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1. INTRODUCTION 

Nuclear probes should be understood to mean energetic charged 
and uncharged nucleons and nuclei, and y radiation from nuclear 
decay. These.are dominantly protons, alpha particles and 
neutrons. Much research has exploited fast moving electrons, 
but this has been orientated largely towards radiation 
damage studies, and will not be considered here. 

The emphasis is directed to the use of nuclear particles 
for the analysis of impurities in diamond from an interest in 
both the observed physical properties of diamond and of the 
genesis of diamond, and the inter-relation between these two 
aspects. However (nuclear) radiation can be used more 
specifically: from the inter-relation of elemental impurities 
chemical and geochemical information can be deduced, from 
energy variation depth distributions of selected impurities 
can be determined, the prospect of lattice location of 
impurities exists from the use of extremely finely collimated 
beams of nuclear particles, which are used also for probing 
the inter-atomic fields, and finally all nuclear probes 
excite luminescence in diamonds. 

Although the use of nuclear probes is by no means unique to 
studies of diamond, they are relatively unexploited in thits 
field, and particularly in combination with other diagnostic 
probes, can be expected to contribute significantly to the 
(many) basic and open questions in diamond physics. , 

In this review it is endeavoured to show what has been learnt 
at this time, while appreciating that much has still to be 
clarified or even learnt, and that some older concepts on which 
much has been based, may well have to be changed. 



2 

2. THE COMPOSITION OF DIAMOND 

The observed properties of diamond reflect unambiguously 
the presence and importance of elements other than carbon. 
The identification of all these elements, their relationship to 
any defect structures, their chemical relationship, and 
geochemical significance are fundamental to all diamond 
studies. 

At this time, 58 elements have been established as occurring 
in diamond; of these 53 are determined by nuclear techniques, 
and 31' solely by nuclear analysis. The method of instrumental 
neutron activation analysis (I.N.A.A.) dominates the analytical 
nuclear probes, largely because it is intrinsically multi-
elemental, sensitive, and non-destructive in the sense that 
the specimen can be re-analyzed subsequently. (Significant 
radiation damage occurs, so that other diagnostic techniques 
can usually not be applied after exposure to nuclear 
radiation). An overall summary is given in Table I - almost 
all values from the literature are included, although some 
from earlier work are doubtful. Three sets of data have 
been omitted: two are of very early work on boart, the third 
evidently shows heavy contamination. 

The data presented in Table I reflect the very low levels at 
which many impurities occur. The techniques used must 
therefore include the most rigorous care in sample 
preparation and handling, and control of the environment in 
which such preparations and measurements are made. Important 
also, for trace elemental analysis, is the question of 
standards. These problems are soluble however, so that 
for all but the light elements, there is now little doubt that 
the impurity picture that is emerging is a meaningful one* 
The light elements, in particular for A * 23,need a great deal 
more attention - there is no multielemental technique of 
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TABLE I 

OVERALL SUMMARY OP ELEMENTS DETECTED IN NATURAL DIAMOND. 

ELEMENT RANGE OF MEASURED VALUES 
_ppm {by weight) 

METHOD(S) 

H NVG MS,G 
B .01 - 10 CPAA, OS 
N 4 - 2800 CPAA, MS, PAA, 
0 11 - 1700 PNAA, RBS 
P .7 RBS 
Na .003 - 34 INAA, OS 
Mg .Oil - 370 INAA, OS 
Al .02 - 100 INAA, OS 
Si .05 - 80 PNAA, OS, RBS 
S 10 - 90 INAA, RBS 
CI .013 - 3.6 INAA 
Ar NVG MS 
K .01 - 48 INAA 
Ca .025 - 195 INAA, OS 
Sc 10" ' \ (.001 - 280) INAA 
Ti .005 - 8 INAA, OS 
V 10" • \ (.06 - 260) INAA 
Cr .0004 - " 1000 INAA, OS 
Mn <.0001 - 5.4 INNA, OS 
Pe .03 - 140 INAA, OS, RBS 
Co .0003 - 1.5 INAA, OS, RBS 
Ni .02 - 80 INAA, OS 
Cu .0004 - 40 INAA, OS 
Zn NVG OS 
ga NVG INAA 
Ge NVG INAA 
As 10' • \ (.001 - 11.9) INAA 
Br NVG INAA 
Rb .001 - .127 INAA 
Sr 10' ' \ (.007 - 2.4) INAA, OS 
Zv NVG INAA 
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TABLE 1 - Ccont) 
OVERALL SUMMARY OP ELEMENTS DETECTED IN NATURAL DIAMOND. 

ELEMENT RANGE OF MEASURED VALUES 
ppm (by weight) 

METHOD ( S ) 

Ag .035 - 30 INNA, OS 
Sn NVG OS 
Sb 10" 3 x( .02 - 350) INNA 

Cs 1 0 " 3 x ( . 0 l - 17) INAA 

Ba .007 - 58 INAA, OS 
La .00001 - 14 INAA 

Ce .00005 - 16.8 INAA 

Nd NVG INAA 

Sm 10" 3 x( .004 - 500) INAA 

Eu 10~ 3 x( .001 - 97) INAA 

Gd NVG INAA 

Tb 10" 3 x( .06 - .98) INAA 

Dy 10" 3 x( .03 - 270) INAA 

Ho 10* 3 x( .01 - 1.5) INAA 

Er NVG INAA 

Yb 1 0 " 3 x ( . l 6 - 8.2) INAA 

Lu 10" 3 x( .01 - 3..0) INAA 

Hf 10" 3 x( .5 - ' 86) INAA, OS 
Ta 10~ 3 x(.066 - 33.0) INAA 

W 10" 3x(.O09 - .6) INAA 

Ir 10" 3 x(.0005 - 160) INAA 

Pt NVG INAA, ds 
Au 10" 3 x( .001 m 65) INAA 

Hg .004 - 5.«» INAA 

Pb NVG OS 
Th 10" 3 x( .6 - 700) INAA, (RBS) 
U NVG INAA, (RBS) 

* 
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CODE: CPAA 
PNAA 
G 
INAA 
MS 
NVG 
OS 
RBS 

Charged particle activation analysis 
Fast neutron activation analysis 
Gravimetric 
Instrumental neutron activation analysis 
Mass spectometry 
No values giver, (qualitative identification) 
Optical spectroscopy 
Rutherford backscattering 
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adequate sensitivity for this region. The greatest promise 
probably lies in specific nuclear reactions for each nuclide, 
and in most cases, charged particle reactions are indicated. 
One may anticipate that this gap in the impurity picture of 
diamond will be filled in the next few years, and that the 
truly 'characteristic' composition of diamond will only then 
be established. However since much of the periodic table is 
already satisfactorily scanned, sufficient data has become 
available in the last few years, particularly since the 
advent of high resolution gamma ray spectroscopy in 
association with instrumental neutron activation analysis, for 
serious attempts to be made to seek an interpretation of the 
data. 

Frequently, macroscopic mineral inclusions are found in 
diamond. Sometimes these are large enough to be removed for 
analysis. Identification by microscopic observation is often 
possible, and minerals have been analysed also in situ by 
electron microprobe. These minerals are found also in the 
kimberlite matrix. Both for the minerals found as inclusions 
and for the oogenetic minerals, the elemental composition has 
been established. 

The complete impurity data for diamond may therefore combine 
elemental data (i) due to (identifiable) mineral inclusions, 
(ii) due to submicroscopic inclusions which are not specifically 
identifiable as known oogenetic minerals, and (iii) due'to 
individual, volatile and non-volatile, foreign elements. An 
analysis of the data presented in Table I in terms of these 
three types of inclusion, is necessary. If such an analysis 
can be successfully carried out, we may expect to obtain an 
insight into the geochemical and physical environment of 
diamond genesis and transport. The results of such an analysis 
need therefore to be examined also for possible correlations 
with the physical properties of diamond. Finally, the 
distribution of all three types of inclusion, both in the bulk 
stone and in terms of lattice location, and any relationship 
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thereof to the physical properties must be sought. 

A. Light elemental impurities ; A = 1 - 19 
(1) Hydrogen 

There is evidence for this element from mass 
spectrometricv *J' and gravimetric ' measurements, 

rp x\ and for water from mass spectrometric analysis* » . 
Heavy ^on beams have been used successfully for the 
determination of hydrogen in rocks, including some 
of lunar origin^5* 'and are currently being directed 
to analyses in diamond. 

(2) Helium 
No successful attempt at detecting helium is known. 
Resonant nuclear reactions can be used but must 
still be attempted. 

(3) Lithium 
Only one attempt is known* to have been made, using 
the reaction 'Li(p,n)'Be, by detecting the neutrons 
at the energy threshold for this endothermic reaction ' 
No neutrons were found, enabling an upper limit of 
2 ppm to be set - this must be regarded as conservative. 

(1) Beryllium 
A tentative measurement by Rutherford back scattering 
has been subsequently withdrawn'. 

(5) Boron 
This element is particularly important as a candidate 
responsible for the acceptor centre in the very rare, 
form of natural semi-conducting diamond. Particular 
emphasis has been given to measurements for boron, as 
all other candidates among the Oroup III elements 
were eliminated. In 1971 Lightowlers* ' 
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suggested the use of the reaction 
1 1B(p,o) 8Be * 2a 

Chrenko * showed that for laboratory-grown diamonds 
doped with boron, the boron could be determined by the thermal 
neutron induced reaction 

10B(n,o)'Li 
The emergent o-particle and recoil lithium nucleus were 
detected by the track-etch technique in cellulose nitrate or 
in cellulose tri-acetate plastic sheets. For these boron-
doped laboratory-grown diamonds, the tracks revealed the 
surface distribution of boron clearly. However Chrenko found 
no clear tracks using this method with natural diamonds, for 
which he attributed an upper limit of 3 ppm borer. 

