are detailed in Chapter 6. These
include problems of data-taking, of target contamination, and of the
reproducibility of the data. This chapter and the previous one, on the
question of ensuring the value of the data presented, take equal

importance with the following chapters, on the results themselves.

Chapter ~ presents studies of the critical angles for channelling
in diamond at room, temperature. Measurements for different axes, planes,
ion species, and ion energies were made and compared with the predictions
of theory and with related results. In most cases the theory is in good

agreement with experiment.

A study of the dependence of critical angles on temperature (for
one ion species at one energy) is presented in Chapter 8  Theory

predicts this dependence quite well, but improvements arc suggested.

Measurements of the channelled minimum yields arc considered in
Chapter 9. Their temperature dependence appears to be well predicted

by theory, and thermal vibrations appear to dominate over atomic size

effects, despite the relatively small size of the former in diamond.



Some conclusions arc made about the nature of the diamond surface as

revealed by a channelled ion beam.

Chapter 10 is an abbreviated study of radiation damage in diamond
The main object was to ascertain that damage due to the ion beam would

not interfere seriously vyith the channelling measurements.

Conclusions are drawn in Chapter 11 concerning the value and

significance of the results, and the extracted parameters arc summarised

1. 4 OUT1.IN1: OF TIT LOPKINC PH: IOP

The period of data-tahing divides roughly into three phases.
Phase I was a preliminary pause, in which ion channelling effects were
sought and investigated with simply constructed apparatus, taking only
elementary precautions. The Mark 1 gonioreter and the 1 MeV accelerator
'Phoenix' were used. All the silicon experiments, and the preliminary

diamond experiments, belong to this period.

During Phase II, the special problems of obtaining good
channelling results ’n diamond, were investigated systematically, and
data-taking techniques were refined. The purpose-designed Mark 2

goniometer was used with the 1.4 Me\ accelerator 'Christine' for this

work.

This phase merged into Phase III, in which selected diamond

channelling parameters were measured as precisely and accurately as



possible. Most of the quoted results come from this pcriot, but it
will sometimes be indicated that the earlier (and less accurate)
results have been drawn upon. Apparatus modifications were slight, and
t’hasc IIl continued to use the Mark 2 goniometer on the 1.4 MV
accelerator. The measurements were also extended to higher energies
using a similar goniometer on the Unit's & MY Tandem van dc Graaff

accelerator.

Various aspects of the work reported herein have appeared in
the form of contributions to conferences or as internal pullications
[Der70a, Der"Ob, Der~l, Der74, DerT'a, Per"5b, 1l'er"5c, Der""t a, DcrTGb,

Per76¢c, Der"7a, Der""b, Der”8].

1.5 PROIT.RTIkS OP [1/d'OM

Well-known and well-established properties of diamond will be
quoted in this the 1is without reference. Thex can generally be found
in the comprehensive book edited by Berman [BerGS], which is soon to
be superseded by an updated and rewritten version [Pi78]. A useful
brief summary of numerical values comprises the booklet Db73. Derived
parameter, which appear frequently in channelling calculations are

tabulated in the Appendix.



CIIAPTTR 2

TIHiORY

2. 1 NATI'Ri: OF ION’ Cll.n-NM.I.I\C

If one hanilles a ery tal model of the traditional Mall and stick*
variety, it is readily noticeable that it .L very transparent in certain
special directions. These are the directions of the major crystal
axes, in vhicii the atoms are arranged in rows, and to a lesser extent
[

These observations point to the basic idea of ion channelling, that a
beam of fast ions, directed at a crystal parallel to one of the major
axes or planes, penetrate the crystal much more easily than it would in

the amorphous solid or in a random direction in the crystal. That is to

, the st ! less, t ter, and t
nuclear encounter probability - the probability for a close interaction
between an ion and a crystal at< nucleus - is drastically reduced.

The phenomenon, however, is not simply one of transparency. In
that case the critical an le for channelling - the maximum misalignment
between beam and chosen crystal direction - would be

width of channel

thiclncs of crystal

which is an almost unobservably small angle even for the thinnest

obtainable crystals. Critical angles are, on the contrary, easily
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observable (typically M°) and independent of crystal thickness. This

is explained by the fact that, provided its incidence angle to a row is
small, an ion can collide wth a row (or plane) and be steered away

from it: in fact, a typical channelled trajectory oscillates from side
to side in a transverse potential well. This picture is exact for
planes, but rows cannot confine the ion within a single tunnel, and it
wanders laterally amongst the rows in an irregular spiral. flllustrations

depicting this can be found in Rob3b and Bra68.)

The essential part of this channelling picture is that the ion
behaves as if it interacts with a srcared-out row potential or planar
potential, rather than those of single atoms. This is known as the
continuum, model. What is happenin on the level of individual atoi ic
collisions 1is that the ion suffers a series of many correlated glancing
binary collisions, each contributin a small deflection away from the
channel wall. These idea haw led to the theory of channelling which

is outlined below.

The inverse phenomenon, blocking, affects ions emitted from
lattice sites, for example by nuclear reactions. Such ions are steered
away from major axes and planes by a similar mechanism, and cannot
emerge from the cry tal in these direction-. Blocking investigations of

diamond arc not included in this w.-rk.

The question of whether quantum-mechanical effects must be
included in a description of channelling, was once a controversial one.

It is now agreed that classical mechanics is adequate for all particles



heavier than electrons. Lindhard [Li65] showed that the accuracy
a classical treatment actually improves with increasing energy, in

contrast to the case of single collisions.

2.2 CRITICAL And LS
Lii

The theory of ion-crystal interactions was developed chiefly by
Lindhard circa 1964, soon after the first channelling experiments, and
although modified or re-describe., v other workers it has in essence not
been superseded. The main results are summarised in 1i64 and the theory
is presented in full in Li65. 1lic contributions of many other workers
are summarised and evaluated in Ce"4 pp 155-140, from which the original

references nay be obtained.

The interaction potent al between an ion cf nuclear charge I,e
and an isolated neutral atom of nuclear charge Z c may be written
approximately as a function of their separation r in the Thomas-Fermi

form
V(r) = (Zj ZXe2/r) *(r/a™) (2.1a)

where cgs elect rosta* ic units have been used. Several different
approximate analytic for; » for the screening function Xr/a”| ) have been
proposed; the most accurate at the separations of interest in

channelling theory is that of Molit>re [Mo 147]
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4>(r/aj.j:) =0.1 exp(-f>.0r/aj.p) + 0.55 exp(-1.2r/a.l{)

+ 0.35 cxp(-0.3r/a.j.() (2.1b)

Hie Thomas-Fermi screening length a”.j,, which effectively defines the

riingc of the potential, is given by

- 0.468522"1/? (2.2a)

if 2 =1 or if the ion is fully ionised, and by

(2.2b)

otherwise.

In the continuun model of axial channelling, the individual ion-
atom potentials ray Fc replaced ly in axera e .long the row or 'string';
for an ion at a distance ¢ fro:- a static (that is, non-vibrating) row of

atomic spacing d, the continn;: potential is
VR,.(p) =/ d'1V(Z « 4 z:)d:
where z represent s distance measured along the row. Using Fqn 2.1la,
VRS (P) = (22,: c:/d) fggCi /zy.p) (2.3a)

where

(2.3b)
Lindhard [hi65] has proposed a- a good analytic approximation, the
'standard potential', in which

fRS(U = i log(C2/f.2 ~ 1) (2.3¢)

with C' 3.



Il order to derive the conditions for validity of the continuum
approximation, Lindhard [hi65] considered that the distance over which
interaction with a string occurs should be large compared to d. For an
ion approaching with velocity v at an angle t to a string, and inter-

acting during a tir.e At,

v cos* At > d.

Considering the motion perpendicular to the string, with a minimum

approach di stance ., *,

giving (for small .)

*Vin > *d

The values of rm ind . are also connected bv the requirement that

energy be conserved in the transverse motion:

"RS” min’ ' E si"2* " ¢*2
where F is the energy of the ion on approach. The relationships may
be solved simultaneously using !qr - 2.3a and 2.3c; since ”~ Ul is small
iff. is high enough, Iqn 2.3c i * approximated to

fW p/faTF1 " 10)UCHTF” min)

whence the solution 1

,12.
{ 1 /exp# 1l \I
\ *d / \ 2ZxZ;c /

As * increases, the inequality is first violated by the rapid decrease



of the exponential, provided that the other factor regains sufficiently

large. So one rust have
* < *C

where vc is a critical angle given by

The critical angle :s . provided that

*1 < aTF/d
which is equi'. il-r.t t

E > 2:i:re2d/a-.F

'v 8 heV for protons on diamond.

If the latter cord: : n is rot fulfilled, in then critical angle nay be

defined, . = but the ex: crir r.ts to 1lv re: rtcd in this thesis were

well inside the hi gh-cner y m W oeere .. -

Lindhard h:: elf referred to . as the critical angle for
applicability of the continuv: , ;roxir tion, rather than the critical
angle for channel lin, (which In defined in a way different to that now
currentj, but .c has Icon found to be quite do: e to ieasurcd critical
angles in the nary channelling cxptrir.cnts which have been performed
(see .Section 1.1) and to give the right fimctional dependence on the

variables contain : in I n 2.1a.

hhat is non ally measured experimentally is the half-width at



half-minimum of the channelling dip obtained by plotting the yield x
in a nuclear reaction experiment (for example, Rutherford scattering)
against t//. Although many workers have confused ¢ and iK, they differ

systematically, and LinUhard proposed that

* =V i (2-

where oY is a constant, ~ 1-2.

Lindhard pointed out that the existence of a critical angle
results in the division of an incident beam into two quite well-defined

almost independent components:

i) The 'aligned bean', which has , < ... The ions move through
the crystal leaving the strin.s at an angle equal to the angle
of approach (that is, normal multipie scattering is suppressed).
Thus the energy in the transverse notion (often loosely callcd

the 'transverse energy'), given by

ft - v.i2 & VFS(p),

is conserved. The d: i wu.cc of closest approach to a string

is never ler than a critical value ,v.; Lindhard suggested
pc ~ aTF' ‘our.® tfiis approximation is usually valid, cec
is not in fact determined by a”(; it appears to be determined

by the mean thermal vibration amplitude of the atoms (see §2.2.5

and SR.5.1).

ii) The 'random beam' has ~ > tK. These ions interact normally
with the solid, almost unaffected by the crystal lattice

structure.



A continuum model for planar channelling was developed by
Lindhard [Li65] and by Lrginsoy [HrgdS]. The continuumpotential at

a distance p from a plane of static atoms is
vps(p) = NA / 2nRdR V(/p2 ¢ RS)

where the distance R is measured in the plane from the foot of the

perpendicular defining p, and

= areal density of atoms in plane
=\dp

where = volume density of atoms

d* = interplanar spacing.
Thus

VpS(p) = 2itZl: e-aTpNv<iifpS (p/aTF)

where
fpc(f r /  4("C2 + n2)dn
0

Lindhard*s treatment, considering a plane a? a ’string of strings',

leads to a planar critical angle

A= 0.93 va s
\

*a = (2TTZ1Z2e2aTFNvdp/E)" A

16.

(2.5a)

(2.5b)

(2.6a)

One may relate this to the measured hilf-width of the planar channelling

dip by
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A= P (2.61)

where tip 'x-1.

In the experimental chapters of this thesis, the half-angle 'f-
will often loosely be referred to as the ’critical anglel. Since this
is the only critical angle which will be considered there, no confusion

should arise, but the relationships 2.4b and 2.6b may be borne ir mind.

2.2.1 t

The above treatment does not explicitly contain a temperature
dependence, which nay be regarded as contained in the coefficients tip
and tip. Their consideration i- ]Jart of the broader problem of
establishing the connection between a critical angle measured outside
the crystal, say .e, and the critical angle >" defined inside the

crystal by the continuum theory.

Lindhard [Li65] showed how temperature dependence and surface
transmission could be included, md his expressions were evaluated
numerically by Andersen [Ando7] to give detailed shape predictions for
measured channelling dip . Lindhard had established the existence of a
reversibility relationship between channelling and blocking experiments
under idealised conditions, and Andersen's calculations were in fact
carried out for the blocking situation, but the results should be

equally applicable to channelling.

Particles of energy | were assumed to be emitted isotTopically
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by an atom displaced a distance p from its stringor planeowing to
thermalvibrations. A Gaussian distribution of displacements was
assumed. By integrating over all displacements and emission angles,

and applying conservation of transverse energy

Ej = RiK + V[<s(p) (axes)

= Eil/ + VW S(p) (planes)

the distribution in transverse energy of the emitted particlef was
obtained. Lindhard [IKS] has shown that in the axial case, transverse
energy is strictly conserved only if calculated at the planes halfway
between the atoms of the string, and tiiis was done by Andersen. lie
assumed that the effect on the continuum potential due to adjacent rows
or planes was negligible; this approximation is good for rows but not

very good for planes.

Redistribution of the transverse enervy during passage of the
particles through the crystal wi neglected. Spatial redistribution was
taken into account: in the axial case the ions occupy their available

channel cross-sectional irea v.ith uniform probability, but in the planar
- -1

~

case, the probability is (I .

Allowance for :urface transmission was made by considering the
fact that the p.irtivl< are undeflected as they pass through the crystal
surface. Thus the distribution in external angle is the same as the
distribution in v just inside the crystal wurface, and is obtained from
the distribution in I, by applying the transverse energy conservation

relationship at this point:
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Eil2 Ej - VRS(p) (axes)

Ej - Vps(p) (planes)

If only one string or plane is taken into consideration, the
particles will continue to spread out from it and will pass through the
crystal surface at large enough i that Vj 0(p) or Vp<(p) ~ 0. The

distribution in external angle will then be obtained by putting

E*2 = Ej

(Tliis relationship also gives the distribution of mid-channel crossing-
angles in the complete lattice, provided that the complcte-lattice
potential has been used and normalised to zero at mid-channel.) Andersen
called this the angular distribution without allowance for surface
transmission. It was found [Ando™, Pic69c] that inclusion of the
surface transmission made little difference for axes but considerable
difference for planes, reflecting th< fact that VRg(p) is negligible

over much of the channel space, but that VRS(r) is everywhere appreciable.

Agreement of the calculations with the shape of experimental dips
was good, but the width in these and other calculations (for example,
Pi ¢cG9¢c, And70) based on a single atomic row or plane, were generally
about 251, larger than the experimental ones. Andersen and Feldman
[And70] compared ixi; l-channel ling calculations based on the halfway-
plane model, the simple continuum model, and a binary collision model.
Agreement between the three was good; all disagreed similarly with

experiment. Allowing all atoms in the string (and not just the emitter)



to vibrate, made very little difference to the results. It must be

concluded that there is an intrinsic difference between isolated atomic

rows and a full lattice.

2.2.5 The Ani: t. .!''" A m

In a full lattice the continuum potential for strings becomes,

in vector notation, with the i-th row positioned at r

where uf, . is subtracted in order to normalise the minimum value of
Upg(r) to zero. Provided that the critical approach distance PC can be
defined, the energy conservation relationship for the transverse motion

gives an exact expression for

Here vc is to be measured in a field-free region, that is, either at
mid-channel, or outside the crystal. Thus ’surface transmission' has

been implicitly included.

Since ) is a rapidly decreasing function of distance, it is
a good approximation in (n ) to neglect the contributions of
neighbouring rows, and K" that is, to replace URt(. by

Then using ligns 2.3a and 2.4a one obtains
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where

FRS(f) = tfRSA" ~

The function F|,~(C) 1is tabulated for the Molidre potential in FiarTl

(as R(C)) and plotted in Ge74.

For a set of planes located at posit'ons y. (measured along

normal to the planes), the continuum potential becomes

UPSG>' » VPSAly ' yii) " ups

and the critical angle is given by

E*: " URs(*c)

provided that .~ can be defined. In this case at least two planes must
be included in calculating Ups(y), and . cannot he neglected. For a
pair of planes of identical composition, I.,, is the potential at mid-

channel. Then

UPS"pc® = XPS"pc® * VPSAdp ' pct ' 2VP S A /A

giving, via Finns 2.5a and 2.6a,

A~ 1PSMerrF* dp/aTPA'a

where

Fps(C,n) = [fpsCO + fps(n - C) - 2frs(n/2)]"

The function Fpg(t,') ic presented graphically in Par7l and Ge74.



Analytic calculations including the full lattice arc prohibitively
complex, and the most fruitful approach for further refinement of
channelling predictions has been the Monte Carlo technique of Barrett
[Bar68, Bar71]. Barrett performed computer simulations, mainly for
tungsten, and fitted the results for .” by analytic expressions based on
the full-lattice treatment outlined above, using two adjustable
parameters (h and m [Bar"l]. He determined optimum values for k and m,
and the resulting semi-empirical relationships have been shown to
describe experimental .m data for a wide variety of ion-target

combinations.

Barrett warned that "although physical intuition suggested
[the forms of the expressions used], it should be recognised that they
have been used to provide or; :rical curve; expressing the results of
the Monte Carlo calculation . ('tut or should be exercised in drawing
conclusions the.cfron". However, their good agreement with many
experiments implies that they can in fact be regarded as describing the
physical situation. Barrett’s approach was tantamount to defining the
critical approach distance , as being directly proportional to u , the
root-mean-square thermal vibration amplitude in one dimension of the
atoms bordering the channel, and to setting >" proportional to the
result'ng value of .~. The two proportionality constants were used

as the adjustable parameters:

P:mui1

Thus Barrett's expressions > m
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For axes:

>
Il

k "RS(mui/aTp) *

27.7 e2
(2.7)

0
% FRd Ld

For planes:

=k Fps(nui/aTF, d/aTF) *

(2.8)

The optin.urn values which Barrett issigncd to k and m arc listed in

Table 2.1.
TABU. 2.1

Channels Dependence Fitted k in
Axes Temperature 0.83 1.2
(Egqn 2.7)

Ion and energy 0.80 1.2
Planes Temperature 0.76 1.6
(Eqn 2.8)

Ion and energy 0.72 1.6



2.2.4 Other Tlicorctic.il Tre.itnt rits

Using the halfway-plane model of axial channelling, Lindhard
[hi65] considered the exactness of the conservation of transverse energy,

and concluded that Ir is closely conserved if

Cc

Varelas and Sizmann [Var"2] showed that the analyses of sc\ ral other
workers could he sur ari ed by inilar formulae with the factor |
replaced by a different factor, that is, they differed essentially in

the degree of accin icy with which Iy was required to be conserved.

order to investi :ate tully the accuracy of the conservation under
different condition , and therely to determine critical approach distances
Pc and critical angles . for applicability of the continuum model. They
weio able to extend their calculations to rows with non-uniform spacing
and nixed atonic species by the use of suitable combined para: eters,
obtaining slight diffvrvnce from results u ing simple averages of d,

70, etc.

Their result for P, and ‘o as universal functions of a reduced
energy par voter are prevented graphically in Var72, together with a
procedure for including the effect of thermal vibrations. Agreement
between calculated value of .~ and a large variety of experimental
values of is shown to he fairly good. It becomes much better if the
4c's are multiplied by the Barrett factor k (§2.2.3), regarding this as

a general ly-applivable conversion factor between , and 4



Morgan and Van Vlict have published a series of papers (for
example, Mo70) based on computer simulations of protons channelling in
copper, with the results interpreted in terms of the continuum model,
and expressed by analytic formulae. Starting with the criterion for

the conservation of fj in axial channelling i the form

they found that a good approximate olution for the minimum approach

distance .” (in a St..tic lattice) w

Pc/aTF = (2/5)A (1 - /a/19 + a/700)

in terms of the dii.cnsionle- ; Ir meter

The sare procedure could be used f r static planes with d replaced by
an effective value d. [I'.mpirical expres ions vere given in Mo"! for
adding the effect: of thermal vibration to t vliich could then he
inserted in the continuum potential to yield critical angles .7

The expression suggested for If is proportional to a logarithmic
term whose ai gunent depend' inwr ely on I; ‘or proton on diar. nd it
becomes <1, and cf<0, for I 168 kcV. This is well below the energies
of the present inve tigat ion, and precluded any comparison with the
planar data. A comparison of axial rc values with those calculated by

the methods of Barrett and of Varelas and Sizmann indicated that for

25.
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axes, too, Morgan and Van Vliet's approximations arc rather far from

their region of validity if applied to diamond.

2.3 MINI’UM Vn.MXS

2.3.1 The Prediction;

The yield of close-encounter nuclear processes never falls to
zero at the bottom of 4 channelling dip; its minimum value, normalised
to that for a non-ch innel led 'eai . is denoted 1v s min The least value
of Xmt i and the one most ensilv, considered theoretically, is that for

1n J
ions which have interacted just undvr the cry tal surface, where

dechannelling has not yet become irportant.

Lindhard [1:65] pointe: out that in the continuum approximation,
the yield due t the™ il wvil rat ncvvt x inls}-. , and that its minim

value (for a beam incident pirallcl to axial channels) is

X e \d%U-

where u, is the RMl thermal vibratii't r; litude in two dimensions,

u, =/2u.. This gives a first estir ate for >rijn-

A second estimate was obtained by considering the division cf a
beam into aligned and random parts on passing through the crystal
surface. If the random beam consists of ions which passed within *
of the strings and were dt fleeted by angles , this leads to a second

contribution to >nnn:

X2 = Nydna”p



Lindhard regarded > as a more tentative proposal than xLe

Possible amorphous layers on the surface of tlic crystal might
scatter the beam sufficiently to add a third contribution, x-¢

Lindhard's estimate for x 1is given in the form used by Barrett as

Eqn 2.13.
Thus the overall estimate for , becomi
Anun
.= + % + Y
Ymm X A; 3
Nyd-u; + Nydira®p ¢ x3 (2.9)

This formula is not obeyed very well (it may be compared with the
more accurate Eqn 2.10). It predicts x ~ tX-. for many substances, so
that x. was often neglected in experimental comparisons, and

discrepancies bl;r -d on x -«

Lindhard's prediction for planar minimum yields was the
geometrical factor analagous to x for axes:

*min ~ Z"TF/dp (2%

Both Lqn 2.9 and F.qn 2.9' generally produce underestintcs of the measured
values, often ascribed to the effect of surface layer .However, it 1is

evident that Lindhard did not expect them to be accurate.

2.3.." The Expi

Barrett's Monte Carlo calculation technique [Bar™I1] was able to
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show that a simple geometrical interpretation of the minimum yield is
untenable (sec 59.4.2 for an explanation). Barrett fitted the following

expression to his calculations for axial channelling:

Xmin = Nvdir(Cu2 + C'a”F)/ 1 + ;"2 + Xg (2.10)

The coefficients C and C are functions of beam divergence, but approach

constant values if this 1is small. The best-fit values were found to be

C=3.0 >0.2 C =0.2 +£0.1

The square-root factor takes account of the fact that the effective
number of surface layers 'seen' by tin beam is greater thin one, and

increases (weakly) with energy;

2.2u
; = (2.11)
was found to provide a good fit. Tlie effect ixa number of surface layers
in this model is
L=/l +r (2.12)

Here the spacing of the layers is the same as the string spacing for

the axis concerned.

Amorphous layer , however, contribute directly to >":

= Z n Nydm/[ ---------- (2.13)

3
X i Lfv, J

where n. is the number of layers with atomic number I., and the spacing
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of the layers is to be taken equal to the stiing spacing d. (This is
a much larger value than a spacing calculated from the layer density,

especially for higher-order axes.)

An expression similai to F.gn 2.10 has been derived from I.indhard's
halfway-plane model by includin the effect- of neighbouring rows
[Kb73] . Comparisons of the temperature dependence of N with Fgn 2.10,
for pro.ons and dcuterons backseattered from silicon and germanium

[Kom71], have confirmed that C 3.0 and C1'v 0.

Barrett did not determine a general expression to give xrIn for
planar channelling, but he per: err d ,o;;:e Mcnte Carlo calculations for
protons on tungsten ehich shew d a linear relationship between > .
and u, . If by analogy with on 2.9' and 2.10 (neglecting surface

effects) one assuil a relationship of the form

*min ' 2/dp(Bu, * B,aTF’

then one can extract values > 1 :nd B* fr. I arrett 's grapl

It ' thcr they licable to ot tances

2.3.3 Other Throi ie
Morgan and Van Vliet [Mo70, Mo71J suggested using their critical

approach distance for stable channelling >*, determined in the manner

indicated in 52.2.1, in a simple geometrical formula analogous to

Kgn 2.9":
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Barrett [Bar 1] showed that if one used a geometrical interpretation,
the parameter p” occurring in the minimum yield was not exactly equal to
the f determining the critical angle. A comparison with Morgan and

Van Vliet's prediction could not he made for diamond planes because of

the breakdown of their approximation:' (see 52.2.1).