Subsequently Sellschop et al, using plastic sheet supplied 
by Chrenko, repeated his experiment on a selection of natural 
diamonds, without positive signal, corroborating Chrenko's 

(Ik) upper limit. In 1971*, Sellschop et al reported on the 
detection of boron in three semi-conducting diamonds (and 
the absence of boron in an insulating stone), using the 
reaction 

10 7 B(p,o)'Be (ground state) 
7Be e ̂  7Li* (0.i»78 MeV excited state) T,= 53 days 

\2V ' 

?Li* > 7 L i + Y ( E ^ . 0.i*78 MeV) 

where e indicates electron capture. This result was 
confirmed by Sellschop et al * *' in 1975 and extended to a 
further three semiconducting stones. Protons of 6.2 MeV for 
an integrated dose of ̂  0.15 coulombs were used. The strong 
activity produced in the C(P,Y) N reaction has a halflife of 
9.96 minutes and can be alleged to decay so as to cause no 
interference. The boron fingerprint is the O.478 MeV y-line 
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and the 53 day halflife (Pig. 1). A possible interference is 
7 7 from the reaction 'Li(p,n)'Be. An upper limit of 2 ppm for 

lithium has been established independently (see (3) above). 
Since the six stones analysed revealed a range of boron 
contents from 0.01 to 0.24 ppm, with an average of 0.12 ppm, 
the lithium limit should be improved. In terms of the p-type 
semi-conductivity of the stones however lithium cannot be 
the responsible element since it is a donor, not an acceptor. 
The boron analyses have been rendered quantitative through the use of 
crystalline boron nitride as a standard. Lightowlers * ' 
reported closely similar results, using the nuclear reaction he 
had proposed in 1971 , so that from the corroborative 
evidence of the two independent sets of data, boron has 
been positively identified and measured quantitatively in the 
range <0.5 ppm. 

The range quoted in Table I is extended beyond that quoted 
here, by optical spectro 
perhaps be re-evaluated. 

(7) here, by optical spectroscopy measurements which should 

(6) Carbon 
Nuclear analytical methods cannot distinguish carbon forming 
part of the diamond lattice from other carbon atoms present, 
either as self-interstitials or as part of inclusions or in 
the form of C0 ? or CO. The isotope ^C can be distinguished from 
12 (17 ) 
C, and further precision measurements of this isotope ratio ' 

are warranted. Resonant nuclear reactions should be used so 
as to establish whether this isotope ratio reveals any 
variations from bulk to surface. In one measurement by 
charged particle backscattering * 2 * \ the 5C content was 
measured to be 1.19 of the total carbon content. 
(7) Nitrogen 
Since the pioneering work of Kaiser and Bond K ' in which 
a vacuum fusion-mass spectrometric method was used to establish 
the presence of appreciable amounts of nitrogen, three nuclear 
analytical methods have been developed. The first * » 9 ' is 
by photon activation of nitrogen, using high energy gamma 
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radiation from an electron linear accelerator. The (v»n) 
reaction produces N which is unstable to 8 decay with 
characteristic half life of 9.96 minutes. 

/-1-» pi 2 2 ) The second nuclear technique •L-'' x » " ' exploits the features 
oT the (o,n) reaction. This is endothermic for nitrogen with 
an energy threshold at E a = 6.103 MeV. The corresponding 

12 l1! 
matrix reaction C(o,n) 30 has an energy threshold at 
E a = 11.264 MeV, so that up to 11 MeV incident energy, the 
nitrogen analysis can be carried out sensitively (large cross 
section) without any matrix contribution or interference. 
Another important characteristic which distinguishes the 
(o,n) method from the (y,n) reaction, is that the a particle 
has a specific range in the target, and the a beam diameter 
can be varied. With small beam diameters relative to the 
size of the diamond, lateral and depth profiling of the 
nitrogen content of a stone can be carried out. The latter 
implies making nitrogen measurements at different incident 
energies and sampling thereby different depths of 
penetration. (Pig 2). 
For both these nuclear methods, crystalline boron nitride is used as a 
standard, in pure form, and also diluted with known amounts 
of spectroscopically pure carbon. 

Nitrogen is observed in a third nuclear reaction also, viz. 
in the (Rutherford) backscattering of protons and alpha* 

(25) particles v c-", if the reaction is truly Rutherfordian, 
absolute quantities can be determined with precision. The 
spectra obtained reveal the presence of nitrogen and 
indicate that it is not present as a surface impurity only. 

A significant body of data on nitrogen is now building up, 
with the range of values reflected in Table I. An important 
observation is that nitrogen is found in all diamonds. 
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The importance of the role of nitrogen in diamond is such, 
that much further analytical work can be anticipated, in 
efforts to reveal, if possible, the distribution 
characterists (clustered or dispersed), and lattice location. 

(8) Oxygen 
(21 Besides nitrogen, Kaiser and Bond * ' detected CO and H-

in the gases evolved by diamonds graphitised at 2000°C. By 
crushing diamonds in the inlet to a mass spectrometer, 
Melton et al. * •** ' observed peaks which they interpreted 
(in order of decreasing abundance) as H 20, H 2, C0 2, CH^, N 2 

and Ar. It should be noted that the gases found in a typical 
stone amounted to a total of approximately 0.1 ppm, so that 
the fraction collected does not necessarily represent the 
total of the volatiles contained in the stone. It is 
perhaps surprising also to find in the results of Melton et al. 
evidence for relatively complex organic compounds (Cífy, C 2Hg, 
C,Hg, CH,, CH 2, OH) in view of the extreme conditions in 
which diamonds form. 

Oxygen is sensitively determined by fast (Ik MeV) neutron 
7 oh of, of \ 

activation analysis ' ' • The relevant reaction is 
l 60(n,p) l 6N 

which decays by 0~ emission with a halflife of 7.13 seconds. 
This is one of the few quantitative methods available for the 
determination of bulk oxygen concentrations and represents 
the most powerful and widely used application of 14 MéV neutron 
activation analysis. Extreme care is essential to avoid 
contamination of the diamond by extraneous oxygen. Sources of 
such oxygen are associated with the vial in which the diamond 
is irradiated. The stone is therefore removed from the vial 
and washed in HNO, and H 20 before counting. The air in the 
vial is replaced by dry nitrogen. The diamond is wrapped in 
platinum foil to obviate recoiling N ions from any remnant 
oxygen in the vial or absorbed on its walls, from reaching and 
adhering to the diamond surface. In the irradiation holder, 
air is replaced by dry nitrogen. 
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Possible interfering nuclear reactions could arise from 
boron or fluorine. Boron, if present at the levels given 
earlier, would give an apparent oxygen content of < 2 ppm. 

(25) Fluorine has been reported once for a single diamond 
specimen. Prom this measurement and from the upper limits 
for fluorine in diamond-as set by instrumental neutron 
activation analysis v , a very conservative estimate for 
fluorine would give an apparent oxygen content of < 1 ppm. 

The neutron flux was monitored with the specimen by irradiation 
simultaneously of a piece of lucite rod in a dual rotating 
sample holder, and 
counting simultaneously in two systems. Standardization 
was effected by using chips of silica, of approximately the 
same size as diamonds, the oxygen content being calculated 
from the weight. 

A suite of 146 inclusion-free (as selected in a polarizing 
microscope under 30x magnification) diamonds, in 13 groups, 
was analysed, giving a range of oxygen values from 24±10 
to 90+40 ppm, with an average value of 35±4 ppm oxygen. In 
a large collection of stones, with and without inclusions, with 
colour ranging from colourless-to dark brown, the oxygen values 
ranged from 20 to 1710 ppm. 

(25) Charged particle backscattering x •" reveals oxygen in 
diamond as well. The data indicate a surface concentration 

15 2 
of oxygen in the diamond crystal of 1.28 x 10 J atoms/cm , 
equivalent to not more than one to two monolayers of oxygen. 
(9) Fluorine 
Fluorine has not been found in instrumental neutron activation 
analysis, setting an upper limit of 5 ppm. Fluorine has been 

(25) observed in charged particle backscattering v •" at very low 
level (2.6 x 10 ^ atoms/cm ). At so low a concentration it 
is difficult to deduce much about the distribution, but it 
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appears to be located on thv. surface. This concentration 
of fluorine is far below the limit of detection for neutron 
activation analysis. 

B. Impurities in the range A > 20 
Prom A = 23 to A = 238 instrumental (thermal) neutron 

activation analysis plays the major analytical role. 
However in the lighter nuclei one important element, silicon 
is not determined in this way and will be considered separately. 
(1) Silicon 
The data in Table I for this element come from optical 
spectroscopy *30,3i;^ f r o m f a st neutron activation analysis * ' 

(25) and from charged particle backscattering v . Since silicate 
mineral inclusions are well-known in diamonds, it is not 
surprising that a wide range of values is found. 

In fast (14 NeV) neutron activation analysis the relevant 
reaction is 

3 1Si(n,o) 2 8Al 
which decays by $~ emission with halflife of 2.3 minutes. 
This is sufficiently long to allow any oxygen activation to decay, 
Flux monitoring and standardization is carried out by the use 
of silica. 

When applied to the suite of 146 inclusion-free stones used for 
oxygen analysis, no silicon was found, confirming the high level 
of purity of the stones. An upper limit of 3 ppm silicon was 
set. 

(25) Charged particle backscattering on a single diamond specimen 
111 2 

gave a concentration of 1 x 10 atoms/cm which is well below 
the limit of sensitivity for neutron activation methods. 
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(2) Instrumental thermal neutron activation analysis: A>23 

Diamond is an ideal medium for this technique and consequently 
the limits of detection found experimentally approach the 
calculated theoretical limits. This is basically due to the 
fact that the carbon matrix is itself not activated, but is 
enhanced further by the low matrix interference from the 
major elements of the silicate inclusions, the availability of 
inclusion-free diamonds, the high thermal neutron fluxes now 
available, and the recent development of high resolution gamma 
ray detectors. This puts special demands on sample preparation 
and handling - these practical aspects have been described 
fully v * ' y ; . For precise quantitative work both flux 
monitors and standards are used. More than one standard had 
to be used: for the short-lived isotopes, analytical reagent 
grade compounds, as solids or solutions were used; for the 
longer-lived isotopes four international rock standards (from 
the United States Geological Survey) were used. Where 
suitable rock standards were not available for specific elements, 
standards were prepared by pipetting dilute solutions of known 
concentrations onto graphite and drying. 

(13 28 29) In a study % » * *' of more than 1500 individual diamonds, 
61 isotopes were identified (by gamma energy and half-life) 
corresponding to M4 elements. Of these, quantitative results 
could be obtained for 34 elements. A typical spectrum and 
decay curve are presented in Pig. 3. The precision obtained 
was 5%, and errors of 5 to 15% are typical for most data. 
Where relevant, limits of detection were defined at three 
standard deviations of the background count in the peak channels. 
Since so many isotopes are produced, the gamma spectra are 
complicated, and considerable care must be given to spectral 
analysis based on the use of large high-speed computers. 

These data may be compared with that from different analytical 
techniques, and from other nuclear analyses. The technique 
of neutron activation analysis was first used on diamonds by 
Preedman '"' in 1952 for the determination of gold. The high 
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values of 20 ppm which he obtained (as compared with the 
data in the work of Fesq et al. e.g.) could well be due 
to contamination from cleaning specimens in platinum-gold 
laboratory ware. The first significant contribution was that 
of Lightowlers w ' who used a Nal(Tl) gamma ray detector to 
measure aluminium quantitatively in 18 individual stones, and 
subsequently ^ 5»- 5 ' reported results for 13 elements in 20 
gem-quality diamonds. This was followed by further Nal(Tl) 
work revealing other elements *37,3b>59). 

The development of the high resolution Ge(Li) detector resulted 
in vast improvement in gamma ray spectroscopy. The 
multiplicity of lines in the spectra can be resolved, and by 
the use of well-conceived computer programmes, quantitative 
data of high precision can be obtained. The problem of 
interferences is substantially reduced. This has enabled 
impurity studies in diamond in particular to be expanded and 
improved <U.28.29.»0>. 

Comparison of recent (post-Ge(Li) detector) data with earlier data 
is in generally good agreement at higher concentration levels. 
At low levels significant differences occur: some of the 
recent values are 10 or even 100 times lower than previously 
reported values. Aluminium is found in all diamonds, but 
at substantially lower levels in gem-quality stones than 
previously concluded ^ '. An earlier discrepancy on the 
presence ' or absence •"* ' of iron is resolved: ir*on is 
indeed found in all diamonds and generally in larger amounts 
than aluminium - this problem was solved through improved 
detector energy resolution eliminating an interference. High 
resolution spectroscopy has given quantitative data on ten, 
and qualitative data on six elements, not previously reported. 

A further observation on sample preparation should be made: 
repeated irradiation and analysis of the same samples sometimes 
showed a decrease in the total impurity content. This was 
the result of the hot acids used for cleaning leaching out 
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inclusions from fine cracks in the stones. This was 
serious in only a few cases, probably after very heavy 
irradiation when the stones often cleaved exposing fresh 
surfaces to the etchant in successive experiments. 

3. INTERPRETATION OF ELEMENTAL COMPOSITION DATA ON DIAMOND 
A. Geochemistry 

(a) General features: universal trace element chemistry 
The most extensive study aimed at questions of geochemistry 

and evidence on the composition of the magma from which diamond 
crystallized at depth in the upper mantle is that of Fesq and 

(m H2 28 2Q 4"?) co-workers % *» *-» »*»-", ^ total of 93 one gram samples, 
each containing between 10 and 20 evenly sized and generally 
well-shaped diamonds - more than 1500 stones in all - were 
selected from three South African mines (Premier, Finsch and 
Jagersfontein). A major subdivision of the samples was 
made into an 'inclusion-free' group, and a 'with-inclusions' 
group. The distinction was based on the absence or presence 
of inclusions by observation under a polarizing microscope 
with 50x magnification. The anticipation was that the 
inclusion-free group would show very little impurities, and 
the with-inclusion group would reflect in its trace elemental 
impurity picture the chemistry of the inclusions observed 
in diamonds and in the kimberlite matrix v ' •" 

To establish comparative data on the known mineral inclusions, 
six mineral groups were separated from 18 South African kimberlites 
and analysed by the same procedures of instrumental (thermal) neutron 
activation analysis as used for the diamond specimens. To 
characterise the chemistry of the mineral types, statistically 
significant positive and negative inter-element correlations 
were established. The 'signatures' for the main mineral types 
are given in Table II. 

Inter-element correlations in the full suite of diamonds 
reflect a similar chemistry throughout. This is shown clearly 
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in Table III for the predominantly lithophile elements: 
striking is that the correlation picture, although weaker for 
the with-inclusions diamonds, reveals the same features for 
diamonds with and without inclusions. 

The method of discriminant statistical analysis was then 
used in an attempt to identify the trace element chemistry, 
particularly in the with-inclusions suite, and thereby the 
specific mineral inclusions. The analysis showed that the 
inclusions in all the diamonds studied have a similar chemistry 
which is dominantly that of diopsides and garnets. 

This is illustrated in Fig. 4 in which the quantitative 
relationship between aluminium and magnesium for all diamond 
samples from the three sources is presented. Included are 
the correlation fields that characterize some known mineral 
assemblages. It is immediately evident that all diamonds 
tend to be distributed in the garnet and diopside composition 
field. This is not only endorsed by considering other 
elemental correlations, but becomes more specific: Pinsch 
diamonds reflect a trend to garnet inclusions while in Premier 
diamonds diopside inclusions predominate. This analysis 

(41} and interpretation is supported by observational evidence 
A most interesting feature that emerges from this analysis 
is that the inferred mineral composition is in stark 

(lie) 
disagreement with the conclusion of Meyer and Boyd that 
in general olivine is observed to be the most common mineral 
inclusion in diamond, followed by garret and less commonly 
enstatite, diopside, chromite, rutile and sulphides. These 
two conclusions can however be reconciled if the dominant 
mineral inclusions) in all diamonds are sub-microscopic in 
size and have a trace elemental chemistry which is over
whelmingly of garnet-diopside character so that it overshadows 
the chemical effect of even the larger visible mineral 
inclusions such as olivine and enstatite. This does imply 
of course a preferential crystallization mechanism as a 
result of which olivine forms larger and consequently more 
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TABLE II 
Statistically significant element correlations used for the 
identification of oogenetic mineral inclusions in Diamonds. 

HIGH (POSITIVE) LOW (NEGATIVE) 
MINERAL CORRELATION CORRELATION 

1. Olivine, Enstatite 

BETWEEN 

0, Mg 

BETWEEN 

1. Olivine, Enstatite 

BETWEEN 

0, Mg Al, Ca, Na, Sc 
2. Garnet 0, Al, Sc, Mn, Cr, 

Mg, and 
heavy REE (rare 
earth elements) 

Na, light REE 

3. Diopside 0, Ca, Na, Mg, Al Sc, Mn 
and and 
light REE heavy REE 

4. Rutile, ilmenite 0, Ti, Fe, Ta Ca, Al, Sc, Mn 
5. Chrome spinel 0, Cr, Mg, Pe Ca, Sc, Na 
6. Sulphides S, Fe, Ni, Cu, Co 1 0, Mg 

/ 



TABLE III 

Inter-element correlation of predominantly lithophile elements in diamonds from South Africa 

0 Na Mg Al K Ca Sc Ti V Cr Mn Fe 
0 1 0.75 0.80 0.76 0.76 0.77 0.7*» 0.84 0.77 0.74 0.78 0.77 

Na 0.57 1 0.86 0.90 0.66 0.92 0.87 0.87 0.90 0.77 0.87 0.86 
Mg 0.67 0.69 1 0.89 0.92 0.88 0.89 0.87 0.90 0.87 0.94 0.92 
Al 0.61 o.i$ 0.S1 1 * 0.85 0.92 0.97 0.87 0.93 0.85 0.93 0.89 
K 0.62 0.75 O.Si 0.77 1 0.85 0.83 0.86 0.85 0.82 0.85 0.85 
Ca 0.59 O.SS 0.7« 0.94 0.S2 1 0.90 0.90 0.92 0.82 0.91 0.88 
Sc 0.62 0.74 0.S6 0.96 O.SO 0.91 1 0.84 0.94 0.87 0.94 0.89 
Ti 0.60 0.79 0.76 0.S6 0.77 0.87 0.S2 1 0.88 0.78 0.90 0.86 
V 0.64 0.83 0.83 0.91 0.79 0.93 0- 91 0.82 1 0.90 0.94 0.92 
Cr 0.60 0.52 O.SI 0.75 0.73 0.73 0.83 0.69 0.S4 1 0.86 0.84 
Mn 0.6$ 0.77 0.92 0.94 O.SI 0.89 0.95 0.S4 0.91 0.80 1 0.94 
Fe 0.69 0.7$ 0.91 

X 

0.92 0.79 0.86 0.97 0.S2 0.68 0.74 0.95 1 

Notes 
Roman print represents the inter-elenent correlation in all diamonds analysed in this study £ 
Italics xepxesent the <nte.fi-e.ttme.nt coK\elation in diamond* without ob&ewable mineial 
inclusion* only 

http://nte.fi-e.ttme.nt
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easily identifiable inclusions. This dominance of the 
sub-microscopic inclusion chemistry is illustrated also 
in Fig. 5, for the correlation of aluminium and magnesium 
with manganese for both without-inclusions and all diamonds. 