2.3.4

It was mentioned in Section 1.2 that diamond has exceptionally
small thermal vibrations at room temperature (and therefore provides an
interesting matrix for channel lin studies) . Ibis statement needs

clarification, since the absolute r;nitudc of the RMS vibration ampli-

tude Uj (calculated by tb.e Debye theory) is quite appreciable, about

half that of a typical metal such as copper (Table 2.2). The same

TABU

Some Pro] io of Pinr >nd :md a Ty; ical Met.il

uj (A) n 300K  a (A) W TF UL/aTE

Di amond 0.044 3.567 0.258 0.17

Copper 0.084 3.615 0.152 0.55
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comment applies to relative to tlie lattice constant, a, which has

a similar magnitude for diamond and most cubic metals.

It can be seen from Hgn 2.10 that what is important for
channelling minimum yields is the value of u" relative to the range of
the atomic potential as measured by the Thomas-Ferni screening distance

Diamond has one of the largest values of (see Table 2.2)
owing to its inverse cube root dependence on Z (Tqns 2.2). In
Bgqn 2.10, C~C, ro tha* in most substance: at ordinary temperatures,
where u (and therefore u-) is typically (see Ge74, p 217), the
therr.il term (x,) {redcvinatc reatly over x . In fact Barrett

suggested taking
C=3.0+0.3 cC ~0

In diamond u. ~ 3JJ and Rqn 2.10 predicts that >, and x2 will be about
equal. So the magnitude of C can be assessed more precisely than has
hitherto been possible. It is :ilso of interest to see whether the above

value of C still hold in the extreme case of diamond.

The small value of u" relative to a” also has interesting
implications concerning critical anvles. lindhard [I.i65] originally
proposed that channelling wa- governed by a ciitical approach distance
to rows or planes, r (52.2.1), but the spirit of Barrett's work
[Bar71] indicates that . (52.2.3). Tlie t<.mperature dependence of
critical angles sup;ort the latter, bit the question cannot be resolved

directly because a. u, for most substances. In diamond the evidence

A
11

is unequivocal because of the large difference between Uj and a’.p.



2.4 BACKSCATT1 RING ANALYSIS
2.4.] Identification oi Surf.icc lavers
In large-angle Rutherford scattering, the energy of a scattered

ion E .. 1s related to 1its incident energy P. bg
scatt inc

Esc=,t/Einc * K2

= [(MJCOS's + ~ - M'sinr + M.)]r (2.14a)

where M = mass number of incident ion

= mass number of scattcrer it

6~ = scattering angle in laboratory co-ordinates,

Thus if a solid, bearing surface layers with differ dues of
M, is anal> Ctering, different
observed enable identification of the itoric species present. For this

purpose Hqn 2.14a may be rearranged to read

M£ = M’l(c - Z/CCOSHZ]+ 1)/(1 - ¢ (2.14b)
‘Bcre ¢ mnScatt/ni,c'

By di fferentiatin I (n 2.14a with re poet to M, the condition
for optimum energy resolution between adjaunt ma ;-numbers may be found.

For the present work (C. 'v180° or 155*%) this ir

Thus a-particles (M 4) are a reasonable choice for analysing impurity

layers with similar mass -number to carbon (M 12).
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2.4.2 QuantiTying SurUuc LTIMM-S

The number of atons per unit area in a surface layer may be
determined by comparing tie number of counts in its peak in the
scattered energy spectrum, with the number of counts per unit depth due
to scattering b' the substrate (of known density) . Allowance must be
made for the quadratic dependence of the butherford scattering cross-
section on atomic number, so that the atomic species must first be
determined as in 52.4.1. The method of analysis is developed in, for

example, Mcy“0. The result for diamond is

where P = counts in surface-layer peak
AS =courts per channel in substrate spectrum
Af "~ =energy width per channel ofspectrum

= energy to depth conversion factor

"2
=atomic number of carbon
7.i -atomic number of i-th lover
= density of diamond
N* = Avogadro’s number
M. = mass number of carbon

This may be converted into 'number of monolayers' provided a
value for the layer density is assumed. A reasonable value in typical

cases seems to be
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(monoljycr) = 2 x 101> atoms cm 2

2,4.3 Energy to Depth Conversion

For an extended solid rather than a layer, most ions penetrate
before scattering, losing energy by ionising and exciting the target
atoms on both the inward and outward journeys, and being detected at
progressively lower energies as the depth of the scattering event
increases. The resulting energy spectrum thus contains depth information,

and may be converted to a 'depth spectrum' provided the form of the

energy-depth relation can be approximated, line geometry is illustrated

in Figure 2.1; the relation between emergent energy L (:) and

scattering depth : (nvas.red along the beai trajectory) is of the form
=K J[F - AT(0*z)) - At:(: cosy cose *0) (2.16)

'

where the ! 's are the ener > 1 ilon;. the paths indicated, and arc

functions of energy.

It is usual to evaluate Fqn 2.16 by the method of Htfgh [Bo6S,
B069]. In thepresent work, the approximate relation betweenrange R

and energy I given tv Zaidins [Za"4] has been used:

0.585 1

C[l - exp(-3/7 1)]

The best-fit value: of C and have been tabulated by this author for

various projectiles and target-; for protons on diamond they are

C * 0.08026 a = 8.9
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when E is in MeV and z is in urn

ITie mode of use of Eqn J.17 was that suggested in Za74. If an
ion with initial energy 1 slows down to an energy E, in passing through
a thickness z of a solid, then the initial range R(I ) is related to the

residual range R(1'") by the equation
R(1 o) » R(Ei) * 2 (2.17b)

For given input parameters ! and z, this equation may be solved for

Ej with the aid of Eqn 2.1“a, using the Newton-Raphson method to derive

Fj from R(E,).

After scattering at depth z, the energy is F*E", and this is the
'initial energy' for the outgrin| path (which has a length zcos 1”/cosC
according to figure 2.1). A second application of Eqns 2.17a and 2.17b
yields the exit energy E. . (Tlie procedure is equivalent to determining
the values of 2E for the ingoing and outgoing paths in Eqn 2.16.) In
this way, for a series of depths z, a series of detected energies E,
was determined, and the cattered particle spectrum divided up into a
series of energy steps; the z-stcps were of equal size resulting in
unequal 1 -steps. The integrated spectral count in each energy interval
was assigned to the corresponding value of z. The dcpth-cenvecrsion

procedure was carried out by computer as part of the programme QIANSPEC

fFca77b] referred to in §7,2.3.



2.5 RADIATION PAMAHr  XTI'ACI]o :L

2.5.1 Genera 1

The principle of the method by which crystal damage profiles may
be extracted from channelling measurements was first outlined by I'figh
[Bo68]. B«<gh made approximations appropriate to a shallow, thin layer,
namely a constant stopping-power and negligible dechannel ling for ions
traversing the layer. Hie theory has been expanded by many other
workers (notably Ziegler fZi7 ’a], Schmid [Sc73], and Walker et al
[Wal77] for application to deeper damage layers and to include reasonable
models of the dochannel ling. Tliere seems to be no shortage of confusion

in many of the treatment as to what each step in the analysis is doing.

Bfigh originally applied his analysis to amorphous surface oxide
layers; Qudre [Qu*>] has ei phasised that it is only in the case of

randomly disordered atm; that an analysis of this type gives an accurate

In other cases, although the disorder parameter appearing in the
equations talcs the forr of a 'relative number of disordered atoms', it
may not be quantitatively interpreted as such. Rather, it represents

the 'degree of di?order' expre sod in arbitrary units.

The major problem in extracting, damage profiles is to find an
appropriate model for the dechannelling due to the damage, which enters
into the calculations as shown in 52.5.2. Most calculations have assumed
dechannelling either by a single scattering event (which underestimates
the dechanne]ling) or by multiple scattering (which overestimates it);

scattering by a small number of events, known as plural scattering, has



sometimes been used, and is evidently the most appropriate model, hut
the analysis is more complicated. Hicjller (Zi 72a] and Walker et al
[Wal77] luive shown that the extracted damage profiles arc rather
insensitive to the type of scattering assumed, provided than an
adjustable parameter is used to force the extracted damage to zero at
depths beyor d those where the damage 1 is occurred. Without this
precaution, the disorder parameter continues to he positive at greater

depths in the single scattering model, and becomes negative if multiple

scattering is used.

2.5 2 Method

The approach taken here is based most closely on that of Ziegler
[Zi 72a] and Schmid [Sc75] . A backsc.ittered spectrum for ions channelled
in a crystal with a buried damage layer, is illustrated schematically
in Figure 2.2; such sject’i .ire ascribed more fully in S10.3.1. The
ordinate is assumed here to have been normalised to the random yield
(57.2.2), and the abscissa to have been converted from an energy to a
depth scale (§2.4.." and 7.2.1). The peak in the yield results from
ions backscattered in the damage layer, and is due both to ions dechan-
nelled into the randoi beai and then backscattered by normal interactions
with the cry f I. and to channelled ions backscattered directly by
displaced at< . The two contributions are assured to be alJdiHve(an
approximation), so one can write for the damaged crystal yield >j(") as

a function of the depth z:
Xd(z) = f(z) + g(z) (2.18)

Ilie fraction of ioir- which is in the random beam is
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f(z) = Xp(z) + F(2) (2.19)

where x* (=) is the dechannel led fraction which would occur even in a
perfect crystal, that is, the channelled minimum yield of a perfect
crystal measuret. at the same depth; F(z) is the fraction of ions

which has been dechannel led by the damage.

The fraction of ions which is bacl.scatt”“rcd directly out of the

channels is
g(z) = [1 - f(z)]n(z) (2.20)

where [1 - f(:) ] is the fraction of tiie bean: which was still channelled,
and n(=) is a parameter :ensuring the disorder; in the special case
where the atoms arc randc 1} disordered it is equal to their volume
density N”~(z) relative to the atomic density of the crystal,

n(z) = N,fz)/Ny. Flux peaking is here neglected so n(z) will be some

average across the channel space.

Ziegler [Zi72a] suggc ted setting the dechannelled fraction F(z)
proportional to the cumulative damage encountered by the beam from the
crystal surface up to the depth z. Schmid [Sc75] suggested a proportion-
ality to the cumulative sum of g(z) and pointed out that this
(dcchannelling direct back cattering) is a result of the single

scattering model. Thus

z
F(z) =K I g(z") (2.21)
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where k is to be adjusted to ensure that n(:) becomes zero beyond the

damage peak.

The functions f(z) and g(z) each depend on the other; if the
depth range is divided up into small increments, and the value of f(z)
is determined from Dg(z) accumulated up to the previous depth interval,
then they may be evaluated step-wise with respect to depth. The use
of computer iteration to optimise < is described in 510.5.1. In each

depth interval, the disorder parameter is calculated:

n(z) = — - (2.22)

It may be integrated with respect to depth to provide an indicator of

the total damage in the crystal.

It is generally necessary to apply a correction for the
different energy 1). rat: of channelled and non-channel led ions, which
lead to their having different Rutherford cross-sections (“1/E ) at the
same depth. This was not necessary for the present work because the

two energy loss rates could be taken as equal, to a good approximation

(§7.2.1) .



CHAPTER 3

M 'PARATUS ANT) VITnODS

3.1 CENERM. CONSII ERATIONS

Any ion channelling experiment has two essential requirements,
in addition to the requirements of a normal scattering experiment

(viz. vacuum apparatus, detectors, etc):

i) a parallel beam of ions, that is, vith a divergence
substantially less than the expected critical angles for

the ion-target co binations to be investigated.

ii) a means of orientating the crystal over the entire solid
angular range of interest, with an angular accuracy sub-
stantially less than the expected critical angles. Two
perpendicular rotation axes arc the minimum requirement

for any orientation to be attainable.

The first requirement is satisfied by passing the beam th: ugh a
col limation system having two small apertures separated by a long
flight-tubc, so that only ions with less than the required path
divergence arc transmitted. The second requirement may be met by a

suitable goniometer, which must be capable of operating in vacuum.

Two such set\ of apparatus were used, described in Sections 3.2

and 3.3. The basic procedures for obtaining channelling data are



outlined in Section 3.4.

3. 2 GONIOML;'[TP MARK 1 .WI' AfCl SSQRTI S

3.2.1 Goniometer

Apparatus for the preliminary channelling, experiments of Phase I
(see Section 1.4) was built around a conventional X-ray goniometer
(Pye Unicam 534). This has two perpendicular rotation axes of £30°
range, with vernier readout i.aviag a least count of 101 of arc (0O.1-0).

A third rotation xis f 360' ’ nge was provided by making tnc entire

goniometer mounting-plug rc» y me,ms of a worm-and-wheel arrangement.

This could be set and read to 0.02° although the accuracy vos probably

less over long distances.

The Unicam goniometer also has *wo perpendicular translation axes,

which were supplemented by a home-made third axis and used for centring

the target in the beam.

The four movements provided by the manufacturer here operated
manually from outside the vacuum via flexible cables rotated by shafts
passing through the vacuum wall by means of well-lubricated 0O-ring seals.

The arrangement is shown in Figure 3.1.

A clip was added to the goniometer to accept standard microscope
cover-s li{>s, which were used as target-holders. These had a hole etched
in the middle, over which the silicon or diamond sample was fixed with

Apiezon wax. A thin wire was attached for measuring the target current.
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3.2 2 Beam-lino llmlwarp

The plug carrying the goniometer and drives fitted into the top
of a scattering-chamber which was substantially the one used with the

second goniometer, and is described thereunder (§3.3.2).

The beam-line k.is somewhat lifferent to that subsequently adopted,
and is shown diagrammatically in figure 3.2. The focused beam from the
accelcr .or was collirated ly two variable tantalum collimators placed
2.0 mapart, and then struck a thin carbon or nickel foil. This was used
after the manner of the Harwell/Sussex group (see, for example, Deaf, )
to attenuate the be*:; and also to spread it (by electron multiple
scattering) so as to reduce the sensitivity of the alignment to slight
accidental shifts of the beam-line components. A third tantalum
collimator 2.0 m downstroam, at the charrber entrance, served to define
the divergence of the bear at the cnstal (in combination with the
diameter of the beam-spot on the foil). With all tin 'e apertures set at

1 mm in diameter, the half-angle of divergence vas 0.029°.

A small surfacc-barrier detector was placed to count particles
scattered through 90° by the foil, and served to normali <e¢ the runs to
a fixed number of particles incident on the crystal. This indirect
monitoring arrangement wa not entirely satisfactory because of
contamination build-up on the foil and the presence f pinholes, and
the foil was eventually dispensed with. The beam-current on the target

was then monitored directly u ing a current integrator.

A vacuum of ~ 2 x 10 r torr was maintained in the beam-lines by
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two trapped oil-vapour diffusion pumps. In an effort to reduce
contamination, a copper cylinder was placed round the target and

attached to a cold-fin; T .

5.2.3 Detector and Fleetronics

Particles backscattered from the target crystal were detected by
a 150 mmi annular surface-harrier detector, Ortec Model 150-300, through
which the incident beam passed. \ special mask prevented particles from
being detected at the edges of the active area, where resolution might
be poorer. The easured resolution was 30* 2 1eV (1i.'HM for 5.477 MeV
a-part iclcs, and the scattering angle was 1~0 - 175*. The detector fed

a similar electronic set-up to that described in 53.3.3.

3.2.4 Accelerator

Bears of protons and singly-ionised helium for the Phase I
experiments were obtained from the Nuclear Physics Research Unit's
1 MeV CockTo ft -Mal tot. tccelerat r 'Phoenix'. Manufactured by Philips,

it has Veen described by Renan [Ren'2], and i* now retired.

3.3.1 Conioreter

In order better to fulfil tlie experiment al requirements, a new
goniometer was designed, based on the one developed by Bell Telephone
Laboratories [Au7l] for their channelling experiments. It is shown

diagrammatically in figure 3.3. Two perpendicular rotations of the



vacuum feedthroughs

for electrical
services etc.

bearing x *

surface
(bronzed)

cable ports

cooling
gallery

location of
target
translahon
device

*0" bearing

surfaces (MoSg!

cooling gallery

Fi gure 3.3: Cutaway view of Mark 2 goniometer

worm-wheel

for

H6H

d, ive

PTI1-F
bearing

9 ” orive
shaft

spiroid
pinion

0" drive

spiroid
gear

PTFE
bear mg

48.



target arc produced by precision gears driven by stcpping-motors located
outside the vacuum. The step size is equivalent to 0.010 at the target
for both rotations, both of which have a range of 360*. Lubrication
under vacuum is achieved by the use of PHI. bushings or vacuum greases
and, in addition, the large precision metal-to-meta l bearings for the
crystal tilt movements are coated with bronze (polar angle '0') or
molyl vnum disulphide (azimuthal angle Drives through the vacuum
wall pass through O-rings lubricated with Apiezon 'L1 grease. The main
structural framework or 'spooll was machined fror stainless steel in one
piece for accuracy and rigidity, anu the two rotation axes, the beam
axis, and the crystal surface, all intersect at one point to within

0.05 mm  The goniometer is compatible with a vacuum, of 10 torr.

A feature is the large aperture available for mounting the target
(7.50 cm), achieved by the use of a large spiroid gear for the f drive.
This not only provides plenty of room for the services described below,
but also results in an outstandingly wide angul:r aperture, giving the
bean access to the crystal up to "O* from the normal. The flat profile
of the design provides the same access angle to both front and rear of
the crystal, to facilitate transmis: ion experiments on the same apparatus

by colleagues.

Selection of different spots on the crystal for analysis is
commonly achieved by deflecting the beam, an inconvenient procedure which
results in the beam not intersecting the rotation axes and therefore
moving across the crystal as the angles arc changed. A special feature
of the present design is that the target may be translated in its own

piane by up to 42.0 mm in two perpendicular directions, without breaking
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vacuum, and with the beam axis continuing to intersect the rotation

axes at the crystal surface.

This is achieved as follows. Hie target-bolder fits into a
pyrophyllitec (lava) square with grooved edges, which is held within foui

steel sliders (see Figure 3.4). The pyrophyllite provides both thermal

and electrical insulation. Two of the sliders are driven radially by
screws, while their opposite numbers ire spring-loaded. Turning a screw
in provides a 'positive' translation, compre :nr the opposite spring;

while turning it out allows the spring to expand providing a 'negative'
translation. Meanwhile, spring etens ion hold' the other movement steady,
and the two translations are completely independent. All forces arc
applied in the same plane and intersect at a common point; because of
this, the shape of the groovee, md the sprint -ter ion, the design is
kinematic illy stable and self-centring (provided that the lead-screws and
|
flat profile does not inhibit her access to the crystal up to 701 from

the normal, front and rear.

A condition for operation of the device is that the coefficient
of friction (u) between slider- and pyrophyllite be low enough, in order
that the springs can produce negative translations, for the dimensions

used,

y < 0.1 approximately

(neglecting the weight of the target). Accordingly, the pyrophyllite






grooves were coated with 0.1 mm thickness self-adhesive fTFE sheet

(v = 0.04).

To translate the crystal, a long shaft, passing through a
vacuum-seal, was inserted down the centre of the roniometcr spool,
through the $-bearing, to engage with one of the lead-screws. The angle
4 had first to be set to 'he correct position (0° for a 'y' movement,
and +90° for '%'). Tlie x or y value was read off on a micrometer head
outside the vacuum. On releasing the shaft, it was withdrawn by a

spring, far enough to avoid fouling the ~-bearing.

Two designs of stainless-steel target-holder were used, referred
to as 1thinl and 'thick' (Figure 3.5). In both, the diamond was clamped
between a front and back part, the front part having a hole to allow
beam access. The thin holders were suited to tabular specimens (<1.5 nm
thick), and could be adapted for transmission by making a hole in the
back part also. Tlie thick holders allowed firm holding of rounded

'

lug' to t

specimen size.

A resistive heater could be screwed on to the back of the target -
holder for runs at elevated temperatures. It consisted of a molybdenum
bobbin wound with 'Thermocoax' insulated coaxial hv.iting-wi re (Amperex
Electronic Corporation, lonr Island). The windings had a large enough
diameter to allow a 60° bevelled hole to be bored through the heater if
transmission experiments were to be undertaken. The mating faces of

target-holder and heater had matching grooves between which a Thermocoax
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insulated sheathed thermocouple (chrome 1-aliunel) was clamped for
measuring the temperature. The temperature at this point was found to
be a good approximation to that of the diamond, provided that with the
thick holders, copper slugs were used to improve heat transfer. The
heater was designed for a maximum working temperature of 700°C, at which

it dissipated about 1001V by conduction to the spool and by raoiation.

Overheating of the spool was anticipated, and a U-shaped cooling
gallery was drilled right round the i-bearing as close to it as possible,
through which a cooling fluid could be circulated (see Figure 3.3). The
bearing temperature was monitored by a second Thermocoax thermocouple.

In fact, this temperature only rose to about 100°c and cooling was not

often used.

3.3.2 Rea--11Inc [bar :ware

The goniometer fitted into the roof of a 25cm diameter steel
vacuum-chamber (Figure 3.6) whose floor comnuni '“tcd directly with a
15 cm diameter tinker olecul; r pump. I'orts in the chamber wall contained
viewing windows and an argon-i on milling gun. A cryopump in the form of
a copper can almost completely surrounded the target, so that cold (and
therefore, 'clean') surfaces were 'seen' by the target in almost all
directions. The cryoshield was cooled by a thick copper rod dipping into
a closed liquid nitrogen rv .crvc ir suspended in the pumping port. This
arrangement resulted in efficient heat transfer with minimal losses,
and caused only a slight, reduction in the speed of the main pump. Vacuum

was in the region of 5x10 torr.
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The beam was col limated by two apertures in tantalum, spaced
2.47 m apart, the upstream one variable and the downstream one fixed
(but replaceable). The usual sizes were, upstream: 1.0 nm square,
downstream: 0.75 mm diameter, givin}', a maximum beam divergence of 0.025°
(half-angle). The downstream collimator, at the chamber entrance, had
an antiscatter baffle to intercept slit-edge scattered particles, but it
was found to be much more important to polish the bore of the primary
aperture with a fine abrasive to a microscopically hi*h finish. This

reduced the observed background by a factor of 20.

The collimat ion line and the chai ber were bolted rigidly to a
single firm girder frame supported at its ends only. The two apertures
and the gonioreter centre were optically aliened with one another, once
and for all; small misalignments with the accelerator at the beginning
of each new run were then taken up by moving the frame and its contents
as a whole, by means of screw adjustments at the end supports.

Realignment was very rapid with this system.

A vacuum of about 5 x 10 torr was maintained between the
collimators by a trapped oil-vapour diffusion pump, and an additional
in-line trap reduced migration of pump-oil into the chamber. The whole

layout is shown diagrammatically in ligure S.”.

3.3.3 Detcctore and !"Icct ronics

Two surface-1 arrier detector: were installed in the chamber: the
annular one described in 53.2.3, whose large arca allowed rapid location

of channels, and a small plain detector of higher resolution, for taking
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data. Thir. was either an Ortec Premium Scries isf;-014-050-100 (resolution
14 keV, PMIM) or an Ortec Rupgedised BR-0if)-05100 (resolution 16 keV) .
The latter was essential for high-temperature data-taking owing to its

insensitivity to infrared radiation.

The small detector was placed at a scattering angle of 155°, at
a distance from the target determined by the condition that the energy
spread of the detected particles due to the variation of backscatter
energy with angle across the detector face, should lake a negligible
addition to the detector resolution. The ingoing and outgoing ion
trajectories lay in a plane which included the axis, so that the exit

3

path length in the crystal was independent of

Typical nuclear pulse electronics were used: a block diagram is
given in Figure 5.8. The components were commercially manufactured
except for the normalising ratereter, which was built to the Aarhus
design (private communication). The overall linearity of the system
was checked (a) with a test-pulser, and (b) by backscattering off xirious
materials of known m ss numbers, and wa found linear to about 2 KeV, or

much less than the detector resolution.

3.3.4 Accclcr .to;

The Phase II and III experiments performed with the apparatus just
described, used boa of protons and singly-ionised helium provided by
the Nuclear Physic Research Unit ' 1.4 McV pressurised Cockcroft-Walton
accelerator 'Christine'. This machine, converted from a Philips electron

accelerator Type PiY51.l1l, has been described by Annegarn [Ann76]. The
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energy calibration uas rechockcd against Al (p.y)' cf resonances during
the course of these experiments, and found correct to within ‘4 keV.

The beam energy spread, due to the analysing slit width was also +4 keV.

With the collimators at their usual settings, a beam of 4nA
could easily 1< obtained on target. The problems of target-current

integration are considered in Sections 2 - 4 of Chapter 6.

During Phase III, the proton experiment' were carried to higher
energies, up to 1.5 MeV, on the Unit’s 6 W Tandem van cle Craaff
accelerator. This machine is a standard High Voltage Engineering
Corporation TV Tander vith the usual beam-handling equipment. The energy
calibration is accurate to 6 p.rts in 10' and the energy spread for
protons is also 6 | irts in 104. The experiments were performed wv»ith a
second Mark 2 goni(:eter installed on one of the Tandem beam-lines, with

similar accessories and electronics to those already described.