There is some evidence also that these sub-microscopic 
inclusions are essentially homogeneously distributed through 
(all) diamonds. Bibby and Sellschop , following the 
suggestion of Pesq , have attempted sequential etching 
of six neutron activated diamonds, giving at least 
approximate zonal trace element distribution information. 
Surfaces tend to be enriched in certain impurities, but 
it has not been excluded that these are contaminants not 
truly part of the diamond chemistry: either the kimberlitic 
matrix or even laboratory contaminants may not be fully 
removed by the cleaning procedures, and this may be 
exacerbated by the irradiation itself. 

(M) 
These sub-microscopic mineral inclusions may simply be 
droplets of quenched or temperature re-equilibrated magma 
which are trapped during diamond growth - the lithophile 
elements (Pig. 5 and Table III) which are found to inter-
correlate so significantly in all diamonds, are characteristic 
constituents of basic or ultrábasic magmas from which 
diamonds are believed to have crystallized. 

Independent evidence on the existence in diamonds of 
unidentified colloidal or amorphous particles which give rise 
to diffuse X-ray patterns, exists (^9,50,4^,51) # I t i s 

tempting to identify these particles with the sub-microscopic 
droplets of parental magma inferred from the trace elemental 
• 
studies. 

(b) Some specific aspects of the inclusion chemistry 
(i) Sulnhides 
There is apparently conflicting evidence on the presence 

of sulphur in diamond. Mass spectrometric analyses •*'•>' 
revealed no sulphur despite a specific search for this element. 
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However Seal established the presence of sulphur in 
siliceous microinclusions which he observed in natural diamonds, 

(4 in Subsequently the frequent occurrence of sulphide 
inclusions in diamond was corroborated. 

Instrumental neutron activation analysis is not particularly 
sensitive for sulphur (from Table I : lower limit of 
detection = 10 ppm). However sulphur was found in diamonds 
from both the with-and-wi>,hout inclusions suites - in these 
cases, multivariate statistical techniques show a significant 
positive correlation of the sulphur with the chalcophile 
elements Cu, Ni, Co and Pe. Between these chalcophile 
elements a positive correlation of greater than 90$ 
significance was established for all diamonds. Ni and Co 
correlate with each other with 99? significance, but not with 
Mg. Consequently sulphides may be inferred (from INAA) to 
be present in most diamonds, and specifically also those with 
no visible mineral inclusions. 

An appropriate diagnostic indicator for sulphides in diamond 
is the Mg/(Mg+Fe) ratio. For all the diamonds analysed, 
this data is given ir. Pig. 6 and falls between 68 and 95 
atomic %, with a best fit line.(also for inclusion-free 
diamonds alone) below 80?. Meyer and Boyd found for 
olivine, enstatite and pyropic-garnet inclusions in diamonds 
that this ratio lies between 92 and 96 atomic ?. Again 
therefore the trace elemental data obtained by INAA lead to the 
conclusion that the olivine chemistry must be accompanied by 
another dominating component which is consistent in its 
chemical character for all diamonds and is (homogeneously) 
dispersed in units of sub-microscopic size. From these data 
it must be inferred that sulphides are present in the magma 
from which diamonds crystallized and that droplets of this 
magma are incorporated in the diamonds. This is consistent 

(52) with the results of Desborough and Czamanske which 
revealed evidence in eclogites from a kimberlite body that a 
sulphide liquid which was immiscible with the silicate ir.agma 
from which the ecologites crystallized, had been trapped. 
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(ii) Rare Earth Elements 
The rare earth elements (REE) are particularly sensitively 

determined by INAA as a result of their large nuclear cross 
sections. Data for these elements are usually interpreted 

(53) in a form normalized to the REE's for chondrite . It is 
known w that the REE's partition strongly with the minerals 
diopside and garnet and this is reflected in the diamond 

(*J1) data . However, evidence, from the inter-REE ratios, is 
found for another component with a primitive REE pattern, and 
can again be interpreted as indicative of the relatively 
undifferentiated parent magma which is therefore incorporated 
in the diamond in the form of sub-microscopic inclusions. 
For some diamonds only does the relatively primitive REE 
pattern (of the parent magma) dominate. 

/ 23 
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v 1 1 1 ) Crrbonates 

SI Seal has presented evidence consistent with the presence of 
carbonates in siliceous micro-inclusions in diamonds. In 
kimberlite minerals (olivine, pyrope and clinopyroxine, but not 
diamond) Roedder-> , and McGetchin and Besancon-* , found carbonate 

57 inclusions. In kimberlites themselves Pesq et al found a 
remarkably linear inter-element correlation for K, Rb, Cs, Th, 
U, Ca, Sr and the REE's (Pig 7). Some of these, Ca, Sr and the 
REE^s in particular readily form carbonates or stable volatile 
complexes, leading to the inference therefore that if carbon and 
oxygen are available to the magma, a fluid carbonate or COp -
rich fluid phase is likely to be present. 

(c) Tranped nagma droplets in diamond - mmpng-iMnn 

The elemental data has therefore some specific meaning : it 
typically reflects indentifiable mineral inclusions but in 
addition the trace element composition and elemental correlations 
for all diamonds, indicate the presence of sub-microscopic in
clusions of a chemistry consistent with that of the parent magma. 

The lithophile elements have a strong correlation for all 
diamonds from all sources, which indicates that the silicate 
fraction of the trapped magma droplets has a relatively constant 
composition. 

In addition to this silicate melt from which diamonds crystallized, 
there is evidence also for Pe - Ni - Cu - Co sulphides. 

The carbonate analysis must be considered in the light of the 
correlation data for K, Rb, Cs, Th, U, Ca, Sr and the REE'c in 
kimberlites, as well as of the oxygen data presented earlier. 
Oxygen is expected to form part of known inclusions, high oxygen 
values are appropriately found (Table I) and strong correlations 
exist (Table II). This is demonstrated by the correlation of 
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oxygen v:ith the oxyphile elements ai'.iminium and calcium, where 
aluminium partitions into the silicate fraction (Fig 8 (a)) and 
calcium (Fig 8 (b)) is likely to form carbonates if the carbonate 
ion is present. The plots show that the data falls within the 
composition limits for garnet and enstatite, and for diopside and 
enstatite respectively, but intercepts the oxygen axis at about 
35 ppm - indeed there is a clustering of data which shows un
ambiguously that the intercept is non-zero. If only inclusion -
free diamonds are considered however, an uncorrelated oxygen 
excess (Fig. 9) of about 35 ppm is similarly found. It is 
considered therefore that this oxygen excess in all diamonds is 
due to the presence of oxygen-containing volatiles, such as 
H,0, CO- or C. This is consistent with the data of Kaiser and 
Bondu'referred to earlier, and of Melton et al -)»-); (but not 
on a quantitative basis). One should note the early (1904 I) 
work of Bauer and Spencer ( 5 8 > in which they inferred the presence o 
liquid or gaseous inclusions of }IJ0 and C0„ in diamonds. 

Hence the trace elemental analysis of more than 1500 diamonds 
leads to the conclusion of the ubiquitous 

presence in even the purest diamonds of parental 
magma droplets of sub-microscopic size. The composition of this 
magma shows a silicate phase which is essentially picritic and 
relatively constant in composition - in this melt H_0 - C0 ? -
rich fluids are present probably as miscible volatiles, and 
immiscible Fe - Ni - Cu - Co sulphides are present, both of which 
are likely to play an important role in the genesis of n'atural 
diamond. 

B. Colour 

The question of whether there is a simple colour - impurity 
correlation in diamonds has long been posed. In a spectrograph^ 

30 study of the minor element content of diamond, Raal found 
Si, i-ig, Fe, Al, Ca and Cu to be common impurities in natural 
diamond, but had to conclude that although they were not the 
main contributory factor to colour in diamonds, they might con
tribute towards it. 
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Subsequently a strong enrichment in Si, Al, Ca and Pe in the 
yellow outer zone of otherwise colourless diamonds from Russian 
sources was found by Gnevushev and Kravtsov . They suggested 
that the yellowness might be due to Fe. They observed also that 
in some of their stones, the green colour occured as discrete 
spots enriched in Si and Fe. A distinction between body-green 

CO 
and skin-green has long been noted. Vance and Killedge^ , and 
Vance et al have attributed the latter type of green to be 
due to radiation damage from alpha part.'cles from natural radio
activity in the immediate environment of the diamond. The range 
of the alpha particle would be limited to the, near surface of 
the diamond. 

Kodochigov et al introduced the idea of analysing zonal in
crements in colour studies, i.e. the variation with depth below 
surface, by sequential KN0-, etching. They found for all body 
oolours, that the impurities were predominantly concentrated 
in the outer 10pm thick layer. 

in k2 
Fesq et al and Sellschop et al have considered the data for 
the inclusion-free set of diamonds studied by I.N.A.A. as 
described earlier. The data, excluding oxygen and nitrogen, is 
summarized in Table IV 

TABLE IV COLOUR CORRELATION AND TRACE ELEMENT CONTENT 

Colour 
3roup 

1 

Sum of a l l 
t r a ce elements 
present (ppm-by weight 
rounded off) from 
three sources . 

Sum of a l l t r a c e 
elements present 
(ppm by weight-rounded off) 
fr-vm Premier a l o n e . 