Amongst many rail di ff-. rcnce;- in detail between the two sets of
apparatus, the only irportant ones were in the beam collimation. Since
channelling critical angles are inversely proportional to the square
root of the ion energy (1 .2.4a), tl.v beam divergence had to be reduced
appropriately at the higher energies. The collimators were separated by
a greater distance (5.1 m and the upstream aperture set according tc
the energy being used. Typically, this was 2.0 nmm square at 2.5 MV
(giving a divergence hi If-aii*le of 0.020°) and 1.0 nm square at 4.5 feV

(divergence 0.012°). Ilic half-angle of divergence was about 1/20 of the

major axial critical angles at each proton energy.
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Beam-currcnts on target were rather smaller on the Tandem,

typically 1 nA.

3.4 I-Xrr.sIMIMAL MI.THOPS
3.4.1 I.ocation of rh innels

A backseattered ! me X-ray photograph was taken of each crystal
after it had been secured in its holder with the desired face exposed.
From the symmetry of the pattern, the crystal orientation was deduced
(if this was not already obvious fron its morphology). The most ecasily-
accessible axis of each type to be investigated was identified, and with

the aid of a Greninger net the angulai coordinates of each axis could

be read off to about 1°.

The holder v attached to the goniometer, vacuum established,
and protons backseattered fr : the cry-tal while the two goniometer
'
deep mini mur in the backseattored . nit rate ive the position of the

axis sought, to about 0.1°.

This procedure was greatly facilitated by the use of the normal-
ising ratemetcr, which divided the laclscattered count rate by a signal
representing the 1 rget current. Ream fluctuations were thus prevented
from confusing the channel identification. For greatest sensitivity, a
single channel analyser selected only the counts of the highest-energy
protons, that is, those back-cattered just under the surface. The

location usually took only a few minutes.
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Finally, the output of the single channel analyser war, connected
to a scaler, and the angles scanned stepwise, one at a time, through the
axis, with proton counts being accumulated at each point for a fixed
incident dose. Thus the axis was located with an accuracy of up to

0.01*. Planes could be located in the same way.

Sometimes difficulty was experienced in finding an axis, for
example, the narrow <100 « dip at high energies. In these cases, the
wider «-110> and <111 > axes were located first and the elusive axis

predicted by spherical trigonorctry, then located exactly, as above.

3.4.2 Data
Data were taken in two form- :

i) energy spectra of the backseattered particles, as

accumulated by a multichannel analyser, and

ii) scans through an axis or plane, that is plots of count

versus angle.

The scans could he obr lined with a -ingle channel analyser or, for finer
depth resolution, fro: a series of spectra. The spectra could be
printed out, plotted, or recorded on magnetic tape. Rons were normalised

to the : i'e noher of incident i -n by in ins of a cmrent integrator (of

0.05® accuracyl.

3.4.3 Coordinate (a nver im

In order to measure critical angles, it is necessary to scan



through each crystal axis in a plane passing through the axis. One of
the goniometer movements may coincide with a suitable plane, but
complete freedom of choice of the son-plane is preferable, for reasons

elaborated in Section 6.8.

For this purpose, it was found convenient to write a programme
which could he run on either an liI’25 or IIP65 pocket calculator. The
programme, dubbed CCS, perfor od a true planar scan through the given
axis, with any given orient at ion and step size, in terms of spherical
polar coordinates centred atnut the axi , converting the results into
the spherical polar coordinate wused by the goniometer. Thus the output
was a series of pairs of 0 ,.* values to be set on the goniometer to

produce the desired can.

A second pr g ce (CFI1P-2) calcul ited scans around the surface
of a cone, whose axis was a cr; tal axi:,in given azimuthal steps. Its
use is referred to in '6.8.2. The prograencs, based on standard

spheric tl trigonometry, are listed in the Appendix.
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CHAPTf.R 4

PRELIMINARY i ATIR IMi \']S ON' SILICON'

4. 1 MOTIVATION-

Silicon v.as chosen for the initial channelling experiments because
it had already been well investi utr ! by -iher w rLcr using light ions
(see Ce"4, pZ1™ and was known t » display the phene .onon clearly. The
air. was to test and esta’lisl: experir r.tal technique by reproducing the
results of others, using elc ec:.* try r; ratus (Section 4.2). In keeping

with previous worl at that date, trat. ~ ion experi ents were planned,

However, the work was eventually denein the backscattering rode; the

results are presented in Sec*ion 4.4.

4.2 APPARAT’ »

All the silicon work belongs to Phase I (see Section 1.4) and
was carried out on the 1 “vV accelerator 'Phoenix', using goniometer

Mark 1 and the accessor: 'escribed in53.2.1.

4.3 SILICON iZr-TT PITI 4- 111ON

Tlic low maxibe im energy available from 'Phoenix' (600 kcV if

long-term stability were required) placed a stringent requirement on
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crystal thickness if the beam were to penetrate, even assuming a lower
stopping-powcr under channelling. The range of 0.6 MiV protons in
silicon (calculated using the Bragg-Klceman range relation and data

from reference Kay57) is

R'v 7 um

Using the relative mass stopping-powers tabulated in reference Kay57,

the thickness 5x for an energy loss of "O. 1 MV is

6x ~ 2 um.

A maximum thickness of about 5 umn was thus indicated, with a desirable
thickness of 1 2 m In addition, if accurate energy-loss measurements

were to be made, the thickness ought to be const an over the usable arca

to perhaps 101.

4.3.2 Tcchnign-'s : 10T m ;Y

Other workers have prepared thin silicon wafers by lapping
followed by etching [Inf’2, [)ea64, Ma64]. Lapping (abrasive polishing) is
capable of producing a parallel-sided wafer, satisfying the requirement
of uniform thickness, but cannot m r: ally be used below about 100 ur.
because the resulting crystal dan ige (chiefly dislocations) penectrates
well below the surface. Therefore, a chemical etching procedure is used
in the final stages, to remove lapping damage and to produce the required
thickness. Inskcep et al [In62] found it necessary to remove 'v50 um in

this way. Itching is confined to the final stage because it is slower



and less uniform than lapping.

More recent workers have used specialised mechanical thinning
for the entire process [Wh65, Mas701. A review of techniques is given

by Mutton [IVh69].

Although thin silicon was not used in the final experiments, it
was essential to apply the same etching techniques to the thick samples
used for obtaining the backscattcring data. As-cut silicon slices would
be surfaced with a dan.age layer ind would he expected to show poor

channelling effects unless thus prepared.

4.3.3 lajping

Transistor-grade silicon was supplied ly Standard Telephones and
Cables in 1-2 cm diareter slices, and lapped by ther on a Lapmaster
machine from' : mm to " 100 un thickness. No specification of electrical
type or resistivity was made, ince these should have little effect on a
basic experiment. Thickness uniformity v is sought by lapping the silicon
in the midst of many identical quartr. slices, all waxed down to a large

(MO cm) flat glass plate.

A sample sup: lied ;ind lapjed by Rell Telephone Laboratories,

Murray Hill, New Jersey, i is also used.

4.3.4 Cuttiny

Small discs (7 run diameter) were cut using an ultrasonic drill

fitted with a brass 'cookie-cutter', which was flooded with a



carborundum slurry to produce a cutting action.

4.3.5 Planar Itching

The techniques of references InG2, Ma64 and Ma70 were followed,
using the 7-stage cleaning-procedure of Madden [Ma64, Ma70], including
ultrasonic cleaning and copper-plating. Ihe samples were handled only

with PTPP-coated tweezers or dipped using a PVC-mesh basket.

The etchant was the standard nitric/hydrofluoric acid mixture
with some added acetic acid to promote etch wunifor: ity, the proportions

being

nitric : hydrofluoric : acetic :: 20 : 1 : 1.

This was swirled slowly in a PTFf ('Teflon') beaker using a PTFf-coated
magnetic stirrer and tin sa~ple held on the end of a PIFF. rod so that
the sample plane was parallel to the flow streamlines. It was slowly
rotated in its own plane to ensure symmetric etc' ing. After half the
planned etching, it was turned over and etched on the other side. At
this stage, samples intended for transmission experiments were strength-
ened by fusing then on to a waxed (50u A icron, 50" paraffin) glass
cover-s:ip (with a hole in the middle) which functioned as a target-
holder in the Mark 1 goniometer. The etch-rate was about 2 um min in

agreement with the data of Klein and d'Stefan [K162].

Ihe samples were checked for surface uniformity before and after

etching, using a Talysurf stylus-type surface analyser, by the
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University’s Metrology Workshop. The surface was quite rough on a
M ym-scalc, and the etch technique would evidently have needed

improving if transmission experiments had been undertaken in earnest.

A visual monitoring of the surface revealed a transition from z
satin grey to a bright mirrov-finish in the region of 20 - 30 pm removal.
Hus was tentatively identified with removal of the damaged layer to

expose good-quality underlying crystal.

4.3.6 Thickness vcr.tin n'

The initial thickness of all slices was determined roughly with a
micrometer reading to 10 van. From measurement of the final thickness, or
by taking an unwanted p tion to di -appearance, the ctch-rate was
determined, and the a aunt of silicon reroved from other samples could

be calculated fro: the elapsed time.

This method proved rather iraccurate because the etch-rate slowed
down as the etchant aged, presume!ly due to evaporation of the hydro-
fluoric acid. For thick samples, however, it was sufficient to know

that about 50 ..n had been removed.

For thin samples, very large errors in the final thickness could
result. The problem wn overcome by first etching a scrap piece of the
same slice for a time calculated to remove a thickness equal to the
required final thickncs' of the sample to be used. Poth pieces were
then etched side by side, with periodic inspections, and when the scrap

piece disappeared, the experimental sample was at the required thickness.
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By this differential etch technique the absolute error was made propor-

tional to the final thickness (a smni: quantity) rather than to the

total removal (a large quantity).

Finally, the thickness of very thin crystals was checked by the

onset of a brown translucence, occurring at un [Ma70].

4.4 niANN! MINmI X

4.4.1 Hxperi-.ental Techni(iy

In the first experiments, channels were located 'blind: without
benefit of an X-ray photograph. It was known that the slices had been
cut almost parallel to a ::" plane, and t .- axis could, therefore,
be expected almost perpendicular to the surface. The crystal angles
were varied in :1° steps in the region of zero, backscattercd counts
accumulated at each position for fixed incident proton fluence and the
numbers represented on i grid-like angular plot by drawing circles xith
radius proportional to the number of counts observed at that angle.
Eventually, the positi ns of the 111> axis and the major planes inter-
secting it, were clearly revealed as a pattern of smaller circles
(Figure 4.1). A discriminator was used to count only particles scattered
from just under the cryst i« surface, where channelling produces the

greatest reduction.

This method was refined by off-setting one angle by a couple of
degrees and scanning the other very finely to pick up the planar minima

exactly. These were then joined by straight lines (an approximation)
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tabu: 4.1
Critical Anylrs for Si licon

Measured on sample Si7.

Typical errors '0.1° (axes); t0.05° (planes).

Ion (thcor)
0.6 MeV H <ii10> 0.9 0.66
-1 > 0.6 0.60
{110} 0.22
{ii1} 0.18
(100} 0.16
{211} 0.15 0.13
0.8 MeV 11 <110> 0.58
<ii11> 0.45 0.52
< 100> 0.45 0.48
{110} 0.19
{11} 0.25 0.16
{100} 0.14
0.5 MeV He <ii1 ¥ 0.89

{110} 0.33
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to locate the <I111> axis (Figure 1.2). Other axes were subsequently

located in a similar fashion.

Although slow, tliis method had the advantage of revealini; the
symmetry of the planar channels, which could he seen to agree with
theory (for example, the <i::> axes in the cubic system arc required to
have three {110} planes intersecting there at 1:0°, with three {.::}

planes bisecting these angles). For such exploratory measurements as

these, this was an import.ant check.

4.4.2 Results

Final data on silicon consisted of energy spectra (not shown) of
backscattercd protons at two cnergie (f>00 hcV and 800 keV) and singly-
ionised helium at 500 keV, with the beam incident in the three lowest-
index axes (<ii10> <i1:> and <100 ) and the three lowest-index planes
({i10), {111}, and {100}). In addition, the bear was scanned through
the axis or plane witn tin particles backscattercd from just under the
surface (that is, above a discriminator level) being counted in a scaler.
Plots of these scans enabled rough values of the critical angles and

minimum yields to be obtained.

The minimum yield values contained a large contribution from
surface contamination, and are not shown here. The critical angles
arc presented in Table 4.1, together with theoretical values calculated
according to Barrett's modification of Mndhard's formulae [RarTIl], and
arc also presented graphically in Figure 4.3. It can be seen that a

reasonable agreement with theory is obtained, considering the rather
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large depth range over which the yields have been averaged, and the

fact that no particular care was taken with the orientation of the

transaxial scan
responsible for
will be noticed

This appears to

planes (see Section s .s); the latter point is
the very large ij; measured for <II0> at 0.( MeV. It
also that {1 1.} planar values arc anomalously high.

be a general phenomenon for diamond-structurc crystals

and will be considered in the appropriate section of the diamond

results (§7.5.2).
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CHAPTE:R 5

DIAMONDS FOR ION CI'ANM'I LIN'C

5.1 INTRODUCTION

Ex]jeriirents on diamond suffer from the inherent problem that the
material cannot be prepared to specification, for example by refining to

a high purity or recrystallising to a high degree of crystal perfection

(contrast, for example, the zone refining of silicon). Results therefore
tend to be variable, and ion chanr linn; : nc exception, as shown in
the next section. Synthetic diar :.d can indeed e made, *-it with

difficulty, and the crystals tend to be poor, full of metal inclusions,
small, and unpredictable ith respect to these properties. It is
necessary therefore to experiment or. naturally-occurring samples, and to
consider the prn lor of h w represent atile of pure d.amond the results
arc. Furthermore, the maximum size of crystals which may be acquired
readily is limited 'and the largest crystals tend to be the less perfect
ones), which increases the awkwardness of performing experiments such as

those described here.

Several other laboratories have embarked on diamond channelling
experiments: Aarhus University, Bel 1l Telephone [Se"3], Rrookhaven, Chalk
River [PicGPa], and Stanford Univcr ity [Das69, Das"l] . They found
diamond to display the phenomenon clearly, but (with the exception of
Stanford, where the interest was concentrated on radiation damage) did

not carry the experiments beyond the initial stages, since they were
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confrented with the problems indicated above (private communications).

The question of how closely individual samples represent
eintrinsic’ diamond is considered in Section 5.2, which contains a brief
description of the stones used and how they were selected. It is shown
that, with care, representative results could be obtained. Cleaning
procedures arc described in .lection 5.3, and ways of improving the

crystal perfection, in Section 5.4.

Diamond is classified into two types (I and II) on the basis of
optical properties, and four subtypes (la, 1b, 1. a and lib) according to
electron spin resonance properties and semiconducting features. The
outcome of many dian nd experiments has been found to depend on the type
used. There was no reason to expect that this would be true for
channelling, with itm dependence on long-range crystal order rather than
the point phene: ena which determine the diamond type. It could be safely
assumed that all the stone used were of Type la (~OSf abundance), and
this was confirmed by electron s: in res nance ,md infrared absorption

measurements on many of them.

5.2 sn.mroN

5.2.1 The Pi-stony

The first diamonds for channelling were chosen with no special
requirements, other than freedor from inclusions and a good appearance.
They were acquired through Dr I.A. Raal of the Diamond Research
Laboratories, in four batches, and numbered as in Table 5.1. The most

studied group was batch B, the eleven natural | latelet diamonds. The
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numbering in the group, from Pi3 to Dil3, is in decreasing order of
perfection as estimated visually both with the naked eye and under a

surface microscope.

5.2.2 The K-stones

Defects such ai inclusions, dislocations and microcracks set up
strain fields in a crystal, so it was ;ir ued that strain-free diamonds
would be the most perfect and w uld provide the be.'t channelling results.
The presence of strain causes birefringence, detected by observir ; the
ciysta 1 between crossed polars [hi~:, Wi? ]. Accordingly, the secord
major group of diamonds was selected under a polarising microscope from

several thousand near-gen industrial stones.

Tlie selection has carried out at the main Pi Beers sorting offices
in Kirberley. The firm kindly pi vided erpl yc-s to ;ick out the better
stones visually, md these vt:e vreene.! further, vith KIV. learick,
under a polarising =icroscope. Preference was given to well-shaped

crystals with s: ooth faces.

Twenty-four of the be t stones uerc chosen. Most were yellow
stones, both octahedra and dodecechedra, including a few macles. In
addition, De Beers lent two lar>-- flat clear stones from tlieir special
collection, making 26 in all. The numbering (in order of decreasing
mass within each group) and the mine? of origin are indicated in

Table 5.2.



5.2.3 Assessment

Initial determinations on all the Di-stones, of the backscattercd
energy spectra of 0.7 MeV lie* ions, gave a wide variety of channelled
yields, emphasising the problem of determining values for comparison
with theory. For ions incident in the close-packed <110> directions,
and backscattercd from just under the surface, minimum yields ranged from

§% to 31'.

It was presumed that lob dechannelling, that is, a low channelled
yield, would be the hall"ark of a good crystal. The ideal crystal would
be one consisting only of carbon atoms arranged or. their proper sites,
and it has been shown (see Qu-o and references therein) that foreign
interstitials, self-inter: titiils, stacking-faults, dislocations, and
other defects, all increase dechannel :in.” above the basic value due to
electron multiple see:- ring in the channels. The critical angles might

also be affected, but less directly and therefore probably less

sensitively.

An X-ray topograph of one used crystal (Figure 5.1), taken by
Dr A. Lang of Bristol University, revealed heavy distortion in the region
struck by the ion beam, with misorient. tions V] - . minutes of arc,
nlthough it was still clearly displaying channelling. This indicated
that other conventional indices of crystal perfection might not correlate
well with channelling. The major evidence was the carefully selected
K-stones, which showed higher dechannelling than the best of the Di-stones

(except for KT1 and KT2).
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Evidently, the most reliable criterion for selecting pood

crystals for channelling would he the channelling results themselves.

Of course it was not known what minimum channelled yield to
expect from a perfect diamond (the Lindhard prediction was already known
to be an overestimate). Rut it seemed reasonable to assume that if many
diamonds were examined, giving a distribution of channelled yields, and
if the distribution showed a cutoff at some low value, then this could

be taken .is the yield for a perfect diamond.

Such a cutoff was found to occur. Pigure 5.2 shows histograms
of the yields of 1 MeV protons channelled down <110>, measured at two
different depths: <v is the sub-surface inirum yield, measured just
be low the surface peak, and x> - is the yield from 2.5 vm (approximately
the greatest depth froi which the protons can be scattered cut of the
crystal). The measurcr ents vtre t .ken after the improvement techniques
of Section 5.4 had been tried, and the lowest values attained by each
crystal were selected. Irrors were approximately equal to the plotting

intervals.

The cutoff can be clearly seen on both histograms. It was
defined at ,()=(1.9 + 0.1)" and >, ~ (2-1 * 3)I> (arrowed). Moreover,
there was a clustering of result % just above this value. It can be seen

that the same samples tended to give results in this region on both
plots. Since many of these were also the samples which on morphological
grounds appeared to lie the best crystals, it could he asserted fairly

confidently that the intrinsic ¢i110> yield for diamond is represented by
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the above figures, and that samples with yields close to these values

can be regarded as perfect crystals as far as channelling is concerned.

As an arbitrary criterion, diamonds with XQ <2.2'L and N<32*
(indicated by the broken lines) were regarded as satisfactory. The
correlation between the two indices was close but not exact, and greater
weight was given to x> r as representing a sampling of a greater

thickness of crystal.

5.2.4 Selection

In this way eight first-class diamonds were selected: they arc
listed in Table 5.3. It was inter. ing to reflect that these were just
the stones which would have jbreen selected on a visual examination alone
(note the preponderance of the low Di-numbcrs). All were clear
(probably of gem quality) with no obvious colouration; all exhibited a
good morphology with well-defined flat faces. The only exception was

Dils, brownish and already polished. Six hau {111; planes as the major

faces; half were maclcs.

The final selection wa- made after the techniques of Section 5.4

had been applied.

5.3 C1.F.ANI\n

5.3.1 Cent amin.iti<n

The use of helium-ion hackscattering to reveal the presence of

foreign atoms on the diamond surface and to enable their mass-numbers



to be determined, was described in 52.4.1. Application of this
technique showed that all the diamond samples had more or less dirt on
the surface, despite a clean appearance and despite having been ultra-
soiiically cleaned in various solvents (usually water, trichloroethylenc,
alcohol and acetone). This was also observed by Sellschop and Gibson

[Sc73]. There were three obvious possible sources:

1) The matrix in which the diamond was found. This would be
expected to contribute a variety of different elements, which
would appear as a 'mass continuum' in the backscattcred spectra
(owing to the finite detector resolution), with peaks due to

those more abundant. Such iipurities will be referred to as

'earthy'.
ii) Processing, including separation and recovery, and possible
polishing. Some processes might add specific elements, for

example, the heavy media separation.

iii) The vacuum environ: cut of sa: pies already experimented on.
The silicone di ffusion-pump oil, which backstreams at an
appreciable rate fp<wMj if cold-traps are allowed to warm up,
contains silicon, oxygen, carbon, hydrogen and possibly
sulphur. (The carbon would not be visible on a diamond
substrate, and the hydrogen cannot scatter ions at backward

angles.)

The disadvantage of surface impurity layers is that they increase

the beam divergence (by electron multiple scattering) and therefore the
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TABLE 5.4

Cleaning

Summary of Results on Many Diamonds

Process

I) Acid Process

Boil in HF/H:SOIt and UNO

Time taken: approximately 5 hours

») Solvents

i hour with ultrasonic agitation
Acetone

Diethyl ether

Benzine

Ethylene diamine + dimethyl fort amide*

3) 'Centrad'’

With ultrasonic agitation
4 minutes
¢ minutes
15 minutes
30 minutes

60 minutes

*Reference: [Vo73],

Effect on
Pump oi: 'earth'
cleaned cleaned
none none
some none
cleaned none
cleaned none
none some
some some
some cleaned
cleaned cleaned
cleaned cleaned



dcchanncllirtfi in the crystal. They proved difficult to remove,
especially contamination due to source (iii). Ultrasonic cleaning with
conventional solvents (for example acetone, trichloroethylene) made
little difference to the silicone oil (silicon and oxygen) hackscatter
peaks. It was thought possible that a chemical rather than a physical
adsorption mechanism was at work, due perhaps to the chemical similarity

between Si and C.

5.3.2 Systeratic \ppn ,ich

Tests of different cleaning procedures were made on the eleven
platelets Pi3 - Uil3, all of which showed both an earthy mass continuum
and prominent pump-o0il (silicon and oxygen) peaks. Rutherford
backsecattering of lie* ions was used to inspect the surfaces before and

after cleaning. Three general types of cleaning were tried:

i) A hot hydrofluoric and sulphuric acid process, used successfully
in this laboratory by Fcsq et al on diamonds for neutron

activation analysis [les73].

ii) Ultrasonic cleaning for one hour in various organic solvents
(chosen after testing a wide variety of solvents for

miscibility with silicone oil).

iii) Ultrasonic cleaning with the commercial detergent 'Covtrad'

(Decon Laboratories Limited, Brighton, ingland).

The results arc summarised in Table 5.1, and some examples of
spectra arc shown in Figure 5.3. The detergent process is evidently

the most efficient. The HI process is successful but slow; some of
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Figure 5.3: Examples of impurity spectra taken witli 1.0 MeV lie ions
(.continued on next page).
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the organic solvents attach the jnmp-oil quite vigorously, but are

ineffective against th earthy impurities; whereas 'Contrad' removes

everything, and is fast.

1Contrad' (sold under the name of 'hecon 90' in some countries)
is designed for radiochemical decent ir ination and other demanding
cleaning jobs. It is believed to contain a surfactant and a chelating
agent. The concentration used was 20", in deionised water. Tests

showed that ultrasonic agitation for o minute; was more than sufficient

in all cases.

A small oxygen peak always remained .ftor cleaning, equivalent
to about a monolayer. It is thou.ht to be intrinsic to sore diamond

surfaces, and will be considered again in Section 9.5.

As an independent test of the method, sore cleaning experiments
were carried out in collaboration with Professor R.K. Ditchbum and the
Diamond Research Laboratories. Pad cv of diamends ot concealed history,
some of which h d been cleaned by conventional gemstone methods, were
cleaned in Contrad and the results analysed using Rutherford

backscattcring. The Contrad method showed itself superior [Per""'a].

5.3.3 Rout ino

Ultrasonic cleaning in 20" Contrad for 20 - 30 minutes was adopted
as the standard procedure applied to all diamonds before experimentation,
and before processes such as annealing (55.4.4). F.ach specimen was

cleaned in an individual 10 ml PTIi beaker. The cleaning was finished



with several ultrasonic rinses in deionised water, and the diamond
allowed to dry by evaporation. It was handled by the edges using only
1Fluorowarc: plastic tweezers or a piastic-tipped vacuum pencil. Clean
diamonds were stored in clean :Fluorowarc' boxes, but were preferably

mounted and used immediately.

Contamination fron the vacuum environment was minimised by always

using the cryopump and Keeping the other traps cold fsee Section s .s).

5.4 IMPROVi ,n NT
5.4.1 General

The first diamond channelling experiments fin Phase I) were
performed on natural faces of the platelet diamonds Di3 - Dil3. Man)
these untreated stones exhibited quite low channelling yields. Because
the yields were eventually degraded by radiation damage and beam-related
deposition of vacuum contar in a *m, methods of regenerating the stones
were sought, and the usefulness of applying the same techniques to
improve virgin crystals became apparent. Several techniques were
investigated during Phase II, and the effective ones were applied to all

stones prior to taking good-qua:ity data in Phase III.

Most of the e techniques involved removing material from the
diamond surface to expose fresh crystal. This was expected to make an

improvement in the following cases:

i) The surface had been abraded or microcracked in the earth or

during recovery. lho fact that improvements to natural surfaces
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were always observed, indi c.itetl that diamonds, as found, usually
have a slightly damaged surface region. The exact nature of

the damage could not be deduced from these experiments.

ii) Radiation damage had occurred owing to beam exnosure (see
Chapter 10). The penetration and therefore ti.e damage

depth were only a few microns in the energy range used.

iii) Beam stimulated adsorption of contaminants had occurred;

Al

this pheno .mon is dealt within Section 6.C. Such adsorbates

could not be removed by cleaning.

Some typi.al result', ire present . in T,il-h 5,5, including at

least one exanpb of each ;n ee

5.4.2 Gas”etchj:

When dia: d is rain ! to a high enough terperature in an
oxidising atrospht re (for ex.inple, oxyj en, carbon dioxide, water vapour)
it gradually bums away, for in, carbon monoxide or possil ly dioxide.
Such reactions have Veen thoroughly investigated by Phaal and Ivans
[livGl, Ph62a, Ph('2b] who found that very sr.ecoth etched surfaces were
produced in completely dry fa't-flowing pure carbon dioxide at

1350eC [Ph62b],

An apparatus was sot up in which fairly pure carbon dioxide from
a cylinder or from warming dry-ice was dried by passing it through a
coil cooled in a acetone/dry-i ce freezing-:'ixturc, and through a tube of

indicating i.ilica-gel. After passing over red-hot steel wool to getter



oxygen and other reactive gases, and to preheat it, the GO stream
passed at about 200 cm s'1l over the hot diamond. The latter was in a
fused quartz tube heated by an oxyacetylene torch to 1000* 50°C. A
lower temperature was used at first ("SO *50°C) but produced very slow

etching with much pitting.

Afterwards the di imond was boiled in a mixture of equal parts of
perchloric, nitric and sulphuric acids, to remove the black lave: of
amorphous carbon which forms on the surface. (The original workers used
acid proportions of 3:1:1 respectively [Iv"6], but the proportions do
not see to be critical.) The di a- 1wa washed, dried, and the weight
loss determined; from an estirate of the surface area, the rate of

recession of t

at 1C00°C.

The disadvmt e of thim method was that it often left the
diamond surface dcrpl. pittec ' (m* also “cl); possibly the C(l was not
dry enough. The pits tended to bo in areas struck by the ion beam,
probably owing to the pi- » i.n*. .1 ct him of dislocations comprising
part of the bear da. i,;o. It hing out of dislocations is a far iliar
phono: enon with othci crystal., and has been suggested as a mechanism
(under different ennditi ns) for pyramidal trigon development on natural

diamond face (the topic i> outlined in Vi"1l).

However, cmnnelled yields obtained from smooth areas of gas-

etched samples were amongst the lowest recorded.
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It is possible in the lij’ht of 55.4.4 below, that some at least

of the improver ent found was due to annealinp at the temperature used.

5.4.3 Polishilit

Diamond may be polished to a very high finish by means of a
spinning cast-iron die (scaifel impregnated vith diamond powder. The
process is highly anisotropii. [W -~ ; the most resistant directions are

parallel to the (111) planes.

It was expected that eh nncllit.j effect? would be we d with
polished surface , because :t .r; tal da i e (by analogy with silicon,
see $4.3.2) . In fact, surface j >lislied in 'easy: directions with
4 -Sundi. ad grit g ,c yield: il: st as low as those of the best gas-
etched faces. fhi; 1ie¢ in accordai e with the brittle fracture model of
the polishing procv t-t-d 'y the Oxford i p (for exarpie hi"2, Ca:~2,

Cas75, Thr7i ).

It seer that sordrr gv, however, is associated vith polished

The question i considered in rore detail in Section 9.5. Surfaces
polished within i few degrees of tlie 'difficult' (111 planes showed

considerat le Vistur! ance (ver> hi h channelled yields).

5.4.4 Annealinr

Diamond may be annealed without graph!tising at temperatures up
to about 1400°C, if oxidising agents are rigorously excluded. At higher

temperatures spontaneous graphit is ation occuis. 'live temperature of the



onset of grnphiti'.ation ap])c irs not to be sharjily defined, quoted values
depending probably on the sensitivity kith which the graphite was

detected.

Stones were mnealed in quartz tubes wound vith resistive hcating-
coi I's, placed in a st iinless-steel wult ra-hij.!: vacuum chamber which was

pumped to about 1 x 10 torr l-y 1Yacion' and titanium suMiration punns.

(Some workers prefer t anneal in f! ..in pur it m [H-i75, i , but
it is difficult t- v:cl:lc ti tees : <!en 1 Anneal inv t;res and
temperature vvre varied, 1lut w tx cue’ 11> <no hourat 11SO * 50°C

(measured with in epticil pyrorotor 1.

Hia- mb' alt*ay- j tve lvw«-: chmnel led yields after annealing.

The total ir r .eent ¥ rt te: f r ] 11°.ei faces than for natural
faces on the <ire st «.. 1ii: <r :rn.ilin; ti-. iup to 2S hours) and
higher ter; cratures (u; to 110 ap; eared ti r ke no consistent

improvement n the at? vir vnditi> . This is in accordance with the

evidence that the vacancy in dia: nd i mobile above 9006C [CIl--], the

intcrstiti 1 lire !ly be-n e r >bi Ic roor temperature [Vad"5], if it
is assumed that annea lir;. dependc ' a the notion of these defects. The
best annealed stones were among t!;t best of all those investigated by

channel ling.

It may be noted that annealing was the only one of the improvement
technique used which <yerated tliron.-hnut the bulk of the stone; the

others abed simply at replacing or modifying the surface,
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Essentially the same process has been used by workers in low
energy electron diffraction (L! ;i)) to obtain the best results from
polished diairond surfaces [lnn(( , [.ur77]. However, in those studies
it was regarded solely as 1 cleaning technicluc. The present work
indicates .1 second possible reason why it produces ojitiriu LLLI)

contrast: the annealing out of poli hin; dar ,'e at the surface.

5.4.3 Ton ’lilli
Sputter r; lling uit!; SH eV n ;j«n ion-- 1 is ;erfor; -d ir the
chamber at a background pre sure of 10 u torr. The rate of recession

of the surface was aK>ut 1 nrlrin

Ion milling was the least <ucctsful of the methods tried.

It produced consider « I< dis ixier .it the cr\etai surface, as shown by

disordered layers. The ;r 1- -a n-t ippreci .l 1) reduced b> heating in
situ to 700°C. Sir.il .r re wults havebeenobserved by 11 TP methods

[Mah64 , Ltnt', L'ir"( , lu1' |.

Ion rill inj: w;is theref re rejected as 1 means of preparing the

best possible crystals fm channelling.

5.4.6 lleiti:/ m 15 <n

Marsh an r,imsv  thi lur < 1 u1 1vi! thi production of apparently
clean and ordered inm ; . surf;; -i”, os monitond by 1.111' by herting
in hydrogen either with or without prior argon ion milling [Mabel].

They found 1 ¢ optimum conditions K he a temperature of 700°C at a



hydrogen pressure of 10 torr for two hours

These conditions were dup] lc..tcd on two stones, exhibiting
polished, unpCiished, and ion-mi lled surfaces. Channelling analysis
showed a slight improvement (except for the polished surface) and the
stones appeared cleaner. However, the improvement was not outstanding -
in particular, ion-rilling dan.ire as revealed by the surface peak was

ieduced but n t removed - and the technique was not pursued further.

5.4.7 Assessment

The best techniques appc ired to be eithtr

i) gas-etching, or
ii) polishinj followed by annealing.
Both procedure w re able to rive <IK ;roton mini rum yields Xq in the

region of 2 .o

But to obtain such low yields, it was necessary to take a diamond
which already had a fairly low yield before treatment. In other words
it was not pn? ible to r ke anexcellentcrystal out of apoor one by

any of the al /e technique m

The problem was further investigated byapplying gas-etching,
polishing, or annealing, in different sequences in all possible per-
mutations, to 19 of the Pi- and K-sfones. It was hoped to establish an

optimum procedure by which any given stone could best be improved.
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The results (in the form of y() and g values) were tabulated
and plotted in various ways to try to bring out their interrelationships.
However, no definite trends were found. Usually, whatever technique
was first applied made a distinct improvement; subsequent ones might
or might not make further improvement, or might even worsen the stone,
but the differences were small and probably statistical. This can be

seen in Table 5.5; an attempt at a summary is made in Table 5.6.

Thus the choice of techniques appeared to be somewhat open.
Polishing with annealing conferred the advantage of flat surfaces for
experimenting on, but could not be used for tabular specimens oriented
on {111) planes (sec 55.4.3), unless they could be polished several
degrees off their natural faces. For the thinnest {1111 macles,gas-
etching v is deemed tht most suita' le. Annealing onits own was
successful if the stone already h > very good 111} faces. The
techniques wused on each of the cli nnds finally selected are indicated

in T Me 5.3.

The best systci ;tic procedure seemed to be

1) to choose those stones with the best appearance, in terms of

morphology, absence of colour, and freedom from inclusions;

ii) to apply whichever improvement technique was judged the most

suitable, according to the previous paragraph; and

1i1) to select for use, any stones which produced low channelled

yields, and to apply no further effort to those which did



CHAPTI R _6

HXPI-RIMI NI AL L ROR!.i;NP AND TP ClIXI OUI S

6 .1 INTRODUCTION

This chapter deals with problems which became apparent during the
performance ir the experiments, and the special technique evolved to
overcome the and to ensure reliable data. Some are peculiar to ion-
beam experiments on diamond, whilst others arc more generally
encountered. They are chiefly concerned with beam current integration,
electronics, ..ad the ;tatus of the target. These investigations

comprised the rain work of Phase II.

6.2 T.LI-CTRON SUITPi alON
6.2.1 Bad grour. !

In any experiment where data is bein, normalised to the same
total ruz :-cr of incident ions via a measurement of target current, it is
necessary to suppress the emission of secondary electrons. This is
particularly important if the beam incidence angle is to be varied,
since the electron emission coefficient is proportional to its secant
[Ste57]; recently, crystal logr.nphic variations have also been seen

[Bru74].

The means of suppression is often the application of a negative

potential of a few hundred volt;; to a ring or screen in front of the
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target-holder. Ir seems traditional to take a rather cavalier attitude
towards this: a sketch of the . . ic field lines in some reported
configurations shows them to . rgely ineffective in returning all

electrons to the target.

6 .2.2 Desi r.n

The large flat target-holders being used (53.3.1) suggested
that the negative bias be applied to a disc of similar diameter, the
two facing one another to form a parallel-pi ate capacitor, and the
suppressor plate having a hole to alloll 'a; a e of the beam. To avoid
escape of electrons round the edges, the r r ximum range in a radial
direction must be less than the radiu; r : the target-holder. if the

target-to-platc sej iration is s, it can be shown that this condition

gives

s < 7r

assuming sufficient bias for no electrons to reach the plate. Tests
indicated that -400V was mere than adequate for 1 MeV lie ions on

metals.

6.2.3 Scl f-sui>prc :ion

Measured beam-currents on diamond did not change when the

102.

suppression voltage was switched off and on. Diamond appears to suppress

its own secondary electrons; it was assumed that this was due to its
being a good insulator and therefore charging up positively in the
region of the beam-spot. Further evidence for this was seen

(Section ' .3).
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However, there were exceptions, for example, ion-milled diamonds
shewed no self-suppression. To be on the safe side, electron sup-

pression bias was always used (until the modifications of §6.3.2).

6.3 TAFGF.T CliARGINT.

6.3.1 hvidonee

The problem of performing ion-beam experiments on insulating
targets whose surfaces charge up under the incident beam, has been
considered in a recent paper by Ahlherg et al [Ah75]. Diamond is an
extremely good insulator (resistivity -:0 ' -cm in the dark); the
lack of any problem in collecting target currents was presumably due to

surface breakdown being the predominant conduction mechanism. In fact,

frequent surface flashovers: could easily be seen.

In some experiments, the angular position of a channel (but not
the width) showed a small but distinct dependence on bear current. ".he
effect was most noticeable it large incidence angles, for example a
<i00> axis at ~55° shifted by -o.:° when the target current was changed
from 1 nA to 5 nA. This could be expl ined if the target were charging
and deflecting the beam, the equilibrium potential reached (and hence
the deflection) bein proportional to the rate of arrival of charge,
for the above example, application of the energy conservation principle

to the incident particle: gives a potenti 1+ of ! kV in the beam-spot

region.

The channel-shift effect was completely suppressed by the
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evaporation of a thin conducting layer of aluminium on to the diamond
surface, and restored by removing the layer with acid. It was also
suppressed by the use of an electron flood filament (see §6.3.2 below).
Together with the sc If-suppression effect (§6.2.3), the evidence
indicated that charging was indeed occurring on clean diamond surfaces,

and was responsible for the channel shift.

6.3.2 Reredios

Conductive layers on the diamond surface could of course not be
used because of their enhancerent of the dechannelling. Instead, care

was taken to keep the target-current, ;md hence the bear: deflection,

constant.

The problem was later eliminated by using a heated filament to
flood the target with electrons and thus neutralise any positive charge
build-up. Secondary electron suppression was !~n pointless, and th
suppressor plate was removed. The target current was collected from
the chamber as a whole, which was floated with respect to ground. The

filament was powered by an isolated battery and grounded to the chamber.

A plain tungsten filament was found to evaporate significant
quantities of tungsten on to the diamond at the temperatures required
for thermionic emi m ion. Instead, the filament assembly from an o:
radio valve was used; its lower operating temperature (due to its
emissive coating) resulted in no target contamination. Electrons were
drawn away from the filament by applying a bias of 200 V to the valve

grid. The development was due to R.W. Fcarick.



Hiis configuration was found to he essential when running the
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high-temperature experiments. The hot target-holdcr apparently produced

considerable thermionic emission of its own, and measurements of beam-

current at the target only, became meaningless.

The old configuration was "ctaincd on the Tandem because of
difficulties in insulating the target chamber. The higher energies

and steadier beam-currcnts resulted in no detectable effects of target-

charging.

6.4 taro; T curb! i ., Vi

6.4.1 Heater

Although the target heater was insulated from the target by the
use of 'Thermocoax', significant leal ige between the two was found to
occur when the heater was connected to a mains power-supply. It was

therefore powered fror isolated lead accumulators.

6.4.2 Other S"arc

Pickup of stray currents by the external battery leads and by the

target current lead was reduced by careful insulation, and neutralised

by periodically balancing the current integrator input bias.

6.5 EL.I'CTRONICS

6.5.1 Noi se

Pickup of 50 II: and other electronic 'gar! e' by the detectors
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and their leads was reduced hy systematically eliminating ground-loops,
insulating all detector-lead sheaths where they passed into the chamber,
and earthing to a single point on one oi <he preamplifiers. The annular
detector was particularly subject to pickup by capacitative coupling,

because of its exposed live electrode.

The noise problem is significant with diamond because of the low
relative energies of hackscattcred ions, consequent on the low atomic

mass (for example b =o.Zf for lie ).

6.5.2 Pulse Pile.

Several different pulsc-height analysers, with different time
resolutions, were used during the course of the experiments. Analyser
dead-tir.es were generally negligible ( VI. In some cases, dead-tn.es

for 'random' spectra rose to Sr, .rnd @ correction factor was then

applied to the data.

The analyser generally used with the low energy accelerator
*Christine* (an ND2-1
it was found to reject more low-energy than high-energy pulses, resulting

in a distortion of the spectral shape, and was therefore left out of

circui t.
6.6 TAP.Ci:f CONTA'-'IN'ATI ON
6 .6 .1 sources

The deposition, in the early experiments, of silicon and oxygen
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and its attribution to di ffusion-putnp backstrcai inf., has been referred to
in Section 5.3. This inference was further investigated by obtaining
backscattervd spectra of all oils used in the vacuum system, for

comparison.

Very thin layers of oil were deposited on clean berylliu . discs
by dissolving a small drop of oil in 25 ml ether and spreading one drop
of the ethereal solution on the disc. Backscattercd spectra of 1.0 MV
Me ions were recorded. The use of a beryllium substrate (M = 9)

rendered carton (M = 12) visible. The following were investigated:

i) turbomolecular-puirp oil (Pfeiffer Ti:);
ii) di ffus ion-pump oil (DCI'04 silicone);
iii) backing-pur; oil (Edwards nu her 18);

iv) O-ring grease (Dow Corning silicone); and

V) lubricant grease (Apiczon 1.%).

Only the diffusion pump oil and the O-ring grease were found to
contain ° Si (the peak was rather broad, and S was probably also
present). The other oils appeared to be pure hydrocarbons. A test in
which a washer, smeared with o -ring grease, was held in front of the
beryllium disc, produced no deposition, and all the visible contamination
appeared to originate from the diffusion-pump. It was borne in mind that
hydrocarbon oil contamination on diamond would be seen only with
difficulty, as an increase in the channelled surface peak; there is

evidence for this in Section 9 3.

It may be worth noting that silicon channelling workers often
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mention observing excessive amorphous surface layers of silicon and
oxygen, usually characterised 1is 'surface oxide*. Some of this may well

originate from diffusion pumps.

6.6.2 Meehanism

It was former' oelieved that contaminant molecules become
entrained in the learn during its passage through the vacuum, and arrive
at the target either as part of the beam, o1 as a concentric 'halo'.

That this is not the case, wasindicated by the ohecivation that with the
cryoshield cold, very little tar et contamination occurred. Moreover,
the characteristic black wurfacc bear-spot indicative of contamination,
developed quickest on those beryllium discs which had already been
smeared with oil. It appeared that target contamination must be deposited

directly from the surrounding vacuum.

On the other hard, when the cryopunp was not used, a rapid
buildup of contamination occurred only during the periods when the beam
was on target. Thus a two-stag,e mechanism is implied. Contamination

is deposited from the vacuum, periiar : a% a condensed monolayer, but is

restore the liquid/vapour equilibrium and contamination steadily

increases.

Such beam-stimulated adsorption is well-known in electron beam
analysis (for example, see Co70, lLai “a, Ki7l and Iur77) ; in view of the
findings of Il.am73, the secondary electrons emitted through the target

surface, rather than the incident ions, may be responsible. An analysis



of the dynamic;; of carbonaceous film yjouth hi' recently been

published [Hi 77].

A second mechanism uas considered: that of recoil implantation
of the atoms of a condensed surface layer, under the impacts of the beam

ions [Ne69]. However, the fraction of atoms implanted was calculated to

be quite negligible, " [1‘63"””(1].

With a hot target, direct baking on of contaminants seemed to

be implicated ( ee Section 9.3).

6 .3 Prevent i a

The rate of contamination was reduced to a negligible level by
always chilli: . the cryopurn] before putting beam on target. In addition,
migration of purp oil vapour to the target-chamber was minimised by the

use of the diffusion-pur;' trap and in-line trap (! 3.3.2).

During a rumn, spectral evidence of com allnution was monitored,

and a new be in pot selected if necessary.

6 .7 RADI AT 10*:  PA*°AC)
Radiation damage by the analysing beam causes an increase in
dechannel 1ing, and it wa tliere foie necessary to ensure that it was

negligible at the doses used. The topic is treated in more detail in

Chapter 10.

No effects of proton damage were seen in the longest runs used.
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Helium damage was obvious in very long runs, and was investigated
systematically as described in Chapter 10. Damage effects on x|r-n first

became evident for a dose D~ 3*10" 1ions cm *.

The taking of o channelled spectrum resulted typically ina
D'v 1*¥10:° ions cm ¢, and a full scan with spectra gave D~ 3*¥10'~. Thus

it was feasible to obtain results free of observable radiation damage

effects.

The integrated charge per spectrum was chosen as the minimum

compatible with good statistics.Unnecessary expisure was avoided by
placing a shutter in the beanwhenever datawere notbeing taken.

6 .8 AXIAL Si .-FI WI

6 .8 .1 Niture ~f t' mPi '

Major axial channels are intei ected by a number of systems of
planar channel , comprising all those planes for which the axis is zone
axis. An ion bear scanned through the axis in a plane parallel to one
of these cryst il planes will pass directly from axial to planar channelling,
rather than fron axial chat celling to random incidence (Figure 6.1, and

Reference Davss, p 348) .

If the planar yield is !iOr. in the saddle region between planar
and axial channels, it will not be possible to measure for the axis.
Liven if the yield there is *50",, it would be expected that the dip is

wider and gives larger ;, values than a scan in a non-channel ling plane.






This was confirmed by these experiments and those of others (for

example, see AndbS).

For an accurate comparison with theory, axial critical angles

must clearly be measured by scans which do not coincide with major

crystal planes. The axial theories of Il.indhard and others consider
the rows in isolation, "nd do not take account of any planar channelling
component.

Many published critical angle studies have taken no account of

the scan-planes used - or at least have not reported then. Some workers
have reported a deliberate choice of major crystal planes. This could
be the source of me the obscrwd discrepancies with theory.

6.8.2 Investi it! n

The magnitude of the planar effect was investigated experimental ly,
using 1.0 McY protons incident near ml110>, <I11 o, and <100 axes. Two

t"pcs of experiment were carried out:

i) Scans through an axis were trade at different orientations and

the derived criti a: angle compared.

i1) The beam was processed around the surface of a cone whose axis

was the crystal axis.

Scans (i) clearly revealed the wvariations in critical angle
(Figures 6.2, 6.3). Repetition in fine azimuthal steps would have been

too time-consuming, so the detailed structure was revealed by method (ii).
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Conical scans were performed for several different cone half-
angles in the region O', ’I/\z/\,z, producing a contour plot of the yield
in the region of the axis. The 0 and > coordinates for these scans
were calculated with the aid of the pocket calculator programme CRAP-2
(Appendix). It was not necessary to scan through 360° in azimuth, hut
through 180/n degrees, where n was the order of the axis, because of
symmetry (including mirror planes). The azimuthal ranges of the scans

are indicated in Figure 6.1.

Results for the three axes are shown in Figures 6.5, .+ and

6.7, and the *110 data are re-presented as a three-dimensional contour

plot in Figure s .s.

The influence of low-index planes is clearly seen. However,
they do not produce shar: ly-etched 'canyons' hut a gradual yield
variation, and their effect is evidently felt over most of the axial
region. The lest choice of scan-plane is presumably that which samples
the highest off-axis yields. The planar effects are evidently small
within '. iof the axis, which is why a carele < choice of scan-plane does
not have an in: edi atcly noticeable effect on the measured value of .,.

For example, in i'aves the effects were judged indistinguishable.

6.8.3 Scan-piatr Civ ice

Opt imum scan-planes were chosen and adhered to for all the
critical angle measurements of Phase III; they arc listed in Table 6.1.
The permissible errors (chosen as the maximum deviation which made a

negligible difference to the yield in the conical scans) are unite small
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Figure 6.5: Conical scan:; about a 110- axis (1.0 McV p, DM; 'j*=0.55°)
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Figure 6.6: Conical scans about a <111 axis (1.0 MeV p, Oil; {j*=0.49°).
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Fi pure 6.7: Conical sc.ms about a 100 axis (1.0 MeV p, nil; .3;=0.42°).
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if the reproducible values of , are to be determined. In the case of
<i11>, it may be seen that the scan-plane chosen according to the

previous paragraph varies with > and here a compromise was made.

TABLf 6.1

Opt imum Tr.-ms.-i>;ial Fc.u.-pi anes

Azi.nuthal angles are nensured between the scan-plane anti a MIO}

crystal pline

Azimuth
Axi s (degrees)
<ii10> 75 £ 5
<ii11> - I
<ito00> 30 ¢ 1

6.9 FLWM SCA:. 1fTAT[ N

6.9.1 Nature of tho T: ¢ Ler

A kindred problem to the above ii> encountered when performing
a trans-planar sc:m: that of selecting a region of the plane free of
the more close-packed minor axes, which would inflate the measured
planar critical angles. Many of these arc visible with heavier targets

(for example, sve Paves, p 348-.
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6.9.2 Investir.ation

The problem was approached by

i) Calculating the positions of the minoraxes with

relatively low indices, and avoiding them.

ii) Scanning down the plane looking forevidence of

minor axes.