Colourless 
'/el low 
^rown 
3recn 

" J -
39 
80 

10 ) 

30 
79 
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These data are combined for samples form three different sources, 
but the data for one of the sources, Premier Mine, dominates over 
that from other sources by about an order of magnitude. 

It is clear that, in terms of trace element chemistry, colourless 
and yellow diamonds form a single group, which has a significantly 
lower total trace element content than brown or green stones, with 
green significantly higher than brown. 

28 Fesq et al pursued the possible relationship between colour and 
chemistry by multivariate statistical analysis on natural and log-
transformed data for the inclu. ion-free stones. F-tests on the 
statistical data showed that, independant of source, Mg, Fe, Al, 
wn, Cr, V and Sc related to the four colour catagories with 9G£ 
significance. A most important point to emerge however was that 
the brown and green colours were not distinguished by differences 
in the trace element chemistry, but by the amount of the same 
impurities present. The seven elements given above have already 
been considered in terms of their geochemical significance. It 
is quite consistent with the earlier interpretation of the I.f-f.A.A. 
data therefore to put forward the proposal that these elements 
are present in the form of sub-microscopic inclusions of quenched 
or temperature re-equilibrated parent magma droplets, trapped in 
the diamond during its growth. The density, and distribution, of 
these droplets at least contribute to, and possibly even establish, 
the colour of the diamond. 

This trace element evidence endorses also that the yellow colour 
is not related to this aspect of the impurity chemistry, contrary 
therefore to i -e conclusions of Gnevushev and Kravtsov. 

Recently Bibby and Sellschop , following the suggestion of Fesq , 
have used the technique of Kodochigov et al and studied the 
distribution of impurities in zonal depth increments from surface. 
Five individual diamonds were analyzed, while the earlier I.K.A.A. 
studies were on sets of selected diamonds, the implication of 
single stone studies is clearly that very small amounts of impari
ties are to be measured, so that less analytical information mi^ht 
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be expected. This snail sample suite consisted of two 
clear stor.es, one clear stone with a green skin, and two 
green-bodied stones. All were inclusion-free on the 
criteria defined earlier. The two clear stones and the 
clear-green skin stone were indeed found to be very pure : 
even the limited impurity picture that emerged revealed a 
non-uniform distribution with depth. In support of the 
Russian findings, the highest concentrations are found in the 
outer skin of the stones. The outer skins of the colourless 
stones and the green skin stone are not significantly 
different, supporting the arguments v- > y»° that this green 
skin is indeed due to radiation damage. Even for these very 
pure stones, there is some evidence of variation with depth, 
which, if genuine, may reflect changes in the growth history 
of the stones - specifically surface layer impurities must 
be treated with reservation however. 

The two body-green stones had a substantially higher impurity 
content. One showed only cobalt and nickel, but the other 
contained many impurities. These were very similar to those 
found for sets of stones, and revealed the same inter-elemental 
correlation and lead therefore to the same geochemical 
interpretation. This zonal INAA study corroborates the 
conclusion therefore that colour in its relationship to trace 
element chemistry shows a distinction between colourless and 
yellow on tiue one hand, and brown-green on the other. The 
brown-green group owes its colour to the presence of Pe, Al, 
Mg, Sc, Mr», Cr and V. 

While it is convenient to consider the data in these few 
categories only, it must be remembered that the gradation of 
colour is continuous. It is the increasing concentration of 
these elements, possibly present as trapped magma droplets, 
that establishes the colour gradation from colourless-yellow 
to brown to green. Bearing in mind that the etching procedure 
can certainly not be expected to produce well-controlled 
increments, nonetheless there is evidence for a higher 

http://stor.es


28. 

concentration of impurities in the surface, which is very 
likely however to be due to original and laboratory 
contaminants. 

C. Correlation of trace element chemistry <.o source of 
diamonds 

A persistent problem in diamond studies is whether a 
quantitative method can be established for the identification 
of the source of origin of diamonds. This is related to 
exploration interests also and involves inter alia t̂ .e 
original sources of alluvial diamond deposits. 

Instrumental neutron activation analysis has been applied to 
determine the trace element impurity content of a large 
selection of one gram diamond samples f̂ om three different sources. 
Multivariate statistical analysis of the trace element data so 
obtained, was used to establish an identification procedure. 

The statistical method used is basically an application of 
the principle of maximum likelihood to classification^ . A 
pattern of n element concentrations- measured on a sample 
provides a random vector in multi-(n) dimensional space. 
The approach is to find a function of this vector which 
differentiates among the impurity patterns of the different 
sources. Application of such a discriminant function to a 
set of measured element concentrations as belonging tp an 
unidentified sample would then assign that sample to its 
most probable source. 

In our study each source is represented by a selection of 
diamond samples showing variations in their element 
concentrations. If we assume that in the i th source the 
vector pattern X follows a multivariate normal distribution, 
an estimate of the source average u. and covariance matrix Z^ 
can be made. 



Although in rractice the oarsr.eters Z. and ^. must be 
i . 

estinated from the element concentrations measured on the 
training sample set, i.e. the selection of samples 
representing the sources. The standard estimates for u-
are the mean -vectors X. of elrrent concentrations in the i th 
source, and for Z the matrix S of covariances pooled between 
sources. Here the important assumption is that the 
covariance matrices £-, , Zp .... I., .... I are equal. 

2 Under these assumptions the Mahalanobis distance d (X,i) 
between the unknown sample having vector pattern X, and the 
i th source is defined by 

a 2 (X,i) = (X-X i)' S" 1 (X-Xi) 

which is zero if X and X. are identical and increases the 
nore dissimilar they are. The decision rule is to assign 
the unidentified sample to that source for v/hich its calculated 
Xahalanobis distance is a minimum. 

The success of this technique depends on the degree of 
dissimilarity between the sources. This can be measured 2 by means of the Mahalanobis distance D (i,j) between the sources 

The training sample population used, consisted of 3o Premier, 
33 Finsch and 27 Jagersfontein samples, i.e. 96 samples 
altogether. In addition six unidentified samples were 
included to test the accuracy of the method. 

For the purpose of identification no distinction was made 
between diamond samples with different colour or inclusion 
properties. 

The non-oxygen and nitrogen clement impurity content of the 
diamond camples analysed ranged from about 0,2 ppm among the 
purest diamond samples, to approximately CjO ppm among seme 
of '.'hese containing mineral inclusions. From the experice--
gair.-.-d, our opinion is that diamond samples containing ler;r. than 
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1 pprr. r.on-oxygon and -nitrogen eler.ent impurities s'r.o-dlc be 
regarded as unsuitable for identification by this method. 

The discriminant function applied to the identification v:as 
based on 16 elements selected from 29 determined in most 
samples. Only those elements which contributed significantly 
to the separation of the sources, viz Na, Mg, Al, X, Ca, So, 
V, Xn, Co, Ni, Cu, CI, Cr, As, La, and Ir were selected. 

A rather sophisticated method of employing the training sarr.ples 
for testing purposes was used. This consisted of omitting 
each sample in turn from the analysis using the remaining 
samples to determine the classification procedure. The 
frequency of correct back-classification is noted and serves 
to estimate the accuracy of classification prior to 
identification of the real test samples. 

Using only the 16 selected elements 84,4,1 of the training 
samples wore correctly back-classified to their sources. 
These results are shown in Table V. In comparison four of 
the six test samples were correctly assigned to their sources, 
which were declared afterwards. 

TABLE V 
RESULTS OP THE CLASSIFICATION OF 96 DIAMOND SAMPLES USIKG 16 
SELECTED ELEMENTS 

"ahalanobis di stances between population means : 

Source Premier Finsch Jagers font ein 

Premier 0,0 14,5 14,4 
Finsch 14,5 0,0 12,3 
Jagorr.fontein 14,4 12,3 0,0 

l.'umbor of tmining samples classified to source: 



Zoixvco Accuracy for Back-classification : 

Premier - 8S,9S 
Fir.sch 78,82 
Jagersfontein 85,2% 
Average 8̂ ,'l£ 

Based on the back-classification results, proportionately 
5 test samples should have been identified correctly. The 
discrepancy is probably due to the fact that the test samples 
were very pure in comparison with the training sarples. The 
two wrongly classified test samples were indeed amongst the 
purest diamond samples analysed. 

As a first attempt into the characterisation and identification 
of diamond sources this research holds great promise. 
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The data presented in Table I, and discussed earlier, reveal 
that nitrogen has beer, found to occur in higher concentration 
in natural diamonds than any other element. Nitrogen is 
found in ail diamonds from the few ppm to,the pp thousands 
level. Mo other impurity has yet been found to occur at these 
high concentrations. Elements such as oxygen, chromium, 
magnesium, aluminium and iron, for example, appear to be the 
nearest contenders, but the importance of mineral inclusions 
must be borne in mind: it is the impurities intrinsic to the 
diamond and not as part of the mineral inclusion chemistry, 
that are relevant to the physical properties. 

The dominance of nitrogen as an impurity in natural diamond 
is therefore undisputed at this time. It has been natural 
to endeavour to associate the nitrogen therefore with the 
physical properties of diamond. 

"he physical characteristics of diamond have been, and cor.Mnue 
to be the subject of considerable research. The rrcrr 
characteristic is the division of diamonds into four types: 
types I and II are distinguished by their absorption features 
in the ultra-violet and infra-red regions. Additional gross 
structural distinctions into Type I and Type II are found in 
photoconductivity, birefringence, morphology, X-ray 
diffraction and thermal conductivity. This major subdivision 
1/ supported by a number of fine structure features as •,•;••".".. 
V.'ithin each group, further physical features suggest adultloe::! 
subdivision. Type lb diamonds produce an 2£H signal, Type Ta 
uo not. Anomalous spikes project from certain spots in tr.c 

h.vio X-ray patterns for Type la diamonds, but r.-.t 
f*>r Type li' s'̂ r.os. In the Type II category, the Type lib 
.;' ;r.es are s.'.mi-conductors, v;hile the type H a stones (as la 
and lb stones) are electrical insulators. 



.:.i3 j.assif ica'" ion o: aiar.or.ds into tr.e icur categories 
la, Zc, H a , and H e , is useful but not exclusive. fixtures 
are certainly known to occur. 

A nur.ber of workers have sought a simple correlation between 
the most Prolific imourity , nitrogen, and the diamond tyoes. (2) :.a.ser and Bond ' found a linear relationship between the 
nitrogen content and the absorption coefficient at 7.8 ym. 
The suite of diamonds used was small (5) and the stones were 
described as Type I. This relationship v/as endorsed by OS) Lightcwlers and Dean " , also for Type I stones. (Since 
•;c% of ail natural diamonds are Type la, it is perhaps 
reasonable to interpret the X - 7.8 urn correlation as valid : rJt".':bly 
for la stcr.es only). The interpretation of the X-ray spikes 
seen in Type la diamonds as clusters of defects (platelets) 
in the {100} planes*1 *° ; followed by the observation in 
transmission electron microscopy of planar defects by Evans 

' 1 c ) ana Phaalv J >t led quite naturally to the assumption that 
clusters of nitrogen impurity atoms were responsible for the 
planar defect structure in Type la stones. Subsequently 
a number of workers have questioned this association: meet 
recently Evans and Rainey ̂  'have clarified and summarized '> he-
situation as it now appears. The absorption coefficient at 7.8 ym 
correlates with the total nitrogen content, while the absorption 
coefficient at 7.3 urn correlates with the integrated spike 
intensity and thus with the platelet concentration. The 
evidence*' suggests very strongly chat the platelets "are not 
comprised of nitrogen, other than as a very minor component. 
This throws open some fundamental questions - what arc the 
platelets composed of, and in what physical and chemical form 
dees nitrogen occur in all diamond types? Does nitrogen 
occur in a11 diamond types? 

r. '• ?1 22 ) 
;'"il:-.c:;op et ai^'-'** ' 'have investigated the nitrogen con'..:.'., 
of a suite of diamonds, classified by U.V. excitation and 
'X .: jrption, and by I. P.. absorption. The data are pre r. on tod in 

http://aiar.or.ds
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ar.d types, with a gross distinction between Type la en the 

or.- hand, with an average of 750 ppm, and Types lb, Ila and 

lib cr. the other hand with ^0, 20 and 20 ppm nitrogen 

respectively. In so far as nitrogen is concerned therefore, 

the distinction is not so much betv:een Types I and II, but 

ret wee:'. Type la and ail other types. V.'hiie the nitrogen 

concentration in Types lb, Ila and lib is much the sar.e, no 

ïóR signal is generated for both Type II 1 s, while one 

characteristic of substitutional dispersed paramagnetic 

nitrogen is found for Type Ib's. It is perhaps remarkable that 

the ESft signal distinction is so stark - indeed the most 

remarkable feature may be the total absence of such E^?: sirnnli' 

from Type la's. rerhaps this question does indeed warrant more 

extensive investigation, embracing also the role of other 

insurlties, including that of the magma droplets the existence 
(h 11 ('J2 ) 

cC which is argued by Fesq et al 'and by Sellschop 

Continued investigation might also be directed to a 

confirmation that the ESR signals interpreted for man-made 

diamonds as being of Type lb, have indeed the same moaning as 

for natural Type lb stones. 

.'.':trogen analysis by the (a,n) reaction can be used also for 

ot ieust a cru.:e analysis of the distribution of nitrogen 

:•:.':. aepth below surface of diamond. Sellscr.cp et a;. ' 

have found for all stones investigated that the nitrogen 

concentration decreases with depth. The concentration gradient 

v'.ries - a suite of Type la stones showed an average depth 

profile decrease from a depth of 5 um to one of 13 urn by a 

?':v'rr,:il conductivity 

'.-.:..-:.:-.: :r.•.'-.• high thermal conductivity'0 '. Much attention 

;;.• ':.••-••:, given to the temperature dependence cC the trvvma; 
(do ; '"' ''0 

•~ .. . •*'... • .. v ; ' ̂  î..Li /.*t„ o ^ i i e * e . i ^ . ^ . o u e c w e e » . ^-.^»...0*1^4 \, j \>y~ «--
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In particular efforts have been made to relate the thermal 
conductivity to the concentration and nature of the defects 
deduced to be present in and to characterize the major 
diamond types". 

As in the case of other dominant physical properties, the 
role of nitrogen was earlier assumed to be a determining one, 
in particular that of the platelets in Type la diamonds 
which have been assumed to consist of nitrogen. As 
discussed earlier, this assumption has now been shown 
from optical and X-ray measurements, and specifically 
correlations of specific features thereof, to be invalid. 
Da vies and Summersgill ̂ '-"have suggested that the nitrogen 
in Type la diamond is present in the form of small clusters 
rather than in platelets. 

The thermal conductivity should be sensitive to the elemental 
density and structural configuration of such defects. The 
measurements and analyses of Berman et al ' 'provide further 
evidence that the platelets in Type la diamonds are not 
composed mainly of nitrogen, but that in such Type la 
specimens 10 to 20 nitrogen atpms in a group explains the 
conductivity '? ''• 

(7U) In a Type lb stone, Berman et al have deduced from electron 
spin resonance measurements that the nitrogen present in 
single substitutional form was 2 ppm, while the absorption at 
7.8 urn would imply 200 ppm. Thermal conductivity measurements 
on Type lb stones are found to be appreciably less than that 
of Type H a stones: assuming point defect scattering by single 
nitrogen atoms, this would require a nitrogen concentration of 
1100 ppm. Nitrogen measurements on different areas of one of these» lb 

stones made by Renan et al ̂  'using non-destructive nuclear 
techniques, indicated that the nitrogen concentration was less 
than 5 ppm and that the stone was homogeneous in this regard. 
Heavier impurities at low concentration could account for the 
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thermal conductivity, and the data from instrumental 
neutron activation analysis* 'in particular but included 
with other data in Table I, reflect adequate amounts of 
other impurities in some stones. This particular specimen (Type lb) 
is currently being analyzed for all other impurities in an 
attempt to shed further light on the interpretation of the 
conductivity. 

In this regard, the possible role of the sub-microscopic 
(hi k2) dispersed magma droplets* ' 'argued to be present in all 

diamonds, in the thermal conductivity characteristics should 
also be considered. 

C. Semi-conductivity 
A rare class of natural diamond first discovered by Custers * ' 
(Type lib) has the property of being electrically semi-
conductive. The conduction has been shown to be p-type * ' 
and the activation energy approximately 0.37 eV* '* \ Electrical 
measurements have been carried out by a number of 
workers* 7 9' 8 0» 8 1' 1 0! 

In laboratory-made diamond, Chrenko ^-^» 0^' produced electrically . 
semi-conducting stones by doping with boron in the growth 
capsule. The electrical and optical features were found to 
be consistent with those for natural semi-conducting diamonds. 

An important question has therefore been that of the 
impurity responsible for the semi-conducting property in 
natural Type lib diamonds. Since the electrical 
measurements indicate that there is partial compensation of the 
acceptor centres by donor centres, it is necessary to 
investigate possible elemental candidates, both as donors and 
as acceptors. 

Possible donors are nitrogen, phosphorus, arsenic, antimony 
and bismuth. Of these nitrogen is clearly the dominant 
impurity. Phosphorus has not been detected, the upper limit 
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for arsenic and antimony lies two or more orders of magnitude 
below the donor concentration determined from electrical 
measurements, while bismuth is not activated by neutrons. 
Evidently nitrogen is the candidate for the donor centres. 

There are a number of elements which could be acceptor centres: 
origi íally aluminium was widely considered as responsible, but 
was subsequently excluded* ^^because of its possible presence 
in inclusions on the one hand, and on quantitative 
arguments ̂ i 0'. Other candidates are boron, gallium, iridium 
and thallium. Thallium is not determined at all yet, while 
gallium and iridium are found at concentrations two orders of 
magnitude below the acceptor concentration determined from 
electrical measurements. is a result strong emphasis has 
fallen on the need to establish the presence or not of boron. 
The methods used have been discussed earlier. 

The result is that boron has indeed been shown to be present 
by Sellschop et al^ 1 , 1 5^and by Lightowlers^1 .̂ The boron 
content correlates with the acceptor concentration for a suite 
of three stones measured by the former group, and for a 
suite of five stones measured by the latter group. Boron has 
been measured in two additional Type lib stones by Sellschop 
et al ̂ 'who showed also the absence of boron in a Type la 
stone. 

The situation is not yet completely clear however. Krom the 
geochemical (INAA) work described earlier, it is possible to 
use inter-element ratios to establish quantitatively what 
part of the aluminium found in all diamonds is a component of 
impurities and what part occurs in a free form so that it can 
have a rolo in the electrical behaviour. Using this technique 

( hp\ 

for a specific suite of diamonds, it is foundv 'that for 
Types la, lb and Ila all the aluminium is accounted for in 
the inclusions, while for Type IID it is found that a nott 
excess of O.óO í 0.05 ppm remains. Evidently it should be 
established whether this aluminium excess is valid for all 
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Type lib stones before the specific role of aluminium is 
finally understood. 

Nitrogen is found in Type lib stones. It probably does not 
contribute to n-type conductivity as the donor level due to 
it is determined and calculated to be about keV below the 
conduction band - this level is therefore sufficiently deep 
to preclude n-type conduction at room temperature. 