The planes of interest ({110}, {ill}, and '100}) were investigated
in the region of the <ii:0¢> axis (where it was found convenient to take
scans). The results are presented in Figures <9, 6.10 and 6.11
respectively, together with the calculated positions of those minor axes
having critical angles of similar magnitude to that of the plane in
question. Some minor axes arc visit le, in the calculated positions.
Apparent evidence for others is probably counting-statistics; only

those which were repeat able are shown.

6.9.3 Scan-plane Ch ioc

Optimum tran:-planar scan positions were selected, avoiding the
calculated positions of undetected minor axes as well as the detected
ones, since the scans of <>9.2 are probably not very sensitive. They
are listed in Table 6.2. As in the axial case, the maximum permissible

errors arc quite small for reliable results.
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TABLIL: 6.2
Optimun Tr;m:-;> lanar Sc.in-p lanc.s

Region of <110> axis. Angles are measured along the

crystal plane in question, from the 110 maxis.

Angle
Plane (degrees)
{110} 9.2 £ 0.2
{111} 10.0 ¢+ 0.3

{100} 8.6 I 0.2
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cnAP’ir.R 7

CRITICAL AXGI1 STUD 11S AT ROOM 'ITMTLRATUREF.

7.1 INTROIiniCTION-

Measurements of critical angles of channelled ions hackscattered
from good diamond crystals, are presented in this chapter. Measurements

of the same type were generally made on more than one stone to reveal

any specimen dependence.

For each set of conditions, the channelling half-angles were
measured for the three most open axes of the diamond structure, namely
<i10>, <111, and <100 , and for the three most open planes, namely
{110}, (l11:, and f100 m A few rensuremcnts were made for higher axes

and planes. The methods of proc< ing and analysing the raw data are

outlined in Sections ”.2 and ”.3 re pectivcly.
The results are set out in Section ".I. Data for 1.0 MeV protons
at room-terperature were regarded ;s standard; measurements were

extended to higher energies, to other ion species, and to higher temper-
atures, keeping the other par.n etci unchanged in each case. The high-
tempcraturc data are considered separately in Chapter s, Comparisons
with theory are made in Section 7.8, and with other results in

Section 7.f>.



7.2 DATA T'ROCI'SS ING

7.2.1 Depth Convor;, ion

It was pointed out in 12.4.3 that an energy spectrum of back-
scattered ions could be converted to a 'depth spectrum' via I.qn 2.16 or,
as used in the present work, !qns 2.17. It was assumed that the
channelled stoppmg-power is equal to the random, the so-called 'Aarhus
convention' [Rot~3]; this is a good average approximation for ions which
are backseattered [fd70, Hof’S], In any case theory predicts a stopping-

powcer in diamond for wel 1-channelled particles of about 85n of random.

[Dot 75].

7.2.2 Normal i .it ion

Channelled spectra were nor aUsed by dividing then point-by-point

by aspectrum for rand( incidence of the same ions. Herethe question
arises as to how one ought to define 'random': 1ideally the target itself
should be random, that is, amorphou . Many workers carefully choose an

incidence direction which does not coincide with major axes or planes,
and set the cry til to this orientation for each random spectrum;

although it ensures consi .tency, the randomness of this procedure is at

best doubtfu. .

This problem is often the i ijor source of systematic error in

channelling experiments, and deserves some consideration.

It might Io expected that an amorphous target would provide the
most accurate random spctra. lh im was the approach taken by Ziegler

and Crowder [Zi"2]1 ], who reported a difference of fT between random
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spectra (of alpha-particles backsecattered from silicon) taken with
crystalline targets as described below, and those taken with fully

amorphiscd targets. They attributed the difference to an artifact of the

Uata-collection in the crystalline case, and concluded that a »" correc-

tion should be applied to random spectra taken with crystals.

However, the difference was more likely due to chemical effects on
the stopping-powers of crystalline and amorphous forms of silicon. Such
effects were clearly dei mstrated el even year earlier in the different
allot ropes of carbon by S ftky [Sofh 1], who reporter a % difference in
the stopping-] owers and therefore appr xirate ly in the height-- of back-
scattered spectra of diai end and graphite for 1.1 MeV protons. A
cursory expt rinent was f. und to confirm his result. Similar observations
have been made :; other (for exa- ; lv, Matt'i ). Clearly the random

spectra rust be taken on diamond.

(It is of interi t to note that Softky suggested further that
" since a large effect due to crystal structure was observed it is
possible that the tog;in g wer +a> depend son what on crystal
orientation, further experiments should invest!gae this point ...

- ayear before the first report of the discovery of ion channelling

[0e62]!)

In the present work, random spectra were taken while continuously
rotating the crystal. There was often a major axis almost perpendicular
to the surface, at 0°; in these cases 0 was offset by MO.,, as

suggested by Ziegler and Crowder [:i"™ ], and | was scanned through
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360/2n degrees, where n is the order of the axis (which always included
mirror-planes). Apart from these deliberate precautions, aimed at
avoiding excessive influence from major axes, the beam sampled the

crystal randomly.

7.2.3  CHANSPhC

Depth conversion and normalisation for many of the spectra were
carried out using the Fortran programme ObWSI'IC [Fca77b], run on the
in-house Interdata "V32 computer. Tlie programme also smoothed the

spectra by fitting cubic s: line functions [Rein?].

7.3 DATA ANAI-i SIS
7.3.1 Flet tir.

For each combination >f conditions, the normalised yield was
plotted against incidence anile , (with respect to the channel dircctim)
for ions backs< ttcred at i serie f chosen depth? :. The width ., of
the resulting cb mncl lin di; (half width t half mimum) was read off
from the graph. The curves were carefull\ drawn freehand through the

points.

7.3.2 furve lirtin

With a view to putting the data extraction on a more rigorous
footing, the fitting of reasonable functions to the data points was
investigated. For the U-shaped portion of the curve only, that is,
«1 < *j; the dips for shallow depths were fitted quite accurately by

the function
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k
X Xmin (W) (7.1)

where (“»X]|llinl are the coordinates of the dip minimum, X is a constant,
and k =4 for axes and 2 for planes. 'lhc kth root of both sides of

F.gn 7.1 was taken, and X and 5 fitted by linear repression. Then

min

The values of obtained fro: f.qn 7.2 agreed with the graphically
extracted ones to within O .'l¢ in 1ill case: tested. This corresponds to
the angular resolution of the geni ometer. Since there seemed to be
nothing to cho.- between the two methods as regards accuracy, the
purely graphical one was preferred on the grounds that any interesting
behaviour of the curves would be immediately obvious, whereas it might

be concealed by a curve-fittii:,; procedure.

7.3.3 Pcpth r; *

The dependence of critic.il angles on depth were of interest not
only for their own sake, but also to enable the iensured values to be
extrapolated to zero depth for cor.pari un with theory. It must he borne
in mind that the critical angle itself is not being measured at a specific
depth - it is always measured outside the crstai - but the value obtained

depends on the depth from which the scattered ions originated.

When 'I, was plotted against the depth =<, it could be extrapolated
to z= 0 by drawing a curve through the points fas in And72) . The

surface value was quite insensitive at the o .01 level to the exact

shape of the curve, since the extrapolation distance was rather small.
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TABLl' 7.1

Trans axial Scans: lucre;; ontinc \'.ilues of . for Spectra

Values in degrees for 1.0 McV protons.

Doth + and - values (opposite sides of axis) were taken.
<i10> <i11 > ®100>
0.0 0.0 0.0
0.2 0.2 0.2
0.4 0.3 0.3
0.5 0.4 0.4
0.6 0.5 0.5
0.8 0.7 0.7
1.2 1.2 1 0
2.0 2.0 1.6
TADIT 7.2
Tr.ms])lir, ir Se-n : In r.tinr luc of . for Spctra

Values in degree- for 1.0 1'eV protons.

Do) (i1} (100}
0.06 0.05 0.05
0.14 0.15 0.10
0.18 0.20 0.15
0.26 0.25 0.30
0.44 0.45 0.50

0.84 0.75 0.70
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The corrections determined from spectni] scans were applied to
convert siny,le-chv.,iirl-analyser (SCA) scan d;ita from Phase I to zero
depth. This procedure was somewhat dubious since the dependence of
on z is specimen dependent (see Section 7.4). However, the corrections
were only a few hundredths of a decree, mid the residual error from this

source could not have been more than "o .02 °.

7.4 Till PATA

7.4.1 Genor.il

In order to delineate the channelling dip accurately, while
minir.isin ff the beam ti:e on target, the . intervals were made s alies't
in the region cf . .5, and widest in the shoulder region, which was
not under particular investigation in this study. A fixed set of
values was chosen tnd adhered tv, caling thcer tecordinj’ to the projectile

and energy; they ire 1li ted f r 1.0 ;*V pr tens) in Tables ".1 (axes)

and 7.2 (planes) .

Except at the greatest dej’hs, where si ttist ical fluctuations
became ir portant, there t.a-. generally no difficulty in passing a smooth
curve through all thr data points, and they have not been reproduced on
the plots presented .(re. Sore typical curves including the data-points

are shown in Figure 7.1.

Typical bachscattered energy spectra for 1.0 McV protons incident

on diamond in major channelling, and random, directions are shown
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superimposed in Figure 7.2. The qualitative differences between
different channels and between channelled and random incidence, and the

presence of a surface peak, can all be scen.

Angular scans of the three major axes and three major planes of a
typical good diamond crystal, for backscattored 1.0 MeV protons, are
presented in Figures ".3, 7.4, 7.5, 7.6, 7.7 and 7.8 respectively, in
the form of families of curves for different depths. The shapes of the
curves and their trends with depth are similar tv those which have been
reported for many other substances. Fhc gradual disappearance of the
shoulders with increasin.’ depth i attributable to the rapid scattering
out of the aligned bear.:, of ions <hick ample a hinher-than-average atomic
density in penetrating the walls of the channels. This corresponds to
changes in the spectral shape very similar to those observed by Sone and

Fukuzawa [Son'J] for pr tons on silicon.

It is interest!!'., that all the curves of each family intersect at
(or very close to) two common points, having | « SO%. This is observed
in all the data, irrespective of energy or ion. The explanation may be

speculated upon as follows:

i) In between stable channelled trajectories, having with a
normalised nuclear encounter probability [Bai 1] V" 1, and semi
stable trajectories penetr.it im; deeply into the rows, having

v 1.5;, with P>1, there may be stable trajectories having P"I
(or, in this ease, P11 0.8). They would produce i depth-independent
yield for their particular value of v. The assumption of stability

with depth is perhaps rather unlikely to be fulfilled for such



136

rl]

rv

CJ

001



157.

in

IT) O LD O

(1Y)

O O

suojold AN 01

011> ysnoiyy

o5

o0

sueog

SL

om3ig



138.

W) o LD

Lt o

rXj

N

>00 O

o]



100

Depths (pm)

Figure 7.5: Scans through <100>: 1.0 MeV protons (KT1).
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strongly interacting trajectories.

A better proposal is perhaps that of a dynamic equilibrium.
Trajectories with y, have a high dechannel ling probability,
whereas those with say, although mostly in the random
beam, have a high probability for 'feeding-!n' to channels, as is
proved by the spread of the dips at larger depths to AM.Se,z. At
some internedi ate angle one might expect a balance between the two
processes, and a constant yield with depth, the average ion

spending about 80" of its trajectory (or the visible portion

thereof) in the rando: beam.

It may further be noted that the crossover angle .~ bears a

constant relation to | This is:
For axes: - (0.81 *0.02)i

2
For planes : . - (0.73t 0.03);,

Barrett [Bar"l] introduced a factor k into his expressions for

(Eqn 2.7 and Iqn 2.8) in order to fit then to experimentally

and computationally determined values of for axes and planes
respectively. The values of k arc:
Axes: k =0.80 (or 0.83)

Planes: k = 0.72 (or 0.76)

It is interesting to speculatethat the 'critical angles'
determined by the cexpressions,before applicati >n of the factor
k, may be identified with . . In that case, . may represent the
incidence angle of those trajectories which attain the critical

approach distance with respect to the axis or plane in question
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(see 52.2.3). However, Barrett has advised caution [Bar71] in
drawing conclusions from these Monte Carlo based expression:; and

it is not clear why such trajectories should have a depth

independent yield.

The data of other workers was searched for the above phenomenon,
re-plotting it if necessary. In references I)aves (p-*K) and How7l
(p-*Au), families of nested curves occur with no crossover (and no
shoulders). In And72 (p PPhS) the data is indistinct in the
shoulder region; but in the p-»Wdata of zXnderson and Uggerhgij

[AndbS] a crossover does appear to occur, with

Other data presented in How" 1l (p-'Zn) indicates a crossover with

i'i/ix m 0.6 or 0.9 depending on the axis.

This effect should evidently be sought in other materials also.
The dependence of ., on the depth z is plotted in Figure 7.9 for

of z to within the accuracy of the apparatus (o .01 *) and has not been

plotted here.

The depth dependence of for axes is seen to differ with the
specimen. However, the curves all extrapolate to the same point at ==0,

to within o .01 *.

In fact, this specimen dependence is to some extent an artifact

of the definition of tt as the half width at half minimum. A specimen
2
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TAiil r 7.3

Critical Am'lcs for 1.0 McV Protons

Channel Diamond ° (cxpt:} th o (thcor)
<i10> Di-1 0.55 0.54
Di3 0.55
KTl 0.55
Dil s 0.54
<i11> Di3 0.49 0.49
KT, 0.49
Di 18 0.48
<i00> Di3 0.42 0.46
KT1 0.41
Dil s 0.42
<211 > Di 18 0.38 0.41
(o) KT, 0. 17 0.18
Di 18 o . 16
() KT, 0.16 0.15
Dil s 0. 17
{100} KT, 0.11 0 .12

DilX 0.11



with a larger xmn will give a larger Xi than one with a smaller >nin»
although their channelling dips may elsewhere be identical. Measure-
ment of ij, at the same value of x« was indeed found to bring the

i*, vs z curves for different specimens much closer together.

There currently appears to he no analytic theory with which to
compare the dependence of , on :, and numerical calculations must be
used. The results of calculations [lca77c] using the University's
IBM 370/158 computer, by means of the programme PIXUANI L, are compared
in Figure '"b 10 with data fron a good diamond. Agreement is very satis-
factory . The pn gram: e is based on a diffusion model for the spreading
of the transverse encryy distribution, and will be fully described in a

future publication [Fca79].

All the critical angle measurements for 1.0 MeV protons at room-
temperaturc (20cC), corrected to zero depth, are tabulated in Table ~.i.

Values calculated from Fqn 2.7 or iqn 2.S are included for comparison.

7.4.3 Higher Fn ton !n r ic

Similar measurements were made witli protons at 2.5 and 4.5 Me\’ on
the EN Tandem van dc Craaff accelerator; the results arc presented in
Figures 7.11 to 7.17 arid Table 7.4 (2.5 MeV) and in Figure ”.18 to ".23
and Table 7.5 (4.5 MeV). The {100} plane at 4.5 MeV was too narrow for
accurate data-taking and has been omitted. Some results at a lower

energy, 0.6 MeV, from Phase I are listed in Table 7.6.

The same comments alout depth dependence and extrapolation to the
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Figrre 7.10: Compnri:on of the depth dependence of <110> with
comjHiter c ilcnl.it ion [le.i7"c¢], for 1.0 MoV protons,

o data from KT1; — calculation.
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Figure 7.1(0: Scans through -111>: 4.5 flcV protons (KTI)
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Figure 7.23: Depcinle ' of critical an>>lc on depth for 4.5 McV protons:

o KTI; - Dil3.
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TA:UI:
Criticnl \nvlvs for 4.5 'rotoo m
Channel Diamond ° (exptl) ij', © (thcor)
<ii10> Di 13 0.26 0.26
KT 0.26
<i11> Di 13 0.24 0.23
KT1 0.25
<i100> KT1 0.20 0.21
{110} KT 0.08 0.08

(0} KT 0.08 0.07



TAB1lL 7.6
Critic.sl \ni'les for 0.6 MeV Protons

Data taken using an SCA. list imated statistical
errors: 'o.o1° (axes), * .01 ° (planes).

Planar values are mean of '-5 scans.

Channel Diamond P2i° (exptl) 'v, © (theor)
<i10> Di4 0.74 0.70
<> Di4 0.62 0.63
<1CX)> Di 4 0.62 0.59
<> Di4 0.56 0.53
<311> Di4 0.46 0.46
<411> Di4 0.46 0.40
{110} Di4 0.23 0.23
(111) Di4 0.24 0.19
{100} Di4 0.16 0.16

{le} 011 0.14 0.12
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surface, clearly apply here. The uepth dependence decreases with

increasing energy, as observed by Picraux et al [Pic69a] in germanium.

7.4.4 Alpha Channel linp

Alpha-particles produce radiation damage in diamond at an
appreciable rate, as mentioned in Section 6.7 and investigated in
Chapter 10. 1In order to keep Iclow the visible damage threshold when
taking channelling measurements, it was necessary to select a new beam-
spot after each full spectral scan. \ further precaution was to locate

the channels with protons, switching to alphas only to record spectra.

Some typical alpha-particle spectra are shown in Figure 7.24.

Axial channelling dips for .o MeV He 1ions are presented
graphically in Figures 7.25 to 7.27, and critical angle vs depth plots in
Figure 7.28. The depth dependences of ., are about ten times greater
than those observed for protons. Because of the very shallow depths
sampled, straight lines have been fitted through the data points for

extrapolation to the surface.

The extracted surface critical angles ire listed in Table ".7.
Some results at 0.7 MeV from Phase 1 arc added in Table ~.S, but these

probably contain significant radiation damage effects.

7.4.5 hrtor.

The ultimate check on the errors inherent in these experiments is

the extent of agreement between similar data taken on .fferent samples,
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Figure 7.28: Dependence of critical angle on depth for 1.0 MeV
He ions. o KTI.



TABU: 7.7
Critical Ani'lor. for 1.0 McV He Ions

Data for 0i5 taken using an SCA. istimatod statistical errors ;0.02°.

Channel Diamend Vi° (exptl) o (theor)
<t 10> Di5 0.74 0.74
KT 0.78
<ii11> 015 0.64 0.66
KT: 0.64
<io00> KT 0.60 0.62
{111} KT1 0.20 0.19
G0} KT1 0. 14 0.15
TAFM 7.8

Critical A; *.s for 0." ‘W He Ions

Data taken i:-in ; an SCA. Hstii ited statistical errors:
+0.0*5° (axes), +0.02° (planet). Planar values are
mean of ~3 scans.

Channcl (thcor)
<110> 0.88
<1 11> 013 0.79
<100~ Di3 0.77 0.74
(110} Di3 0.29 0.27
{ri1} 013 0.23
{100} 013 0.20 0.19

(211} 013 0. 17
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at different times, and in some cases, with different apparatus; and
between dissimilar data when intercompared via the Lindhard or Barrett
formulae (I'qns 2.4, 2.b, 2.7 or 2.8). However, some considerations of

the errors were made during analysis.

Hie smoothness of the angular plots and tlieir good mirror-symmetry
indicated that yield errors were less than .. percentage points for plots
derived from spectra, in agreement with counting statistics. This was

o

equivalent to an error in ., of <o .o:° at shallow depths.

Repeat determinations of random spectra indicated a standard error
in the mean of «1° after sm< ehing. This contributes an error in i,
1

of <o .o1r at shallow depths (ri iag to large values for weak channels at

the greatest depths).

As mentioned in 5™3.3 and '".4.2, the error involved in extra-
polating .i to ==0 was no rore tlian 0.01o. The precision of the
goniometer itself was of the same order, if this is assumed to be defined

by the step size.

Different determinations of the same critical angles agree to
within o .02 0, which is the value obtained by adding the abover.cntioned
errors in quadrature. In most cases the error can be taken as '0.01°.
Data taken ».ith Goniometer Mark 1 has a much larger spread, in keeping
with its poorer accuracy of o .:"°, and with the accompanying use of SCA's

(averaging over a significant depth of the crystal) to collect data.

The excellent consistency of the results and their errors needs
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some explanation, however, because the largest source of possible error
has not been included in the above discussion: the beam-spread of 40.025°
(at 1.0 MeV) as defined by the collimators (53.3.2). The spread was
evidently much less than this, presumably due to very good parallelism
and transverse stability of the beam delivered b> the accelerator. In
fact in some very fine scans, it was found possible to measure their
widths with a rcproducibi lit> of 0.00-1°, Thi: implies that the
apparatus was capable of adding an extra significant digit to the numbers
presented, but it would probably rot have been justified because of other

uncertainties, particularly in the height of the random spectra.

7.5 COMPARISON- ivrn niroii

7.5.1 Axes

All the axial res ;!ts are compared graphically with Barrett's
semi-empirical relationship (bqr 2.'*), which incorporates Lindhard's
predictions for the dependence m ion char.a and energy and row spacing,
in Figure ".29. lor unequally spaced row? (for example, <I111'), the
average sp.virg was used, as justified by the work of Picraux et al
[Pic69a] . The straight line at -15® to the axes represents perfect
agreement between the measurer.', at and lign 2.", which has been taken
with k =0.83 (which Barrett found to be the best fit to the dependence
on temperature) rather than k 0.80 (hi; value for ion and energy
dependence). The agreement between measurements and lign 2." is evidently
very good indeed for the two most open axes (-:110- and <111") and for the

Phase III data (I ; 1.0 MeV), with the modified value for k.
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The Phase I data (H <1.0 MeV) generally give high values for 1i,.
In the proton case this 1is attributable to scans having been made in a

{110} plane (see Section ¢ .s). The greater scatter corresponds to the

cruder nature of the experiments.

The narrow axes (<100e¢ and <211>) consistently have ., values
smaller than those predicted by I\n 2.7, even with 0.80. Most workers

have tested this expression for the one or tvo most open axes in each

crystal, finding good agreement; it appears that for more minor axes,
a smaller value of k (about 0.76) is required. In other words, the
ratio of ,, to . is not strictly constant, but decreases for the less

close-packed axes. The physical reason for this is not known. It cannot
be accounted for by including the potential of nearest-neighbour rows in

deriving an expression such as iqn

Instead of k, r. could be varied, but much larger changes w->uld be

necessary (see 58.5.2).

7.5.2 ri.tr.es

In a similar way, the planar results are compared with Barrett’s
expression (lign :.s) in Figure 7.30. Once again, the value of k
appropriate to temperature dependence rather than ion and energy depend-
ence has been preferred. The a rreei vnt here is almost as good as for
axes (note the difference in scale between the two graphs), with the
marked exception of the (111} plane. Not only are the measured th values
high, but they equal or exceed those for the {i:10} plane, although the

{111} has the smaller mean planar spacing.
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The explanation in this case is readily apparent. The {111}
planes in diamond have two sets of spacings (see figure 7.31), which
were averaged to produce the value of d* inserted in i'qn 2.8. This
procedure is evidently inappropriate. In order to determine accurately
the effective value of dP(llll, one may note that .,{./.} is zlightly

1

greater than ~, {110} (by about 5%*), and therefore
dP{lll}-dP{llo}'Vloo
(since d» = (v,)*), giving
dhull} = 1.4 A

Using Figure ".31 and Table ".9, it can be seen that this corresponds
most closely to the larger of the two planar spacings (and not to their
mean). Most ions are evidently channelled in this space, with only a

small effect from the closely adjacent second plane of each pair.

TAB11

Sp.acin/1 of nil) Plaia min Piarord

Refer to figure 7.31. lattice parameter = a = 3.567 A

i) Small gap (djl =/3a/12 =0.515A
ii) Large gap (d ) =/3a/4 = 1.543 A
iii) Mean (d*) =/3a/é6 = 1.030 A
iv) d + 2*!d1 =/3a/3 =2.059A



Figure ".31: Spacings of fill planes in the diamond lattice.
are listed in Table .9.

len

trajectory

Figure 7.32: Model of fill} planar channelling

as developed in 67.5.3.

i

Values

P

in the diamond lattice,
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7.5.3 Rec-calcul.ition of f111) Cjitic\ \ii;los

llic above observation may be put on a more rigorous footing in
terms of the considerations outlined in ST...3. It is assumed that ions
are confined to the wider interplanar gap (spacing t! ) with the critical
angle governed by the distance of closest approach c” to the two plaiies
Pj forming its walls (Figure ".32); «c¢. is set equal to mu,, where u. is
the IMS thermal vibration amplitude and m is taken to have the same
value as for single planes (= 1.6). Then in calculating the critical
angle ; , by equating the initial transverse l.inctic energy Tv' to the
change in potential energy between r id-channel and p”, the potentials

due to all four planes (V. and P,) arc taken into account.

In the notation of Reference Ge"t and §2.2.3,

*¢ m *a " fPS,!

where the sun is evaluated for both pairs of planes P* and P , that is,

+.'ps’ <7-3°
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where
{{Fps (Com)]2 + [Fp"C'.n')]2}" (7.4)

with C =P /a’p

n =d2/aTI,

C =(pc+d: 5/aTF

n' =(2d,*d )/aTp
Tl'c values of (:,n) and I'pg(f’»n’) were evaluated from the curves in
Bar71, giving

F»> =10.,2

Then, by analogy with f n 2.8,

K[ FI(,‘S‘) (7.5)

where the value of to ho used in calculating . ( is the mean value,

since d” enters the expression via the atomic density in the plane, which

is determined by the mean planar spacing. The resulting values of (111}
for protons arc compared vith the experimental ones in Table “.10. The
agreement is good, indicating the validity of the model of (i1:1)

channelling used.