At this stage therefore the available evidence lends strong 
support to boron being the element responsible for the semi
conducting properties of the Type lib natural diamonds, 
but the more subtle details, including still the role of the 
chemically unbound aluminium, warrant further pursuit. 

D. Trace elemental impurities and diamond type classification 

Most of the trace element studies described earlier, were 
carried out with groups of stones. These were not classified 
according to the four types based on physical characteristics. 
The first suite of typed stones used for the nitrogen study, 
was analyzed by the same instrumental neutron activation 
analysis techniques described earlier, with the same 
meticulous care in sample cleaning and preparation. In 
this suite an attempt was made to render the stones inclusion-
free: inclusions seen under 50x magnification in a 
polarizing microscope were removed by polishing; some of the 
stones were apparently inclusion-free. 

The data are given in TableVII; nitrogen data are not included 
therein. No stark distinctions are obvious in the trace 
elemental composition as related to diamond type. 

Vor.t of the individual stones in the suite have total 
(Ii.'AA) impurity concentrations of 1 ppm or less. For those 
with higher total impurity concentrations, the chemistry 
suggests specific mineral inclusions. 
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Aluminium is present in all the individual diamonds. 
C.-itti::̂  the stones that are concluded from the overall 
chemistry to have inclusions, it is found that the Type lib 
stones have a nett excess of aluminium, as discussed earlier 
in Section 4.C: 

On the ppb level, manganese and cobalt appear in all stones, 
bur with no apparent correlation with Type. In virtually 
every member of the suite, scandium (ppb level) and sodium 
(ppm level) are found, but again with no apparent correlation. 
N'ickel (ppm level) may occur in higher concentration in 
Type lb stones, and a high nickel to cobalt ratio may be a 
characteristic of Type lb stones. Iron (ppm level) may 
be higher in Type la stones. 

In this attempt to work with individual stones, a dominant 
conclusion is the (now) not surprising one of the great 
purity (= 1 ppm) of inclusion-free stones, if nitrogen 
and oxygen are excluded from consideration. This high 
degree of purity has as a result a very low level of induced 
radioactivity so that substantially less precise data, and 
indeed fewer elements, are obtained as compared with working 
with parcels of stones. 

At this stage the correlation of impurities with diamond 
types is limited to a substantially higher (> 200 ppm) 
level of nitrogen in Type la stones as compared with lb, 
Ila and lib stones (< 100 ppm). Aluminium is prevalent as 
an impurity and a correlation of the nett aluminium after 
correction for inclusion chemistry is suggested with type 
lib stones. Boron is found for Type lib stones but not 
for Type la stones. A possible correlation of nickel, 
or the nickel to cobalt ratio with Type lb stones is 
supjested. 

To establish any of these weak or suggested correlations, a 
substantially enlarged suite will be essential. 
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Trace element concentrations in typed suite of stones -
range of values for all stones in the suite, excluding those 
for which the data indicated the presence of inclusion(s) 

^ypc 
ppm ft-"1 

SI 

ppm 
Sc 
ppb 

Ti 
ppm 

V 
ppb 

Cr 
ppb ppb 

Pe 
ppm. 

Co 
ppb 

Ni 
ppm 

Cu 
ppb 

Tr 
ppL 

la to 
.02 

to 
.6 

.01 
to 
.16 

ND 
to 
.04 

ND 
to 
.1 

ND 
to 
.8 

ND 
to 

1.9 

.2 
to 
4.5 

KD 
to 
1.0 

.3 
to 
4.5 

ND 
to 
.07 

IV 
IS 
to 
.02! 

i 

lb 
.0001 
to 

.0002 
KD 

.02 
to 
.04 

.01 
to 
.03 

ND ND ND 
1.0 
to 
4.5 

ND 
.4 
to 
.5 

.7. 
to 
1.0 

ND 

I 
i 

ND 

i 

Ila 
t 

ND 
to 
.006 

ND 
.04 
to 
.06 

.01 
to 
.08 

ND 
to 
1.0 

ND 
to 
.3 

ND 
to 
.8 

.6 
to 
3.0 

ND 
to 
.3 

.1 
to 
.7 

ND 
to 
.01 

ND 

i 
1 

NlV 
i 

lib 
.0001 
to 
.001 

ND 
to 
1.0 

.12 
to 
2.05 

.01 
to 
.03 

ND ND 
. ND 
to 
1.0 

1.8 
to 

9.0 

ND 
to 
.13 

.1 
to 
1 

ND ND NT) 

/ 
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5. INTERACTION OF CHARGED NUCLEAR PROPER WITH THE DTAMOND 
LATTICE 

p. Channeling 
(a) Basic concepts 
Energetic ions penetrate matter to a range determined by 

the energy loss rate through electronic and nuclear 
interactions. The former dominates at higher velocities and 
is satisfactorily described through the Bethe-Bloch 
equation:(°^' 

dE 
dx 

ITT Z e' 
i 

mv2 
NZ £n 

2 
2mv2 

T 
where 

Z e l 
v 
m 
NZ 

charge of incident ion 
velocity of incident ion 
mass of electron 
number of electrons per cm3 of solid through which 
ion (Z ) is moving 

average ionization potential of the solid. 

At low velocity energy loss through nuclear interactions 
dominates - this region has been described by Bohr 
Lindhard, Scharff and Schidtt* 8 5 ). 

(81) and by 

These theoretical descriptions of the electronic and nuclear 
energy loss mechanisms are in reasonable agreement for 
amorphous materials or if the ion is moving in a random 
direction in a crystal. If the ion beam is well-collimated 
and directed within a small angle to a low index axis or 
plane, the energy loss rate is reduced and the range of 
penetration before the particle comes to rest is consequently 
increased. Thi3 phenomenon can be the consequence only if 
the ion moves through regions of lower electron density, 
cuch as would be the case near the centre of a major crystal 
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axis or plane. For such near-parallel incidence, ions 
moving at snail angles to the axis are deflected by the 
successive atoms in the row. Each contribution to the 
deflection is obviously small, but the effect of many such 
correlated deflections is to gently steer the moving ion back 
and forth away from the rows of atoms that make up the axis 
or plane (Fig 10). In this way a stable, oscillatory 
trajectory is established in which the probability for close 
encounters is reduced with consequent reduction of energy 
loss rate, multiple scattering and nuclear interactions. 
This effect is known as "channeling". Channeled particles can 
of course be de-channeled, through multiple scattering effects 
or through crystal imperfections. 

A particle is maintained in an oscillatory channeled trajectory 
if the energy component perpendicular to the row or plane does 
not exceed the repulsive potential exerted by that atomic 
row or plane. The transverse energy of the particle is 

Etrans = E s i n 2 * 
where E * particle kinetic energy 

<i = angle of the particle direction with respect to 
the atomic row ór plane as it crosses the midplane 
halfway between adjacent atomic rows or planes in 
the lattice. 

Depending on the particle energy and type, there will be a 
value of the angle ^ such that for larger angles, the 
transverse energy exceeds the repulsive potential. This 
angle is termed the critical angle (8 ) and all particles 
moving with t)>>6 will not be maintained in a channeled 
trajectory. 

To give theoretical expression to the critical angle, 
Lindhard 'assumed that the potential exerted by the individual 
atoms in a row could be averaged into a string or rod-shaped 
potential. On the basis of this simple model, Lindhard was 
able to predict that the critical angles would take on the 
following values: 
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for * < | 

and i> > J 

where d 

a 

C 

For the planar channeling case, Lindhard assumed a sheet
like potential (a 'string of strings') and was able to predict 
critical angles. These are usually in satisfactory 
agreement with measured values, but have been found in some 
cases to give values 20 - 30% too large. 

Another significant parameter is the minimum yield: this is 
a measure of the reduction of close-encounter processes when 
the incident beam is channeled down an axis or plane, as 
compared with its transit through the crystal in a random 
direction. This parameter was meaningfully measured just 
deeper into the crystal than the surface disorder. 
Lindhard has argued that the lower limit for the minimum 
yield for the idealized case of a perfectly parallel beam 
of particles incident exactly parallel to a low index axis 
of a perfect crystal, must be determined by the surface 
projection of the area of all the atomic rows, i.e. 

*min * N d n r m i n 

where N = number of atoms per unit volume 
Nd - surface density of topmost layer of atoms 
rmin=distance of closest approach of the channeled 

particle. 

<f-! ! e ' dE 

. „ /Ca . 4» * 

average spacing between successive atoms 
along the row 
Thomas-Fermi screening distance for 
isolated neutral atoms of atomic number Z 

i 
constant - 2 - 3 
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Usually it is assumed that r . is equal to the Thomas-
m m ^ 

Fermi screening radius, a. This lower limit will be 
increased as a result of multiple scattering due to thermal 
vibrations of-the lattice atoms, defects of all kinds, and 
surface impurity layers, inter alia. As a more realistic 
lower limit, the minimum yield is predicted to be better 
described by 

*min * N d *** * N d *p* 
where p = thermal vibration amplitude. 

The importance of ion channeling studies in so far as 
diamond is concerned, lies in the facts that the diamond-
type lattice is in itself a particularly interesting 
structure being the prototype of crystals with the covalent 
bonded structure with uniform and nonuniform row spacings 
in different axial directions, and that as a consequence of 
its very high Debye temperature it has a very small thermal 
vibration amplitude at room temperature so that the assumptions 
and parameters of channeling theory may be studied and the 
interatomic fields probed. 

Other features of interest in diamond physics such as the 
nature of defects in their relationship to dechanneling of 
ions, the disorder of the surface, the identity and effect 
of surface impurities and radiation damage by charged particles 
can be drawn out of ion channeling studies in diamonds. 