Most world's seem to have avoided the pro! lems of unequal ly
spaced, homogencous planes by confining measurements to other planes in

each crystal. (An exception was Davies ct al [PavoR].) The present
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TABLi: 7.10
H MeV) (fqn 7.5) (cxptal)
0.6 0.246 0.24
1o 0.191 0.17
2.5 0.121 0.11
4.5 0.090 0.08

work shows that channel liny, between such planes adtits of a sirjile
description, at least when the spacin’s are ver>- different (in this case,
d, =3d ). There w;r no siyn of a separate channel lin; component in the
narrow spaces of width d., in the form of inflexions in the sides of the
channelling dip; any ions initi il I> so channelled must he rapidly

dcchannel led into the wider 'pace - or into the random beam.

7.5.4 Other Theorie

Some of the proton critical angles for axes were con;-red with
values calculated by the method of Varelas and Sizmann [\'ar72] as
outlined in 62.2.4. This produce: critical angles * rather than half-
angles 9 (see §2.2.1). Taking Harrctt's factor k [Bar71 ] as being a

conversion factor between and ,;. the same factor k was applied in






tins case. 'Hie resulting values were in excellent agreement both with
the measurements and with the Barrett estimate, hqn 2.7, as can be seen
from Table 7 11, with the exception once again of the <100> axis, where
both theoretical estimates agreed with one another but not with the

measurement.

7.6 COMPARISON’ WJ'ill OIH! I ‘TASUI7 M NIS

Hie only other critical-angle measurements for channelling in
diamond which have been reported in the literature are those of Picraux
et al [Pic<i9a] and of Sellsch p md Gil son [Sc73]. Their values are
compared with corresponding one: taken from the present work, in
Table 7.12. Theoretical values calculated by means of hqn 2.7 (axes)

or hgqn 2.8 (planes) are included.

Tliere is reasonable agreement between the measurements of the
different experimental groups, taking errors into account. The values
found in the present work arc generally slighly higher, and tend to
agree more consistently with the theoretical estimates. This is in

keeping with the larger experimental errors reported by the others.

183.
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CMAPTPR R

TBIl'i RATIfRI HUM :[I! M.T 01 ATITICAI. ANCI.LS

8.1 INTROPUPTION

Barrett's [Bar”l] semi-empirical relationships for axial and
planar half-ancles, Pqns 2.” and 2.8, predict a reduction therein with
increasing thermal vibration amplitude. The effect for planes is very
much weaker than that for axes, in agreement with calculations (for
example, Lrgt>5, Ando" m I>“1] and with the experimental observations
of many workers (for example, Pavt m, Audi 8, ard 1uPP). It has been

suggested that this is because

i) channelled ion are already sampling a pseudo-random

distribution of colli ions within the plane [Dav68], or

ii) the planar potential varies more slowly than the axial one

in the region of a . [Pic69a].

Ordinary temperature are so far below the Debye temperature of
diamond that the rein then ! vibration amplitude changes little with
temperature. The critical an le chan es arc therefore expected to be
rather small, (specially below r.oi temperature. No cryogenic

measurements were attempted for thr reason.

An account of the measurement of critical angles at elevated
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temperatures is given in Section 8.2. In Section 8.5 they are compared
with hqns 2,7 and 2.8, and modifications to f.gn 2.7 are considered
which would bring it more closely in agreement with the axial

measurements.

MEASURE?
8.2.1 Experi:ental

Critical angles ., were measured for 1.0 MeV protons incident
near the usual three r .ior axes and three major planes, on one good

specimen (KT1) while it was held at a series of temperatures up to 700°C

(the limit of the apparatu ). Ten;cratun ' were ronitored theimo-

electri cally and kept to within *10°C of the nominal value.

Other details of the experimental technique and data extraction

were the sane as for Chapter

8.2.2 Results

A small but significant reduction of forincreasing tempoVvJitun
was seen for axes; the effect observed for planes was of the order of
the experimental sensitivity of 0.01°, as predicted byFqn 2.8. Some of
the axial dips are plotted in Figures 8.1, 8.2 and 8.3 for different
depths. Critical angle- are plotted against depth at three of the temp-
eratures in Figure 8.-1; the reduction in is approximately constant

with depth, since the curves are almost parallel.

Surface-extrapolated values of T, arc summarised in Tabic 8.1
2
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Ik*|)(jin!lvncv m' critical .mis;le on depth at different
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<110

<ii11>

<ioo0>

Plane

{110}

{ll]}

{100}

Temperature

Temp (°C)

20
300
500
600
700

20

300
500
600
700

20

300
500
600
700

Tj >orateire- r<'pon'-lenc(

Temp (°C)

20
500
700

20

500
700

20
500
700

Pcpciuli'nce

U @

0.014
0.051
0.056
0.058
0.061

.044
.051
.056
.058
.061

S oo oo

.014
.051
.056
.058
0.061

S OO o

TABIL.il
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S oo OO

S o oo o

TAB L1

U

(==

.044
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.061

S O

(e}

.044
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.061

[l )

0.044
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0.061

SO OO O

8.

(exptl)

.55
.53
.49

49

.50

.49
.48
.46
.46
.45
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.40
.37
.38
.37

8.2

of I'lar

42

>

[e]

of Alial Critical

V7o

(thcor)

‘ [Rar71]

.r Critical

(cx

0.17

o . 16
0. 17
0. 17

.54
.52
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51
.50

S oo oo

.49
.47
.46
.46
.45

S oo oo

.46
.44
.43
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0.42

oS o O

ptl)

An”.lcs

Anr. les

b

,° (thcor)
‘ [Var72]

.55
.53
.52
51
51

[=NeNeNoNe)

.43
.47
.46
.45
.45

(= eleoNeNe]

.46
.44
.43
.43
.42

SO oo O

.j° (thcor)

[Rar71]

0.18
0.17
0.17

0. 15
0.14
o . 13
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for axes and P.2 for planes, and plotted against thermal vibration
amplitude (u”) in Figure 8.5. The values of u, were calculated after

Lonsdale [Lon48], using a value of the Debye temperature of 1860 K

[Vic62].

s. 3 COMPARISON IVITUJHI 010

8.3.1 Conparison

Values of ., calculated from L"™n 2.7 and 2.8 arc included in
J

Tables 8.1 and 8.2 respectively. In the axial case (Table 8.1) values

calculated according Varelas and Sizmann's procedure [Var72] are
added (with the factor piled .is described in §7.5.4); they are very
similar to those of !qi. 2.~. Curve calculated fr . Lqns 2.7 and 2.8
are included in Figure 8.5. For the <1UO0> axis, discrepancies in the

amounting to this axis requiring a smaller value of k in Fqn 2.7.
Accordingly, a set ;nd <I(5;' . tree h Icon plotted in Figure 8.5, with
k scaled to fit the .‘oor:-te:; erature rvult. For the (111 plane, which
showed the discrepancies d: ¢ ;ed in '".5.2 and ".5.3, the {110} curve
is a good approxir ition. The crror-bar represent '0.01", the overall

error deduced in 57.4.5.

The planar result » are consistent with Iqn 2.8, if, being constant

to 0.01* over the to pcraturc range exai ined. Tliis confirms that the

temperature effect is indeed very small for planes in diamond.

The axial results follow Iqn 2.7 quite well within experimental

error, the maximum deviation being MI1.02°. It is of interest that this



193.

AXES

[10>

<Io o>

<[00>

(scaled)

PLANES

(o

(111)
(100)

0 055 0060
700°C
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o r100> {100} — theory.
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equation is still valid for u. « a.*. (in diamond N 9.2 compared

with u /aj.j. 'v 0.5 in most substances - see Table 2.2). In terms of
the considerations of §2.2.5, this confirms that the critical approach
distance to a string, o,, is determined by u" rather than a,"., even in
so nearly static a lattice as diamond, illis was also deduced by
Altman ct al [A1VO0] from different evidence (transmission energy loss

distribution of protons channelled in silicon).

There is, however, a systematic indication in the <110> and <100>
results of a somewhat stronger dependence on u than Fqn 2.7 suggests.
This was also noted by Andersen and L'cysgSrd [And72] for protons
channelled in ten different substances. The <111> curve here does not

show this behaviour, and predicts the measurements accurately.

The theoretical treatment of Varelas and Sizmann [Var72] contains

inherent differences between the behaviour of rows in which two different

ator ic spacing-; alternate, such is 1:1:>, and tliosc with uniform spacing
such ar <110> and "100 -. If values of ., arc calculated by their method
to one more significant digit than has included in Table 8.1, it
can be seen that whereas their curves : , 110 - and <io0> are parallel
to those of 1]Jn 2.7 to ; ithi: O'1io, that for the <I111> is shallower to

the extent of an increment of .005° over the range 0°C to 700°C.
Although thim i too small to account for the difference fully, it
indicates that the difit rent behaviour observed for <I11 - in Figure S.5
is likely to be a real effect, and that if the unequal string spacing
were taken .r.to account in Fqn 2.7, the same observation is probably

true for all three axes, namely that the temperature dependence of



195.

is stronger than that predicted by the equation.

8.3.2 Modi fi cat ions

The possibility of fitting the <110> and <100 results using
slightly different values of k and m was investigated. 'Die parameter k
acts only as a scaling factor, and the necessary change in the slope of

the ki versus curves must come from changing m

In his paper [BarTl] Barrett presented such fits for experimental
data [AndGS] of protons on tungsten, and it is evident that quite
appreciable variations of m produce very little change in the slopes of
the curves. The changes were found to be even smaller with diamond:
the <110> and <100" curves required values of r = 2.5 (with k - 1.02) for
the best fit to the ensured point , compared to Barrett's m 1.2 and
k = 0.83. To suggest doublir the value of m appears unjustified in
view of the good agree: sut which has been found between F.qn 2.7 and

the measurements in many different experiments.

An alternative 1is to allow m to vary with temperature (keeping k
constant). This was found to require much smaller changes; a value of

m - 1.3(5) reproduced the diamond data at 600 - "00°C quite well.

Using the considerations of 52.2.3, these results may be inter-
preted as follows. The form of Iqn 2.7 is that obtained from the
continuum mode: ot channelling ( 2.:.:1) by equating the .transverse
kinetic energy: I. « of an ion far from the strings to its potential

energy at the critical approach distance . The latter is assumed to
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be determined only by the mean thermal vibrationamplitudes u, of
individual atoms perpendicular to the string (u.= /2ul); the rel-
ationship between and u (and therefore ul) is assumed to be linear,
Pc =muj where mis a constant chosen to fit the data. The resulting
value of the critical angle , is converted to the half-angle ip by

multiplying by the fitting parameter k.

Choosing a larger value of m implies a stronger linear relation-
ship between ( and u., whereas allowing m to vary implies that the
relationship is not linear beyond a first approximation. This seems
reasonable, as there is no a priori reason to expect a linear relation-
ship. In fact, both Varelas and Sizrann [Var'2], and Morgan and

tic relat i found it
good fit to reasurer.cntin the fir; t case, and computer simulations in
the second. However, their relationships give an m which is a decreasing
function of u, , rather than an increasing one .isrequired here. I't may
be concluded therefore that n_ is not strictly alinear function of i, ,

but that the form of the function is still to be determined.

Barrett [Bar"!] dvised caution in basing conclusions on Pgn 2.7,
because it is a fit to Monte Carlo calculations rather than a theoretical
relationship; moreover his directly determined values of f did not bear
a linear (or quadratic)dependence on u . However, the equation has a
form in Keeping with the phy ics of the channelling situation in terms
of the well-tried continuum model, and has already shown itself amenable
to a physical interpretation by fiemic 11 and Mikkelson [Ge 2], and in

§7.5.3 of the present wort to clarify the measurements of critical angles



for the diamond {111} planes.

agreement with the

implications

The non-linecarity of p on

of the diamond measurements.

in

197.



198

CtIAPTII'R 9

MNIMM Vlilln AXD hIR[-ACT TRAK

9.1 INTRODUCTION

TTie characterisation of diamonds by their (very varied) values
of channelled minimum yield (> M1 has been described in §5.2.3. In
the present chapter the surface minimum yields of good crystals (measured
mostly for 1.0 McV protons undergoing axial channelling) are compared
with theory as regards i ignitude and functional dependence. The surface

peak, closely connected with \nun' was also evaluated.

Data processing methods are summarised in Section 9.2. The
surface peak is considered in Section 9.3 and the surface minimum yield
in Section 9.4. A fev, conclusions al out the nature of the diamond

surface arc vrought together in Section 9.5.

The dept!, dependence of . is of considerable interest, since
it measures the rate of dechannel 1ing of initially well-channel led
particles. This is not treated at all in the present work, as it wil:

form the subject of a separate thesis [Fea79].

9.2 DAl A RROfTSSIN'G

In-channel spectra accumulated for larger ion fluences than those

used for the critical-angle determinations of Chapter 7 (xf for protons,



xS for alphas) were used for the extraction of accurate minimum yields.

The extractions were performed by the Fortran programme PHAKFIT
[Fca77a], which stripped the surface peak and extrapolated the underlying
channelled spectrum to zero depth. This was achieved by fitting

functions to the spectral point'- using the fitting programme ?!'INUIT

[Ja75].

Two estimate? of Yo at the surface were thus obtained: the
yield XQ just behind the surface peak (similar to the xQ of 55.2.3, and
corresponding to z'vO.l uni and the yield >" extrapolated to zero depth.
For accurate comparison with theory, >v was used.

Several workers [Bar-"!, Fo72, AF 2, Vae"3] have reported depth
oscillations of the minimum yield just behind the surface peak. They
arc attributed to ions deflected into the random beam close to the

surface by strongly forward-poked scattering off planes or rows; these
ions must cross the channel sp ice before they can interact again, during

which time they penetrate a distance s. Van dcr Weg et al [Vac"3] have

shown that for planes
s 'vdj/O.S'") (9.1)
Putting d*' 1A and . "~o.:° for diamond planes gives

s ~ 400 A

The analysis is more complex for rows, but s is expected to be somewhat

smaller. The detector resolution in the present experiments corresponded
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to 'vSOO A in depth resolution; thus any depth oscillations would he

smeared out, and indeed none was seen.

9.3 Till: SUI''ACI 11 AK

From the number of counts !” in the surface peak, the number of
atoms per unit area cont ri but inj’ to it was calculated in each case
using Dpi 2.15. For these experiment:, the equation became

N, = Px(1l.7x10:14)cos6 (9.2)

The expected values of N, were calculated from Barrett’s suj;j,ested
formula  fortheeffective nui;! er of surface layers Lflign ».::) combined

with the knownatomic density N, and string spacin”s d:

NA = LXvd cos: (9.3)

The measured value: of N~ were generally at least twice the
expected values; :oreover, they showed «correlation with total proton
dose, indicating that either surface radiation da:.ape or amorphous
carbon deposition were occurring. A plot of r versus appioxirate dose P
(with due allowance for different incidence angles) is shown in
Figure 9.1, for two good diamonds at different terseratures. The dashed

line suggests the trend of the correlation.

A closer cxat, Jnati<n of Figure 9.1 indicates some segregation of
the points accordin.; to temperature. It »i assumed that the relation

mi glit be of the form

P - bD + ¢ (9.4)
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where h is temperature dependent, and ¢ 180*20 in the units used. A
plot of b= (P-c)/D is shown in Iiiurc 0.2, with c= 180; the trend is
again suggested by a dashed line. The fastest increase in the surface
peak is at intermediate temperatures, which would not be expected for
either radiation damage or beam-stimulated adsorption. It is surmised
that direct baking-on of the hydrocarl on turborolccular oil had
occurred at these temperatures, with a burning-off process at higher

temperatures.

Conversion of the number of ators/cnr to the number of extra
atomic layers is complicated by the fact that the density of the
amorphous layer is unknown. Taking the density of graphite as an
estimate gives about 1020 anorphou surface layers inmost cases

(corresponding to the bottoi thirdof Figure P.1).

The value of ¢ represents the number of counts in the surface
'

peak due to the crystal alone; putting - ¢ 180t20 into Fqns » > and

0.3 gives an effective nu her of surface at *s per row

(using an average value of 3 A forthe row spacings). Theexpected

number according to hqn 2.:1:2 is

L. =/1+ =4 to s

depending on temperature. The agreen nt is cpiite good, indicating that
the crystal re: ains perfect almost to the surface, with the possibility

of one or two disordered layers.
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9. 4 TUI!' MNIMIM Y1 L:1JD
9.4.1 Pata Analysis

The observations of the previous section indicated that it would
not be possible to extract the relative contributions to v in and P from
amorphous layers and from the underlying crystal as suggested by Barrett
[Bar71] nor to check his equations (listed in '2.3.2 as Pqns 2.10 to 2.13)
by varying the energy and temperature, since the deposition amounted to
random additions to the data, and the expected effects were much smaller.
Instead, the equation mwere assured to be valid for diamond, so that they
could be used to correct X.ui for th.” effect of the amorphous layer. It

will be shown that this correction issmall, o that <he exactness of the

equations for diamond will negligibly affect the results.

Consider Eqn 2.10:

Xxmin c¢ *X ¢ Xs

= NydirfCu + C'njp) *1er . ¢ x3

with the symbols as defined in Chapter 2. As pointed out in 52.3.1, it
is of some interest to see whether the values which Barrett assigned to

C and C still apply in the case of diamond.

Values for <1 ¢ were calculated for the energies, temperatures,
and axes to be used; they range from 1.01 to 1.04. It is therefore a
good approximation and a considerable simplification to take this factor

as 1.00 throughout.
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Values for % , the term due to surface amorphous layers, may be

estimated in two ways:
i) By bqn 2.13, which will be taken in the form

|
X3 “ NAn( ~ j scc 9 (9.5)

with N* determined from P by !qn 9.2.

ii) Prom work on the effect: of evaporated surface layers on diamond

[Ica75], which determined the value of f in

X, * PIAS x f x (vi)-vz (9.6)

for the particular experimental conditions used.

Methods (i) and (ii) gave the same result to '3-: a presumably
fortuitous agree: nt, since iqn 9.5 wa not intended to be exact. Method

(ii) was chosen, using Pqn 9.6 with

f =6.0 x 10" rad2.

In these equations it i mneces ary to correct P for tlio.se counts

attributable to the crystal surface; one must use

P r (9.7)

p_p
amorph crys

where PLrv, is calculated by wuhstituting Pqn 2.12 into Pqn 9.3 and the

result into Pqn 9.2.
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The value of xs; thus obtained is ~0.001 (0.1l.) in most cases.
(Without the crystal surface correction it would be 'iQ.002.) This is a

small term compared with the expected values of x{ and x of +vO.Ol ecach.

Data analysis proceceded as follows. The connection between X:
and P was used to subtract off x, from Xnin and thus eliminate the

variable effect of surface layers, lign ».10 had now become

(x,,in - BV icu2 *c,4f°
It could therefore be divided through byd, to scale theresults for
all axes on to onegraph. (The validity of this is checked in§9.4 3.)
The values of (x,.,jn - ) )/d were plotted against u-, enabling C to be
determined from the slope (= N'"C) Mid C: from the intercept (= N rCa”p).

9.4.2 Ter:.per.:t,:-o I'c; ' -
Rav> data are presented in Table 9.1, and (X, jn ~x3)/d is plotted
against ir in Figure 9. ~. Alt'iou.h there i< considerable scatter, the
trend is clear, with no ysterati deviations for any of the three axes.
The line drawn through the points is a least-squares regression. The

values of the two constants are iwith those of Barrett [Bar71] in

brackets):
C=232 :0.6 (3.0 £0.2)
C = 0.05* 0.05 (0.2 £0.1)
These results are quite interesting. The value of C is very

similar to Barrett's, while C 1is rather less, and may even be zero.
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The errors in this sttuill number arc large, but it is almost certain

that C <o ..

Similar values have been obtained by, for example, Komaki ct al
[Kom71] kith protons in silicon. It is of particular interest that even
in diamond, where the thermal vibration amplitudes are much smaller in
comparison with . so that \. does not dominate so completely over
X, as it does in other solids, the thermal term xi plays the major rcMe
in determining minimum vie Id ; the 'atomic size' term x is of little

r.nportanee.

This appears to be in agreement with the critical approach
distance ~ being determined by v, rather than a.,), as was emphasised
in 8.3.1, since . . can be regarded as being determined by the size of
the forbidden re ions r-wrn unding the atonic strings, and written in

terms of a function

Xmin = Nvdr, ' (9.9a)
where
« Cu + C'...| (9.9b)
However, this 1 not the same s as the one which determines 2 as
may be verified by a numericul co:. parison with Table ".11. In fact,

Barrett has shown [Bir71] that the single geometrical model for Xm™ is
incorrect, and tl it a significant contrilution to \]ru) comes from those
trajectories which do not have sufficient transve.se energy to approach

the rows. Such trajectoric still hate a finit ' nuclear encounter
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probability, and arc very numerous. The temperature dependence of X,," ,
and its dominance, come from the temperature dependence of the density-
of-trajcctorics function defined in Bar71 and derived from the potential
for a vibrating row. Thus p”" as defined by hqns 9.9 .acs not liave a
direct geometrical interpret it ion, and the results confirm lather that
Barrett's findings apply also in the case where u is small. The same

conclusion about p, has been deduced from experimental evidence [Alt70].

9.4.3 Row-spacin m Pepcndence

It is clear from 59.1.1 that > is almost negligible compared
with X and therefore that ~ ought to be quite accurately nrcportional
to d. Some Phase I O.i- MeV proton data, which were not corrected for x.
but which include higher axes up to *..1. , are appropriately plotted in
Figure 9.4; the linearity oi . ”» (represented in this case by >,) with

d is quite accurate.

It may be noted that the slope is about three times larger than
the value of + Cf.x;..) I< dated from the results in the previous
section. This is because the Plume I values of x, were averaged over a

relative]; large depth using 1 1ingle channel analyser.

9.4.4 Planar 'lh i'u el,:

No gencral relationship inilagous to Fqn 2.10 has been found for
the minimum yields in planar channelling, other than lindhard's rough

estimate, f.qn 2.9'":
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Various mollifications to this have been sup,posted, and arc considered

later.

For the {111} planes, it was jnoposed in 5".5.1 that channelling
within the narrower of the two spacinps is unlikely, and that ions
incident therein are probfMy fed quite rapidly into the random beam.
This modifies Vgn 2.9' to read (see Figures 7.31 and 7.32):

Xmin

d: * . (i)d.

~1 + ‘aTF
> d

It happens that d. (= 0.515 X) is almost exactly equal to 2a.jj: (= 0.516 A
giving xren - 2a*.*/d_ as before. Thus the unequal (111) planar spacing

does not revc3l itself in the r.inirui yield in the case of diamond.

Some t}//pical measured values of ‘min 2TC corpared with Zaﬂ_/dp in
Table 9.2; the agreement 1is reas, nable. The dependence on d < is quite
accurately followe!. It is noteworthy that the measured values are

lower than the calculated ones, and not higher as is usually found for

other substance (for cxarnle, see r)avs S).

Morgan and Van Vliet [Mo70] :ugvested replacing in Fqn2.9'
by a critical appro ich distance which wa:. to be determined by the
procedure outlined in 52.2.1; in Mo71 they included an empirical
modifying factor for a vibrating lattice. FUt as pointed out in 52.2.4,

the necessary approximations break down for diamond. Barrett's
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TAin.i: .2

1.0 MeV protons on Dil8

Plane dp (A (-aTF/d,|) X 100

xmin (n,) 'min “p
{110} 1.261 41 34 43
{ii1} 1.030 50 41 42
{100} 0.892 59 49 44

Monte Carlo sin.ulath'n: [B.ir"l] i>rodu(vd a linear dependence of >, in
on , with a non-zero intercept, in the planar case. Roosendal et al

[Roo71] obtained a ,;ood fit to their silicon measurements usinj

*mi,, " 2V (“1 * “TF]

althou,;!i they obtained a i< m accurate fit to the data of Davies et al

[DavCS] for Si, K and An.

The present measurements showed a small dependence on temperature:
the total change in ~ ~ between :0° and 700°C, of ~3 percentage points,
was slightly greater than the experimental error. Assuming a relation-

ship of the form



X,in = Z/dpCu, ° B,aTF> (9

the data were analysed in a similar manner to those for axes (§9.4.");
a linear regression produced the value of R and B: included in
Table 9.3, together with those of other workers. (There is an energy
dependence, but this is small [Bar71].) The values are in rough

agreement but probably depend on the nature of the crystal. It is

TABU 9-2
Referenee Crystal B
This work C V-1 .0 'vO.G
Roo74 Sl 1.0 * 1.0
Bar71 J W 2.2 0.6

*A greater value produces better agreement
with the data of 1av;

evident that the contribution of thermal vibrations is not negligible,

and that hqn 2.9. is not a very good approximation. The observation

that this formula usually underestimate. , except for diamond, is
man i

explained if the apparent trend thai B e+ Bl, observed in Table 9.3,

is true for most substances.

214
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9.1.5 Comparison with Otl

Values for the minimum yield x just behind the surface peak in
the <110> axis of diamond have been reported by Picraux ct al [Pic69a]
and by Sellschop ;uid Gibson [Se75]. They obtained somewhat different
values for different ions and energies, most likely due to statistics or
to different surface-peak widths. Their lowest mea: urerents (for 1.0 MeV
protons in both cases') are compared with the lowest value typica: of the
present work in Table 9.-1. Tlic theoretical estimates were calculated
from lign 9.8 using Barrett’s values of C and C (. Hieory (1)') and using

the values of C and C: obtained in 9.1.2 ('Theory (2)"') .

TABU 9.1

Comparison of Diamond Vinimun Yields
X. Measured V. Piffvrent Workers

Measured for 1.0 MeV proton in <110 . Values are in
This Work  Ref PicCPa  Ref Se/3  lpeorv  Tlhicory

(1) - ()
1.9 t 0.1 4 21 3.5

The second theoretical estimate, the present measurements, and
that of Ref Sc73, are all in good a reunt. The first theoretical value
is too high, enphasi<ing the need to use a smaller C . The measurement
of Ref Pic69a is high, typical of a diamond to which the improvement
techniques described in Sc. tion 5.1 have not been applied (see

Table 5.6) .
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9.5 NATIHT OF Till SUR'FACI:

The nature of the diamond surface continues to he a problem;
recent reviews are Th”5 and Ta75. A simple truncation of the diamond
structure at the surface results in 'dangling bonds'; these seem
unlikely to exist, and in fact electron spin resonance experiments
(for example, Sapssa) show that the density of unpaired electrons on

diamond surfaces is very low. There are two o' vious possibilities:

1) The surface may reconstruct, involving rc-hybridisation
of the bonding orbitals of the surface carbon atoms and
migration of surface interstitials to produce a self-

terminating structure, di ffvrent from that of the bull.

ii) The 'dangling bonds' may be satisfied by a layer of

foreign atoms.

There ;s evidence f r 1 th rechanisms in ITH) studies [Man64,
Lan66, Lur'ti, bur"], and in the w rh of Sappok and Boehm [Sapss a,
Saps Sb]. The latter workers applied a number of chemistry tcchiques,
such as the i isurerent of heats of hydration, electron spin resonance,
infrared spectrometry, qualitative microanalysis, and organic functional
group analysis, to fine diamond powders, and were able not only tO
conclude that clean diamond surface: can adsorb hydrogen and oxygen
(and certain other gases), but also to identify the functional groups
formed: chiefly *CH, >CH , C--0, —COOfl, and *C —0 —C*. Other

evidence is reviewed in Th7S and la 76.

Ilic results arc not completely consistent, and there are probably
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as yet uncontrolled influences, such as surface topography [Lur77]. In
this connection it is worth remembering, when experiments have been
performed on polished surfaces of, say, nominally {ii0} or (100}
orientation, that micro-facets of (::1:1} orientation may also be present

(see below).

The present work was not designed specifically to study diamond
surfaces, and lacks the depth resolution of true surface techniques, so
that any conclusions on this subject arc hound to he less truly surface-
specific. However, evidence accumulated during these investigations

sheds some light on the pro! cm outlined ibove.

It appears likely that the 'dar.g.ling bonds' can he eliminated
either by surface reconstruction or by i-purity atoms, the two modes
having a certain stability with respect to one another since heat ng is
necessary to pro to a transition [bag a]. Natural diamond surfaces
are expected to be terminuti : by a layer of impurity atoms (the species
depending on the environment in which the diamond has resided), and this
was seen in the oxpeii: nt: described in S.3.1. These atoms were found
to be difficult to remove, su, estive of chemisorption rather than
physisvrpti3n; acc:denta:ly-i ntroduced ::1con, which has the same
electronic structure v carbon, was even more tenacious, and must have
displaced other mpvcics io bond directly t the carbon. On cleaning in
stages, the 'earthy' impurities were lost first, then the silicon
(Figure .3). (The silicon was alwaxs . socia'ed with three times the

number of atoms of ox\gen, implyin, a group containing an SiO" grouping.)



218.

Surface impurities could be removed by vigorous chemical action
(§5.3.2), but some oxygen always remained as a surface layer (that is,
as a peak in the spectrum of backscattcrcd a-particlcs). The surface
density of the oxygen atoms was calculated from the area under the peak,
using Eqn 2.15, for a number of {111} surface: , and compared with the
theoretical density assuming one oxygen atom per 'dangling bondl: for
freshly cleaned surfaces the density corresponded to 1.2 * .1 monolayers.

Some beam-stimulated deposition and the lad of a background subtraction

would explain the slight excess oi this figure over 1.o.

Since the cleaning was carried out in aqueous solution (which was

' bl

also strongly alkaline), it is speculated that ito- ' on 'dangling bonds
were replaced by hydroxyl (-o011) groups, little evidence for such groups
was found by Sappok and Boehr [Sapt cb], but their surface treatments
were not in aqueous media. Hydrogen is not revealed by backscattering,
but recent worl by Sellschop ct al [Sc-"] using nuclear reactions, on

diamonds cleaned by the same process, has shown a surface concentration

of hydrogen, also equivalent to about a monolayer.

Other processes of preparing the surface would be expected to
saturate the 'dangling bonds' by different species: for example, single
hydrogen atoms (that is, o.11 groups) in the c of polishing, which is
carried out in oily medium. This was assumed by Lurie and Wilson [lur-s,
Lur77] to explain their results on polished samples: ITED patterns
characteristic of the bulk, with no impurities detectable by Auger
electron spectroscopy (which is blind to hydrogen). On heating, the

hydrogen was apparently lost, and the surface reconstructed.
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An oxygen layer was also observed by Davidson et al [Das71],
after an aqueous cleaning procedure, and identified as a monolayer.
However, their calculation is in error by a factor of three,and two-

thirds of tins oxygen must have been due to beam-induced deposition.

The polishing behaviour of diamond has been successfully
explained by experimenters at Oxford University (sec for example, Wi72,
Cas72, Cas73, Thr"S) using a model based on one first put forward by
fiJkowsky [To20]. It assures that poli hing proceeds by brittle fracture
chiefly along the easy (i1 cleavage planes and the tearing off of small
particles bounded by irregular -"l11 faces. This would resu’t in very
little damage bein propagated into the bulk, and would explain why good
channelling was obtained vith polished samples 55.4.3) - in sharp
contrast to metal; and even the diamond...tructure sc: iconductors such
as silicon, in which abrasive polishing is accompanied by considerable

plastic flow.

A polished surface would, however, be expected to be intersected
by a network of fill -orientated ricro-crac’s, representing the
incipient stage of the polishing process, and so would be somewhat
strained. The improvement of ch mnelling minimum yields which was
always observed after polished samples were anncaled (55.4.-1) is
explained by the healing of these cricks. A network of micro-cracks
was also postulated by Vander ande [Yad7.3, Vad76] to explain his thermal

conductivity results from polished sa:pics.

The channelling observations are also in accord with a



thermal ly-activated chemical mechanism of diamond polishins’, proposed
by Seal [Sea58, Seass], However, a chemical process oup.ht to leave

no damage at all under the surface, and no improvement would be expected

on annecaling.

Channelled minimum yields at natural diamond surfaces were also
improved by annealing (‘5.1.11; it is likely that diamonds accumulate
mechanical damage during their history. After annealing and cleaning,
the size of the surfacv peak (extrapolated to zero bean-induced
deposition) corresponded to an 'effective nuther of surface layers'
(s1l) close to that (5M) theoretically calculated for a perfect crystal

(Section 9.5), indicating that the structure became almost perfect at

the surface.

220.
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CHAPTTR 10

RADIATION I-AMAGR

10.1 INTRODUCTION

In the earliest Phase I invo tiviition—- of diamond with a-particles,
radiation damage effects rani fe- ted themselvv as a progressive increase
of the channelled spectrur heci lit with do: c. Systematic investigations
of radiation damage were therefore undertaken to determine corrections
to the channellin cat i, r to vst iMi h whether danav. mcould be made
negligible. \s sore interesting effect'- appeared, the investigations

were pursued somewhat further.

All radiation darr ; e in the e studies was induced by 1.0 MeV He
ion bombard ent, and analysed by channelled i-particles or protons. No
systematic invest: > <« of protc: da- o wa undertaken, since no

evidence for it was ever seen in the longest runs employed.

A note of warnin lias ri T.t1} been sounded by Qudrd [Qu'fi]
against using tlie channelling effect too naively to extract radiation
damage in the form of "mr cr of displ iced atoms’ by the method of Pdgh
(Section 2.5). Bdghls analysis was for randomly disordered or amorphous
regions of a crystal, whereas in a typical experiment, interstitials,
vacancies, voids, dislocation loops, etc might also be formed, all

having different dechannel .in cro sections and rendering such an
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analysis meaningless. At best, it gives a useful indication of the
amount of damage, rather than a quantitative measure of the numb'-

disordered atoms, unless these arc all known to be in amorphous r ;NS.

In Section 10.2 a simple determination of the relationship
between minimur yield and ion dose idescribed, leading to a limit on
the maximum dose tolerable if damage effects were to be negligible.

(The influence on critical angle was expected to be lc s mirked, and to
occur chiefly via the increased depth of the channelling dip.) Attempts
to elucidate the nature of the dan go arc described in Sections 10.3
(annealing behaviour) and :10.1 (energy dependence), and extractions of
the damage profiles arc ivet in section 10..". The conclusions ire

summarised in Section i10.€.

The most rer rkahlc feiture of the damage data was its

inconsistency. The dechannel ling vet u dose curves were not accurately
repeatable, nor uis the annealing beh.viour: reverse annealing some-
times occurred. This is re* rded tror.g evidence for the migration

and clustering of point defects (mentioned in Qu"s), and for the
interaction between them, and defects or impurities already present in the
_rystal in variable amounts. A proper study of light-ion damage in
diamond would evidently have to be researched at least as carefully as
the channelling studies f undamaged diamend in order to produce

consistent results.

Several studies of radiation damage in diamond due to ion

bombardment have already been reported; they arc reviewed and referenced
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in Bou7.> (together with neutron and electron irradiation studies).
However, all were performed with low-energy heavy ions ffor example,
40 kcV Ar+) and the results are not necessarily expected to be closely
similar to those ol the present work, since a heavy ion on stopping
deposits a greater amount of energy into atomic motion, in a smaller
volume, than docs a 1 feV ile+ ion. The heavy-ion results could at best

be used as a guide, as could similar results for 1i:icon and germanium.

Vavilox an 1 co-workers [Yav"4] tr iced the progress of 40 keV

Initially, plate-like clvistvn of di placed ator., were for.:cd; after

heavier fluencc the cr\ t I'rokt* up invo 19000 * -.sale "ic:ls and
twins orientated j u .11(1 t>t'" 111 1.ae of the .pecir:vn, acv ;:parv d
by some general a N-; : tit a. Tin ill), complete amorphisation and
graphiti sation occurred. It ra> be noted that the fluenee (nl0‘r Ar

cm ?) was then a' at tv i< of 1 - :itudv ies- than the i-particle
fluence needed t render d! , mnd a- t:s in the experiments described
in Section 10.5. respite t!.; uid the di ffert nces in projectile .aid

analysis method, the occurren e of similar processes will be deduced.

The experircnts to 1.described are best regarded as an excursion
along an uncompleted lino ofresearch. No studies of light ion damage
in diamond appear to hav been reputed hitherto, and this study,
although perhaps represent ativ< onh of particular specimens and

conditions, indicates the re ults which ray be anticipated in i fuller

irivestigation.



10.2 EFFECT ON MIN'I'fUM VII FP

10.2.1 Method

To determine the magnitude of damage effects in a typical alpha-
channelling experiment, long damage runs were alternated with short,
analysis runs, both using 1.0 McV He ions on the same crystal spot.
During the analysis runs, <110 ¢ channelled spectra were recorded. The
damage runs were five times as long as the analysis runs, in either

irrandom' or <::10> orientations.

10.2.2 Fcsult s

The minimum yield measured iust under the surface (x.1 is plotted
against total ilpha-parti cle fluerce D in Figure 10.1, for three different
experiments on two stones. It ray he noted that the doses involved are
heavy: about 3 * I( ions cr + are enough to render the crystal
completely amorphous at the end of their range (according to the

experiments described in Section 10.4).

A good linear relationship between .. and D is revealed (except
for an initial region), with the slope for damage in a <i.:0> direction
of Dis being about one-third of that for damage in a random direction on
the same stone. Hiis is in agreement with expectations since at these
shallow depths the :-beam is well-channelled and little damage would be
expected. However, when dan iging KT2 in a random direction, the straight
line coincides closely with that for DiG <110. rather than Dis (random),
except for one point (arrowed) which lies on the DiG (random) line.

This one point doe:, not appear to result from error. It may be that

there arc two different regimes of damage, depending for example on its
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rate of production relative to the rate of migration o interstitials
(KT2 had about throe times the average beam current density of Dis,

but a swept beam was used - see 510.3.2).

The most valuable conclusion from these graphs is that damage
effects near the surface only become apparent at a dose of v3*10.s
ions cm * (corresponding to the dose for deep amorphisation). It was not
difficult to Veep below this limit in typical experiments (see

Section 6.7).

10. 5 ANNT ALIS'G

10.3.1 Ixperi: onta 1

The range of 1.0 MeV He 1ions in carbon is 1.5 am; the greatest
depth from which 1. o MeV proton? can be :act;scattered out of the crystal
is greater, "-2.5 urn, so "h it by using a proton beam for analysis the
entire damaged volume could be investigated it the same energy as was
used for the damaging bean. Most of the damage caused by a fast ion is
at the end of its range, where nuclear stopping comes into operation,
and the alpha-da: age shows up in the channelled proton spectra as a
peak rising towards the random spectral level, centred on an energy
corresponding to a depth of 1.5 mi (Figure 10.2). The peak is due both
to dcchannciling by di rd- red regions, and to direct backseattcring
by atoms n -t on lattice sites. At greater depths (lower energies) the
spectrum docs not drop back to tin perfect-crystal level owing to the

accumulated dcchannc:ling which has already occurred
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For these experiments, a uniform lateral damage distribution was
ensured over an area greater than that of the analysing beam-spot
(0.7 mm diameter at normal incidence, spreading to 1.3 nm long at the
largest values of o) by electrostatically scanning the alpha-beam in a
raster over the crystal surface, through an oversize collimator (2.0 mm

diameter) .

Anneal in.". ; > carried out in (usually isochronal) stages,
typically of 20 minutes duration at 100* intervals, up to 700°C, after

various total ion bombard::ents .

10.3.2 Result -

The results of anne.-ilin,; were not always consistent, as pointed

out in Section 10.1, but sore general features could be established.

No annealing of the damage peak was observed after the heaviest
bombardments ("10 “ons cm ), even on prolonged heating. After
smaller doses ( I (° ions cm ) about a 50’ recovery was observed;
that 1is, the peak dropped to midu.y between the damaged and undamaged
levels. The 1ightly-c.-i: "d region between the crystal surface and the
damage layer always showed i sir ilar recovery, (50 .« 10) . Bearing in
mind Quvrd's warning [Qu76], the reduction in 'disorder* can be taken

roughly as "50%.

It was quite surprising to obsi rve any recovery at all, as the
damage was expected to consi t of bulk amorphou- regions at the end of

the range of each ion or knock-on (see Pa65 and references therein) and
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ting €« vt . < i. ® i« . LI | in ' tli prevelling terap-
. .

|

surrounded by jfficicnt ' tl ct .rystal for annealing to be

vner .ct.it .LI'y feas¥*.

'thii i». .1 n "sti mate of the sizes of tlie zones to be
i t inod. It will I im d that they arc roughly spherical and that
th . f- . 1> to -.e<qg within a few interatomic

Spacing. , ra MO A (t length of the carbon-carbon bond in diamond is
1.44 A . hen fo; h volume of an amorphous sphere of diameter t

t e th t of ;il' * j)iv semi-danaged halo,
n/6r B i [tt/6(T + 2*10) |
giving approximately,
T ~ co A

This should be an ov( ri .tir ite wutce it neglects isolated interstitials,

and because of the or iginal assumptions.

Anothi .st mito for the size of these zones may be obtained from
the fa Jure ol ihe havily da: aged region to anneal at large doses -
presumably because t - morphout ones had overlapped to form a single
amorphous layer. The it ic.it dose will be taken as ~3*10l1' ions cm |,
which is also ilie dc D t which the spectral peak was observed to reach
the random level. 1h< thickn* of the damage layer was determined from

the spectra as 'V).6 i. Then tin nunTer of ~-particles stopped in unit
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volume of the crystal is

1 %0.0 * 10"4

and the volume per damage .one i: the recipr << mf V 1

t -v 3/2 x 10"21

~ 10 4.

This is an under- stimatc since superirposition of the damage re >

keen neglected.

Considering the crudity of the a sumptions, th t

agree quite well. This lends confidence in the model oi th
consisting of individual ghous zones. Amorphous clust-
size have been observed by transmission electron microscop; n si i m

damaged by Sc* ions (~50 4 diameter) [I'azOS] and germanium damaged b>

ions (70 - 90 A4 diameter) (Pa(S].

However, calculations based on the accepted nuclear stopping
theories (for exarj le, hi' 1 indie ted that .-particle; w . rrc n
atomic displace cnt in diamond over a much greater rang , 'vIOOO 4.

This implies that aggregation into smaller amorphous clusters must tv-
occurred after damaging, pre urn,ably by the motion of interst itial;
Similar conclusions were reached by Vandcrsande [Vad75] from the results
of thermal conductivity e\j <lit :nt on diamond after electron irradi aticn
(which produces a different initial distribution of atomic displacements):

that the interstitials arc mobile and form aggregates of '100 - 200 4



diameter at room temperature, or ~55 A diameter after annealing to

1100°C.

Finally, an estimate of the number of disordered atoms per
incident ion may be obtained from the estimated volurie of a dar.age

cluster. Tho number of atoms per unit volume is

density * Avagadro's number

atomic mass
and multiplying these two quantities together gives

disordered
atoms per ion v (2 * 1o *] * [3.52 * 6.023 %0 V12 01 ]

~ 3 x IQ2.

This agrees with a r.ore accurate estir.itc which will be obtained

subsequently (§10.5.2).

No sharply defined Zimealin,, stage was observed: if annecaling
occurred at all, the sjoctral height decreased progressively as the
temperature was raised (Figure 10.3). Apparent steps are thought to be
due to counting statistics or slight uy.siul misalignments, as they are
within experimental error and arc not reflected in both the damage and
sub-damage regions (defined in §10.4.2). The lack of well-defined
annealing thresholds implies that no very specific types of defects,
with well-defined activation energies, were annealing out, but that the
damage consisted largely of rather general amorphi sation and semi -
crystalline regions; such damage would also control the rate of annealing

by motion of interstitials through the lattice.
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Annealing tf alpha-dam iged diamond monitored by changes in
the miniiaun yield. Ilie damage and uh-damage depths are
defined in Table 10. 1 with I'igtirc 10.2.
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The upper limit of the apparatus for in situ annealing was about

750°C. Annealing to higher temperature ; would have been desirable,

since complete restoration of crystalline order in ion-bombarded diamond

has been reported after annealing at 9r>0°C [Das71].

10.4 INTROY P! iTNP! NCr

10.4.1 Oeneral

It has been pointed out [Bro"7] that the dechannelling cross-

sections for si all defects (interstiti ! and elu tens) should be

proportional to C 1, and for extended defects (such as dislocations)

to E* [Qussa, QuGsb, Moy72]. inergy deptndenc of E ; for proton
interstitials [Jou-Z4] and I for stacl ng-faults [Moy72] and voids

[Ron75] have also been calculated. Proton spectra were therefore

obtained at different energies in order to elucidate the nature of the

damage.

10.4.2 Experirontil

The usable energy range for these experiments was limited by
resonances at its lower and u; per bound' . Data were taken between 0.75
and 4.50 McV, using both accelerators. The damage was always by 1.0 MeV

He ions, using a scanned beam, in a random direction near <l111”.  Light

doses were used, up to 1.3 *10:’ ions cm

Channelled minimum yields were plotted logarithmically against

energy:

i) for the undamaged crystal, for three different alpha-particle
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flucnccs, and for the subsequently annealed crystal;

ii) for protons channelled down <ii10>, <i:1:>, and <io00> axes;
iii) for four different depths below the surface, including the
damage depth: they are indicated on the proton spectra in

Figure 10.2 and listed in Table 10.1.

TAjUL 10.1

Analysis !ejih f : Fner -y be. i\ nee of J mcl: mm Iline

Spectnr Region

(Figure 10.2) Referred to as Depth (tm)
A Surface 0.0
B Sub-surface o "
C Damage peak 1.5
D Sub-damage 2.25

The depth region of greatest interest is the sub-damage region
D, in which the dcchanne 11ing, due to the damage layer manifests itself.
For this depth, the 'perfect crystal' yield was subtracted from the
'damaged' yield, and the resulting 'damage dechannel led' yield plotted

for conditions (i) and (ii).



The energy I.t at each depth was calculated by the method

explained in §2.4.3.

10.4 .5 Rest)lts

Some of the plots arc shown in figures 10.4 to 10.15. The surface
and subsurface yields changed little with the light doses used, and these

plots have not been repeated for each damage stage.

Riots for the undamaged crystal, for the four different depth
regions, are shown for <110" analysis in Figure 10.4, for ~:::> in
Figure 10.5 and for <100 in Figure 10.(’. The surface yield remains
nearly constant with energy, as expected from Fqn : .:0, and the other
three regions show the energy dependence expected for dechannel ling in
undamaged diarond due to electron wultiple scattering and thermal

. . . - i . o
vibrations ]fL165]‘, AminI with v 0.8.

The curious behaviour of the damage peak and sub-damage regions
after a-particle bombard:.ent may be seen in Figures 10." to 10.12.
At the lower energie <« ret ains negative as the dose increases, with
values between -0.9 and -0.5 (until the yield approaches 1001), but at
higher energies the curves for the 'i110s and the <io0> axes curl
upward, with v reaching +1.0 in some cases. The [lil> curves maintain
substantially their original negative slope throughout. Although only
the sub-damage yield i: determined purely by dechannel :ing - the damage
peak yield is due to direct backseattering also - the two regions show
very similar behaviour. This agrees with a single scattering model of

the dvchanncl i ing, in which dochannel 1 ing. and backscattci ing are
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YIELD
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depth, <1 11> fKT2).
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depth, <Ilo> (KT2).
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proportional to one another ('2.5.1 and Sc73) . The behaviour of the
dechannelling due to the d.n i$;e alone (with the perfect-crystal
contributioi rvi:-oved ,i indie-"ted in the prev.i ou-" section) is illustrated
in Figures 10.13 to 10.1'. Similar features to the abovementioned ones
are seen, except th.it the lot*-emit.y negative slope of the <110> and

<i00"™ curves 1s absent.

It may also be noticed :1: it the amount of dechanncllin&, and its

rate of increase with i-p irtich- f.ucii'.e, is much greater in <i:o0> than

[
whi ch yield i< plotted .in<t da:v’ d ;c for two energies, and by
Table 10..?, which she., value-- of tl dat n v c- ch.-.i.ncllin,. yield relative
TABLf ic.:
\%
Ion dose 1.3*10' icm i
Incident
| %
Hner,:y *mln (dan)
(McV)
<i10> <ii11> <io00>
1.3 2.0 0.7 0.4

4.5 3 11 1.4
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gurc 10.13: Dt'vli nncl 1lii < voi.jioiti lit duo to damage only, versus
energy : “110° (; P2).
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to that for the perfect crystal, Riven by
- xmin{i”*n]/x, lin(pcTf).

Tlie relative dammage dcchannel 1ing is similar and small for the <i111> and
<I(K> axes, in contrast to the <110 case, and despite the quite different
energy dependences of the <i111- and ‘100" yields. The higher riio>

dcchannelling is evidently the major effect.

10.4.4 TI'xplanati g

There appears to be no single explanation for the behaviour just
described. rt is libel) that several types of defect are present, and

their influence are ccn sup iir: lin tlie dcchannelling result .

The first pc sit ility nliich can he di rissed is that the observed
curvature of the yield versus encr y plots is due to the presence of
both snail and extended defect , the I  dependence of the fcrner
dominating at lower cncr n» mand tin o dcp ndvnce of the latter tabing
over at higher cncr, ii . Although both types of defects arc probably
present, the effect of the small defects is strong only in <I11>
(Figure 10.14), indicating dominance of other damage; moreover at high

energies v > 0.5, in fact v~1.0.

The most important anomaly to be explained is probably the high
<110> dammge dcchannelling; this could be due to a lattice location of
damage interstitials within the regions of nearly perfect crystal. One
requires a site which is shielded aleng the ... and ‘...,' rows, but

not along the <110 row .
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Four sites have been suggested [Wat71, Wel73] for the self-
interstitial in diamond; they are illustrated in Figure 10.18. A
careful examination of a three-dimensional model reveals that only the
tetrahedral site satisfies the above requirements (Figure 10.19).
Therefore, the tetrahedral site appears to be the preferred residence of
interstitial carbon atoms generated in these experiments, in contran to
calculations [Wat" 1, Wei".'] which have pointed to the 'split-<100>

or 'bond-centred' configuration is energetically most favourable.

It remains to be explained why these inter titials do not
produce a negative onergv exponent f r dechannel ling in «ii10> - in
fact v 'v +0.3 at low energii (Figure 10.13) . Hus could be due to
flux-peaking effect ,: it can be shown [Fea7(] that the flux peak at a
fixed depth 'sharpens up' as the energy of theions incident on the
crystal surface increa .e. Thi w uld pn 'a ean increasing interaction
probability between ions an. inter, titials located near the channel

centre as the energy incre vd.

Many other studies have emphasised the inportance of detailed
transaxial angular 'cans in deriving valid lattice-location results, in
order to allow for, and take advantage of, flux-peaking effects. Some
preliminary scans at 1.0 MeV were undertaken, but no obvious effects of
flux-peaking nanifc ted tin elves in this iode of analysis. It would

be interesting to carry these experiments further.

Hie strong upward cuil of the <110 - and <100" curves at the

highest energies, to a slope of v1.O, requires an additional explanation.
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It is suggested that this is due to the breakup of the crystal into
slightly misorientated mosaic blocks. Consider channelled ions entering
a mosaic block which is misorientated from the original channel axis

by a small angle P; their angular spread with respect to that axis will
be between 'v +*'; and ~ A, Thus if 3 < ijj most of the beam will

remain channelled, whereas if P ~ |, most will he dechannel led. Since

~ depends on energy, a transition between the two regimes will occur

as the cner v is raised.

The energy dependence of the dechannel ling ray he obtained by
considering the dependence of the yield . on the incidence ar. le f. - ?)
with respect ti the channel ixi< of a r ..ic bitck. In 5~ 3.1 it was
mentioned that, for . - ,”*, %* / with k-1 for axes at shallow depths
(sec Tqn ~.1); at the deaths now being considered ( : vm), k = is
found to provide a better fit. The width of the dip scales with ;e,

so that

X *  [(V - 8)/V;]2 (10.11

(neglecting the r.inieum yici it her lign 2.4 or Eqn 2." gives

«n'* (io.2)

and from fqn 10.2 and Eqn 10.1

X ki (10.5)

Hiis is the dependence of yield on energy observed for the damage
dcchannc 11ing at the highest energies, In the <110'" and <100> axes. The

lack of a sir.il ir effect in <111 oust be due to all the misorieiuations
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consisting of twists about this <:::> axis (the one used was

perpendicular to the crystal surface).

It has been implicitly assumed in the derivation above that
parallel trajectories were incident on a mosaic block with a well-defined
orientation. Of course there is not only a distribution of trajectories
as previously mentioned, but also presumably a distribution of £. This

does not affect the energy dependence of the overall yield.

An estimate of the rean nisoricnt ition of the crystallites may
be obtained b> considering that the tran ition from low to high de-
channelling occurs when .~ ~ . For different axes of polar angle s,
one may put S - ysinO, where > is the twist of a mosaic block about
<111>. The value of to be used is that for the energy at which the

yield curve begins to curl upward. Then

Y sinO ~ ( (10.4)

At this stage it may be noted th.it the change of slope in the
<110> case occurs at about 2 -5 times the energy of the <100> case (for
damage st ..c 2, where the boh-.viour is clearest, 2.5-5 Met for <110>
(Figure 10.15) and -w 1-1.5 McV for <100 - (Figure 10.15)). This is in
agreement with expectations; either Iqn 2.4 or Fqn 2.7 gives

“ (F:d) °, and if igqn 10.4 is satisfied, then

Fj a (d Sin‘o) 1

This gives a calculated value of the ratio I, 110>/1.7100> of 2.s5s.
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Inserting the above rough values of I} into t'qn 10.4 gives

Y ~ 0.5°
for both <110+ and <100> data.
Another fora of polyvr) tal Unity was considered: microti inning
by 60° rotation about the <111 axis normal to the sample face. (This

is the same twin lav that product-s navies.) It can easily be shown that
low-index axes lyin.r in f110' planes (as ilo all ehose investigated here)
always coincide with low-ind' \ axes in the twin; the pairs of axes have

indices of the form k 1 .uid <1 1 C> where
4/i - tk - 21 - 1 * 0 (10.5)

For <110> ar.J <10 channelling, the corresponding axes presented by twins
(<411' and <221) have allei critical angles, and enhanced dechannelling

would resuit. A der.enstr -tion if this effect in silicon has recently

been pul 1i hod [I ""].

This rechani r produce ¢ in energy independent dechanntlling: the
ratio between two critical in It depend- .nlv on the rv. spacing, so
that the relativt ntrn-uin,: of the channel in the twin does not depend
on energy. Dechannel lin;: at the matrix/twin interface is also energy
independent as the latter con titutes a stacking-fault or free surface

within the crystal.

Tliere is ne evidence for an energy-independent component in the

dechannel 1ing curves for <110- (! igure 10. 13) and <100'* (Figure 10.15).
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There is no such evidence in the <111 curves (Figure 10.14), as expected,
if twinning is by rotation about this axis. Voids also give an

energy-independent dcchanncliing, but would be visible in all axes.

A crucial experiment to test some of the above deductions would
be to channel along one of the other <111 axes at 70%*32' to the one
used. Here the yield versu energy curves would still not be affected
by tetrahedral interstitial , but mosaic spread would produce a strong,
upward trend at high ener.i'S, and tv.innina would contribute an energy-
independent component, as according to lign 10.5, an axis such as
[111] transf. ITS into one of the f-rr <551 in the twin. Unfortunately
the maxisw an ;ular pertuia ) t!e 11 iter was 'O*, and the

experiment was not carried out.

Curves for data taken after nnealing to "0O0°L are also plotted
on Figures 10." to 10.15. Apart from their lower overall yield values,
their most n ticeable fe ture . tb.at at higher energies, for the <110>
and <100> axes, they arc much flatter than the pro-anneal curves. This
implies that the : 'saic proad has liven reduced. There still seems to
be an energy-ir.de pen lent component , implyin that the pi tulated
microf. ir.' are -1al le; and dcchannclling in <110" is still greater,
although in somewhat Iler proportion relative to that in <111> and
<100> than was the ca " before annealing. One may deduce that not all
the tetrahedral intir-t itial have annecaled out at 700°C, although the
self-interstitial in diamond is normally mobile below room temperature
[Vad75]. This supports the eugge tion of 10.3.2 that their motion is
here limited by the pro ence of other forms of disorder which have not

yet annealed completely at 700%*0.
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10.5 DAMAGE: PROPIM i XTRACTION

10.5. 1 Metliod

The principle oi' extracting a quantity representing the 'degree
of disorder' of a damaged crystal, as a function of depth, from the
depth-dependent channel led minimum yield, was outlined in Section 2.5.
A Fortran progra? e to perform the extraction according to these

principles, was written to run as a subrout:ue of QL.ANSPFC (57.2.3) .

A 'perfect' (undar,ued spectrur, as well as the 'damaged'
spectra and a 'i indc:iit' srectr: ¢, wer required. After depth convey ion
(§7.2.1) and nor ali ation 2.2), the value of the disorder parameter
n(z) was calculated as a step, ise function of depth, starting at the

surface, for each, depth increment into which the programme divided the

spectra. The dechannel ling function f(z) (lon 2.19) was required to
merge smoothly wit! the channelled yield , z) at depths greater than
those of the vi :Me pe -A. The d :I: rnelling parameter -

(Eqn 2.21) was suitably adju ted and the damage extraction re-iterated

until this conwr: mc- ¢ ndition was net.

To obtain the initial estimate of *, »., Schmid (Sc“3] showed
how to use a strai ht-ii; approximation to f(z) under the damage peak.
It was found that the particular shape of the diamond spectra often gave
rise to unrealistically i1at ;c or small values of P when this method was
applied, and the programme became unstable. It was usualh better to
impose an arbitrary value of <o with o < * 1+, from which the

programme was able to converge.



The steps in the calculation v.ere as follows (.the notation is
that of §2.5.2; i denotes the depth interval number) . By Hqur. 2.19

and 2.21,

For the first depth interval thi ~ became
f(D = Xj.d)

Then by Hqn 2.IS,

g(i) = xd(i) - f(i)
Finally, ly Fqr, 2.20,

n(i) = g(i)/[1 - (D]
The pro r.ir-.e h.id t >be toL: ipproxi- itvl\ where to expect the damage
the darage actually found). After this point, the sum Eg(j) was no
longer accumulated, md th proj-.rar.- ¢ be in comparing values of f(i)
and ) ,(i). After adjusting ¢ upv trd u downward as required, another

iteratioi. was perfor-: ., unti: f(i) converged to \ jii) to the

stipulated degree of accuracy. The into -ated darage (T n(i)) and its

distribution were tl en printed out.

10.5. 2 [Usii: "

An example of a damage profile extraction (traced from the

computer output) ie shown in Figure 10.20. I.xtractions were performed

259.
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for two of the analysis energies, 1.3 fleV and -1.2> McV. Approximately
the same values of the adjustable parameter < (which measures the

ratio of dechannel.ing to direct bad scattering) were required for
different damage stages, but each combination of axis and energy requ'"red
a different value; they are listed in Table 10.3. It seems possible to
fit all the dat.i with a single value of * using the equivalent of a
plural scattering treatment based on the observed dechannel :ing by

amorphous surface layer: [Fca',5]. Thus the necessity for different

TABI1! 10.3

Pam.ire I vtr>ction P.\r i vtef

Energy Values of K Damage Peak

(ym) *
(McV)
<10 % <i11> <100 Depth Width
1.3 0.17 0.09 0. 11 1.5 0.3
4.5 0.40 0. 10 0.20 1.7 0.3
*Krrors in these figures are ‘0.05 um.

values hi re is probably due to the <hortcoring.s of the single scattering

model which is inpiiud in tlie treatment used (52.5..").

Table 10.3 also contains the mean damage depth md the half-width
at half-maximum of the extracted peak (after correction for th° trajectory

angle, these quantities were the same for all three axes). The depth
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increases slightly with energy, the width retraining constant. This

nmy due to a depth-scale error, but is probably an observation of a

phenomenon pointed out by Querc [Qu”b], that defects which obstruct the
channels, such as small clusters or stacking-faults, cause most Of their
dechannelling within a distance VI beyond the defect, where X is the

channelled trajectory 'wavelengthl, which increases with energy.

Extracted values of the integrated damage E n(i) arc summarised in
Table 10.<1 and plotted against damaging dose in Figure 10.21. They have
been multiplied by cos to eli inate the effect of traversing a greater
thickness of damage at largot p lar angles. The absolute accuracy of the

extraction is approximately indv; indent of dose and is - 'o.1 * 101" cm

For <111> and <100> analysis, the integrated damage is independent
of axis or energy and increase a;;n-u-atelv linearly with a-particlec
fluerce, with some indication of a curvature corresponding to a
saturation effect. (It may 1, noted however that the maximum value
of n(i) attained 1i; only 0.4.) For <i10>, the relationship is again
linear, and similar in ragnitt.de at the lower energy, but more damage
is observed at the higher energy. This is in keeping with the
suggestions of 110.4.1, that the chief anomaly is that between MI10>
and the other axes, and that it i: due to the presence of tetrahedral
interstitials which ire onl> observable in <ii0> and for which the
nuclear encounter pro! ibility increases us the energy increases causing

the ion flux to pea! more harply it the mid-ch innel axis [Fea76].

These results provide an experimental example of the problem

discussed by Quvrv [Qu7f-]: that unless a damaged region is amorphous,
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Figure 10.21: Dependence of measured damage on damaging dose (KT2).
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the 'amount of damage' found depends on experimental factors and

cannot be taken as the 'number of atoms not on lattice sites'.

If despite ihis the 7110 - data at 4.5 MV arc taken as giving
the best rough estimate of the number of atomic displacements, then
the slope of the upper line in Figure 10.21 gives a number of displaced
carbon atoms per incident i-particle of 330+£20. This agrees with the
estimate of "300 derived from the annealing behaviour (510.3.21.

Inserting it into the Kinchin-Peasc relationship in the form
N(En) - 0.42 En/Ed

(where N(E”) is the number of displaced atoms, is the amount of
energy available for nuclear collisions, and I, is the threshold
displacement energy which is equal to ¢0 eV for diamond when averaged
over all directions [Hi~4]) givi man esti mate for In of 60 KeV. It
would be interesting to com; ire this value with the result of a

comprehensive caleulition of Wintrrbon type [li'in":].

10.6 S?221.M vV

There was evidence for several different types of damage in
u-bombarded diamond, but it was complementary rather than conflicting.
In addition to identifiable damage typos there were probably more

general arorphisation and even graphi tisat ion present.

The annealing behaviour (510.3.1) implied the existence of
clusters with diameters of a few tens of AngstrOms (510.3.2). Although

the data were consistent with one cluster per ion track, the sice was



smaller than the expected region of heavy damage at the end of the
track, and aggregation of interstitials had probably occurred. The
clusters may have had amorphous cores which were unable to anneal. The
energy dependence cf the dechannclling (510.4.3) pointed to the
presence of interstitial carbon atoms in the tetrahedral sites, and
mosaic blocks with a spread of "0.5"; with less direct evidence for
microtwinning on (111) plane parallel to the crystal surface (§10.4.4).
Dechannclling by extended defects may have been present (there was
evidence in the gas-etching re ults of §5.4.2 for dislocations in
bombarded crystal regions) but did not appear to play a major role.
Extraction of the damage profiles (510.5.2) supported the deduction of

tetrahedral interstitials.

On annealing to "00*0, the evidence for interstitials and mosaic
spread was progressively reduced. The motion of single interstitials,
which are normally already r 'ile at room-temperature, must have been

limited by the extent to which other damage had healed.

These results agree quite well with the deductions of Vavilov
et al [Vav74] already referred to (Section 10.1), except that those
workers observed a sequence of damage types with increasing dose. The

ion-bcam technique was not sensitive enough to reveal such evidence.
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CONCLUSIONS

It has been shown that reproducible, reliable ion channelling
data can be obtained for natural diamond, although achieving this is not
as straightforward as for many other substances, and special precautions
must be taken (Chapters 5 and ). Results can be very specimen
dependent, and careful selection from a moderate number of good stones
is necessary in order to obtain specimen- representative of intrinsic
diamond without appreciable impurity or mechanical damage effects
(Section 5.2). Channelled minimum yield measurements provide the best
criterion for selecting stone for channelling studies (5.2.3).
Pretreating the diamonds by surface removal or annealing usually
produces a significant improvement in crystal quality as monitored by

channelling (Section 5.1) .

Cleaning, too, can be important, md requires the application of
special methods (Section 5.3). Here ion backseattering provides a
sensitive meanl of monitoring surface cleanliness ( 5.3.2). Care must
be taken to avoid re-contarnin it ion from the vacuum envi ronmci v
(Section s .s), because common contaminant: have higher atomic numbers

than carbon and can cause significant dochannelling.

Some of the special techniques described in Chapter s wvre

evolved to deal with other problems which are more severe with diamond.
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such as target charging (Section 6.3) ;irul electronic noise pickup
(Section 6.5); in other cases the problems are common to all ion
channelling experiments but are not always adequately considered, such
as secondary electron suppression (Section 6.2) , and the orientation of
transaxial scan-planes (Section s .s). It was shown that the exact choice
of axial and planar scans can have a significant effect on the measured

values of channelling critical angles (Sections .5 and 6.9).

Critical angles , h. ve been measured for several low-index
axes and planes of diarond, at several energies and for two ion species
(Section ™4) . They were reported in Tables ~.5 to 7 S; the channelling
dips ..nd their behaviour with depth were plotted in figures 7.5 to 7.28.
The reproducibility of the results between different specimens was good

and the errors were +o.01* which is small by ion channelling standards.

With the exception-; noted below, all the results were shown in
Section 7.5 to be well described by Barrett's semi-empirical relation-
ships [Bar71], which arc rooted in the continuum model of channelling
proposed by Lindhard [Li65]. These relationships are, for axial

channelling Fqn 2.":

with k = 0.83 ;ind m - 1.2, and for planar channelling fqn 2.8:



kith k = 0.76 and m= 1.6. The other symbols arc defined in Chapter 2,
and the functions and Fpi.(f,n) are presented in Bar71 and Gc74.

Tyjiical differences between theoretical and experimental values of I,

were ~0.01°. The values of k and m quoted above were proposed by
Barrett as giving the best representation of the variation of with
temperature; for the ion and energy dependence lv found slightly

smaller values of k gave a better fit to his Monte Carlo simulations

(see Table 2.1). However, the former set of values gave better agreement
with the ion and energy dependence as well a with the temperature
dependence in the present case. This may be because Barrett did not

extrapolate his values to zero depth, am was done here.

It is reintriable that the - expre ion apply so well to diamond,
which has the L west value ; of I- -th t, and Z for which careful comparisons

with experiment have been i ide, ind therefore represents an extreme case.

For higher-ordcr axes (- 100 -, <211>) a smaller value of k in
Eqn 2.7 gave a better fit, namely k 0.7(>°0.01; the physical significance
of this was not obvious . For an unequally-spaced plane ( 111}) Fqn 2.8
gave incorrect values when the mean planar spacing was inserted. However,
modifying the equation in terms of the continuum model, to include the
effects of the four nearest planes and not just two (lqn 7.5 with Eqn ”.4)

was successful in correctly predicting the measured values of > (§7.5.3).

The axial data agreed equal lv well with values calculated by the
method of Varelas and Sizmann [Va.72], based on a consideration of the

exactness of transverse energy conservation in the channels as determined
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by binary-collision calculations (57.5.4) . The fact that two quite
different theoretical approaches can predict experimental results
accurately, gives confidence that the channelling phenomenon is well
understood. The accuracy of Varelas and Sizmann's treatment does not
seem to have been appreciated hitherto, because t produces critical
angles . which should not be compared directly kith measured hilf-angles
4i. If Barrett's k is regarded as a conversion factor as in §7.5.4, then

the calculated values of k. are found to agree closely with the measured

values of

The empirical approx: it: >> of Morgan and Van Vliet [Mo"0, Mo"!]

appear to be out of their range of applicability in the case of diamond.

The dependence of proton critical angles on temperature was also
found to be well repr Jucvd by I in 2™ and 2.S of Barrett, and by the
method of Varelas md Sizr.ann, -ver the range examined, 20eC to ™00?C
(Section 8.3). The data were presented in Tables 8.1 and 8.2 and

Figures s.1 to S. ..

The form of Dps 2." and 2.8 is that obtained in the continuum
approximation by putting , the critical approach distance to the
strings or plane houndin.: the ch.nncl, equal to mu , where u. 1is the
RMS thermal vibration amplitude of the atoms in one dimension and
m v 1. The accuracy with which these expressions hold for diamond
(58.3.1) 1is the most direct confirmation ycr obtained that the critical
distance parameter for table channel iin. is u, rather than a.* as

suggested by Il.indhard [L:65]. In diamond u" 'v 0.17;7". whereas in most
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solids on which channelling experiments have been performed, the two

quantities are comparable.

There was some indication of a stronger temperature dependence
than that predicted for axes by f.gn 2.7, as noticed also by others
[And72]. It was suggested that this could best be accounted for by a
mildly temperature-dependent value of m, that is, bv a dependence of

Pc on Uj somewhat stronger than linear (8.3.2).

Studies of the surface peak in the hacksc itter pcctra of axial 1y
channelled protons ..ere conplu ited by the slow deposition of carbon
layers from the turbomolecular pump. /\n extrapolation to zero deposit
gave an effective number of surface layers of the crystal itself in near
agreement with Barrett - prediction, Eqn 2.12, indicating that the
crystal was perfect at the surface with the possible exception of on" or

two outer layers (Section 9.3).

The surface minimum yield wa studied in Section 9.4; data arc
presented in Tables 9.1 and 9.2. The effect thereon of the surface
deposit was small and could be corrected for (59.4.1). The predicted
dependence on row spacing of ,"" d (I.qn 9.81 was well reproduced
(§9.4.3; Figure 9.1). The temperature dependence igrved with that

proposed by Barrett [Bar?:) and embodied in iqn 2.10:

xmin = NVdTr(Cu2 * X

where Barrett's values for C and Ci wire 3.0%0.2 and 0.2*0.1 respectively,

and the other symbols were defined in Chapter 2. (The square-root factor
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was always M in this work, and x* 0O .) Barrett suggested that one
might generally take C - 0. Hie values obtained here were C= 5 .210.5

and C = 0.05*%0.05 (§9.4.2). Once again, diamond provides a stringent

test of theory. The two major terms (>| = NydnCir and x NydnCa”p)
are very disparate in most substances, with x, (because C*C' and
u* 'x a”pi and the true values of and hence of C arc hard to assess;

in diamond x[ ~ X (because u,« a.”.) and the value of C may be

examined more closely. Tlie value obtained wa distinctly smaller than
ti:s, and that take C* o in
Practice. In fact, in his anal, siN, all contribution to mpvere

determined by a dentity-of-trajectories “unction proportional to u; ,
and this is vindicated bx tin qis cnt data. In such a model <min
cannot he interpreted geometrically as representing the forbidden area

around the strings, as was former:\ cm ternary.

Such extensive theoretic I predictions for planar minimum yields
arc not available. It i generallyneed that min should be * dp
and this dependencewas well followed by the data (Table 9.2). (By
coincidence, the unequal (i1 spacing dot . not produce an anomaly here.)
A small tcperature dependence w, observed, and tentatively fitted by a

reasonable function (9.1.4; Table 9.3).

A by-product of then.e studios wa the shedding of some light on
the nature of the diamond suri v, which i still an unresolved problem.
Ilic ion-beam results a ;reed with other work which has suggested that the
surface 'dangling bonds' can be satisfied cither by impurity atoms or by

surface reconstruction. The high crystal perfection apparent under
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polished surfaces was consistent with a current model of the polishing
process as being primarily one of the tearing off of very small blocks
by brittle fracture, and also with an alternative mechanism of

thermally-activated chemical reaction (Section 9.5j.

The radiation damage of diamond by light ions appeared to be a
highly complex phenomenon (Chapter 10) as has been observed for other
substances and projectile-.. It was however possible to keep damage
effects negl gible while taking channelling data (Section 10.7). Prom
the annealin K-h..vi r iSecti n 10. o, the <ner dependence of the
dechanreliir.i (Secti n 1-).4) , and the extracted dor.ige profiles
(Section 10.5), sorv deduction couv: be ride about the nature of the
damage; they were ;u ariscd in Section 10.: . No single type of
damage fitted all the observation:-; there was good evidence for
amorphous zones or clusters, sci:f-inter titials preferentially located
in the tet rahedr . tv; , at ! .iv  ,r< ad, and weaker evidence for
microtwinning and rather general amorphi mation, in general agreement

with (thei rtudie: [VavT-1],

Diamond is an easy crystal 'n which to perform channelling
investigations, hut lifficult one in which to do ther rcproducibly.
The problem can be overcome by applying careful, logical procedures,
and the resulting nc . urervnt- are of interest in providing some extreme
tests of the accepted channel lii theo®ie ». In most cases theoretical

predictions agreed veil with the experiment-; herein described.
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APPENDIX

DIAMOND (IIANN! LI.INC DATA

All values in A.

Name Symhol
lattice par. -liter a
axial spacings d<iio>
d<Il1>
d<ioo0>
d<a .. >
planar spacings d~fl110)
d
P{l 1 }
dn(ioo}
d‘ 211
P{ H
Thomas -fcri i screening arf.(p}
distance (a)
atoms per unit volume
NV
thermal vibration amplitude ui(:0°c)

*But see 57.5.2.

Formula

al2/:
a/3/2
a

ale 2

a/2/4
a/3/6%*
al/4
/3/2a/6

Eqn 2.2a
Fqn 2.2 b

s/ as

Debye

Value

3.567

2.522
3.089
3.567
4.369

1.261
1.030
0.892
0.728

0.258

0.176

0.044
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The versions given here are for the Hewlett-Packard IIP25. They

run with slight modifications on the other IIP programmable calculators.

Co-ordinate conventions for both programmes are defined in

Figures A.l and A.2.

The equations used are as follows:

9 = arc cos (cos ” costj/ - sin9” sint cos*')

siniji sin-«
¥ = % 4+ arc sin -

In CCS, the value cf . is stepped; in CRAP-2, *' is stepped.
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fbs
Neg. 0 Pos. 0
Pos 0
Fiflure Al: Definition of < tiomvtvr viordinatc! . : is positive
clockwise.
0 negative dlref)tlon OIf
anticlock wise |G| increasing
0 positive
clockwise

origin

Figure A2: Definition of local coordinates, c¢ is always positive.
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