(b) Some experimental measurements 
There is only limited data on ion channeling in diamond 

available, as compared with that for Si, Ge, W, for example. 
The reason for this lies in all probability not so much in 
the question of availability of material, but in the 
reproducibility of results. Channeling studies have shown 
large variations from specimen to specimen, so that it has 
appeared very difficult indeed to establish parameters truly 
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characteristic of diamond. There are some obvious features 
that affect channeling: the defect concentration, 
mineralogical inclusions, sub-microscopic inclusions of 
parental magma droplets, crystallographic surface disorder, 
surface morphology, and surface impurities are some of these. 

Only limited control of the material is evidently possible. 
The cleaning techniques described earlier (as used in 
instrumental neutron activation analysis studies) can remove 
the surface impurities unrelated to the diamond per se, 
although repeated cleaning shows clearly that some of the 
contaminants are in deep crevices or cracks so that they 
prove to be very difficult to remove completely. Surface 
disorder of the crystal lattice makes a strong contribution 
to dechanneling of ions - this has been demonstrated also by 
the controlled addition of amorphous layers of carbon to the 
diamond crystal surface by Pearick, Derry and Sellschop* . 
Various techniques have been attempted to reduce the surface 
disorder: high temperature gas etching sometimes gives 
improved channeling results; ion milling removes the 
natural surface disorder but tends to leave remnant damage. 
Abrasive removal of surface layers has not been used, on the 
belief that this must leave a damaged layer of depth at 
least of the same scale as the size of the polishing grit, 
since this has been the experience with materials such as 
silicon. However some polished stones were found by 
Sellschop and Gibson'°°'and by Derry, Pearick and Sellschop ^^' 
to give surprisingly good channeling results so that aft 
would appear that polishing is not simply an abrasive 
removal phenomenon. This is currently being pursued by 
carefully controlled polishing followed by ultra high vacuum 
annealing - if the deductions from low temperature thermal 
conductivity measurements of van der Sande*' 'are correct, 
these procedures should produce a surface with only microcracks 
after polishing, which are subsequently annealed. 

Until there is better control and improvement of the diamond 
surface, there is little merit in trying to use selection 
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techniques to minimize the other effects that 
contribute to dechanneling. This point of view is given 
support from the results of a selection of diamonds chosen for 
minimum strain under crossed polaroids - no simple correlation 
with good channeling characteristics was found (° 9'. 

The earliest channeling data for diamond-type lattices, 
(90) including natural diamond, was reported by Picraux et al 

Subsequently Sellschop and Gibson^ -'presented some data, and 
there is a significant body of as yet unpublished data* . In 
all these studies Rutherford backscattering was used to 
determine critical angles and minimum yields. Typical spectra 
are given in Pig.11. 

Such spectra taken over angular scans yield data on the 
critical angles. Por diamond, the following data have been 
obtained; 

TABLE VIII 

Incident 
ion 

Incident 
energy 

<110> <100> <11]> Incident 
ion 

Incident 
energy Predicted Measured Predicted Measured Predicted Measured 

P 1 MeV 0.51° 0.51±.02 Ó ( 8 ^ 
0 # 5 l < o(90) 

0.43° 0.38° 
O.H6 o ( 9 0 ) 

• 

a 1 MeV 0.72° 
0 . 7 5 0 ( 9 0 ) 

0.61° 6.51° 
O . 5 8 o ( 9 0 ) 

These data show general agreement, as well as the correct 
functional dependence, substantiating the basic assumption in 
Lindhard theory that the potential can be approximated to that 
of a continuum string or rod. However it should be stressed 
that these data can be made more precise and are currently 
being improved, so that a detailed comparison will soon be 
possible. This may again do no more than substantiate the 
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Lindhard assumptions, since the critical angle is clearly 
not a very sensitive parameter, and a multiplication factor 
is considered to be a necessary improvement ^ 'in the crude 
Lindhard theory. 

The minimum yield is much more sensitive to the parameters 
used in the Lindhard theory. The minimum yield, as is 
evident from Pig .12, is a function of depth below surface of 
the crystal. At this stage we will refer always to the 
minimum yield just inside the crystal, that is to say just 
deeper than the surface disorder peak. Since control of 
the diamond surface is still not satisfactory, the following 
data should be regarded as early and likely to be improved 
upon in the near future. 

TABLE IX 

Incident 
Ion 

Particle 
Energy 

<110> Incident 
Ion 

Particle 
Energy Calculated Experimental 

Measurement 

Incident 
Ion 

Particle 
Energy 

Ndna2 Ndirp1 Ndir(a2+pa) 
Experimental 
Measurement 

P 
• 

1.0 MeV~j 

1.5 MeV J 
7% 0.1* 1M 

r i - 1 . 7 * ( 8 9 ) 

o 
1.0 MeV7 
2.0 MeV J 

6* CM* 6.H f 5 *<90> 
t 2 . 5 * ( 8 9 ) 

While there is very rough agreement between experiment and theory, 
it is evident that the theory overestimates the minimum yield, 
that is to say the Thomas-Fermi distance is not a good approximation 
in channeling - the actual screening distance is significantly 
smaller. As these measurements are further refined, it will become 
possible to sophisticate channeling theory. The very low thermal 
vibration amplitude for diamond is a particular advantage in these 
studies. 
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(c) Dechanneling 
The spectra in Fig.11 show, as discussed above, that the 

minimum yield does not stay constant with depth of 
penetration of the channeled ion into the crystal. There is 
a steady increase in the minimum yield indicating that the 
beam of channeled ions is increasingly dechanneled as it 
penetrates the crystal. The form of the dechanneling 
characteristic contains information on all the effects that 
contribute to the increasing transverse momentum in the beam, 
and include of course imperfections in the bulk as well as 
on the surface of the diamond. 

The dechanneling for a particular diamond specimen is shown 
in Pig.13, both as a function of proton energy and of axis ̂  . 
The behaviour is monotonic and an analysis has been attempted 
by Pearick et a l i 9 1 ) . 

In the continuum string potential model of Lindhard, the 
transverse energy of the ion is conserved. In a real case, 
the transverse energy will increase with depth as a result 
of collisions of the ions with electrons, defects, etc. until 
for each specific ion a critical energy is reached when it no 

(91) longer satisfies the criterion for channeling. Pearick x has 
shown that the characteristic dechanneling in the case of 
diamond, for protons in the energy range 0.75 to 1.33 MeV, 
can be satisfactorily described in terms of a diffusion 
function for the transverse energy distribution and not on 
the basis of a steady increase - in his treatment he 
assumed dechanneling to be due only to scattering from electrons 
and that the diffusion function for electron scattering is 
approximately linear. In reduced units it was possible to 
describe the dechanneling behaviour for all axes and all . 
energies, for a small suite of diamonds, in terms of one 
function* 
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This result is particularly encouraging since it indicates 
that the dechanneling behaviour is indeed characteristic of 
the diamond crystal per se, and is not dominated by defects 
over which there is no control. It indicates that there is 
every likelihood that further measurements, extended to establish 
the functional dependence for many parameters, will be amenable 
to sensible theoretical treatment. 

B. Radiation Damage 
Extensive studies have been made of radiation damage 

in diamonds by neutrons, electrons and gamma rays. Very 
little has been reported for charged particles. In ion 
channeling studies radiation damage is inevitable and has to 
be rendered quantitative at least to the extent that 
channeling and dechanneling measurements can be corrected for 
damage effects. In addition, a channeling-type experimental 
approach to such studies brings with it the potential 
advantage of being able to determine the lattice location 
of the displaced carbon atoms. 

Derry™ -*has recently initiated a quantitative investigation 
of this kind, in which damage is introduced into the crystal 
by a-particles of specific energy and in a well-defined 
direction, and the damage is probed by protons which have a 
longer range than the alphas and which have a much-reduced 
damage production rate. He has shown very clear damage 
effects (Fig. 14 ), and has investigated these as a function of 
crystal orientation as well as of annealing temperature. 

-Again the problem of lack of control of the specimen material 
is evident, and until many more diamonds are studied it will 
not be possible to draw conclusions that are specific to the 
pure diamond crystal» However even at this stage it is clear 
that orientation-dependent damage effects exist, and persist 
after annealing which sets in near 700°C. It is premature to 
interpret these data in terms of the lattice location of the 
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% remnant defects. 

Also evident is these early data is that there is an energy 
dependence in the radiation damage which when established 
for a large enough suite of samples, will enable information 
to be extracted on the dechanneling mechanism as well as 
on the nature of the defects responsible. 

C. Surface impurities 
In the earlier summary of all known data on impurities 

in diamond, information from Rutherford back-scattering was 
included. Surface impurities can be measured by this 
technique for amorphous matrices or for crystals in random 
orientation, but there is significant advantage to be gained 
by measuring with the incident beam in a channeling direction. 
The close-encounter interactions are starkly reduced, so that 
pulse pile-up effects are also reduced, with the result that 
sensitivity for low level impurities is enhanced. The shape 
of the impurity distribution is also more precisely determined, 
allowing information on the distribution of the impurity to 
be deduced. 

A typical spectrum reflecting the surface impurities is 
shown in Fig.15 • 

The disadvantage of RBS is that the mass dispersion,decreases 
with increasing mass (Pig.i6)« This can be improved upon by 
going to incident ions of higher mass - measurements with 
carbon ions on the carbon matrix will suppress totally the 
contribution from the matrix for angles greater than 90°. 
The actual advantages must still be tested by experiment. 

Another approach to determine more precisely the heavier mass 
surface impurities, is by detecting the characteristic X-rays 
generated by ions. This has been shown to be a powerful 
analytical procedure in a number of studies, but must still 
be attempted on diamond. 
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6. INTERACTION OF GAMMA RADIATION WITH DIAMOND 

The luminescent response from diamonds exposed to ultra-
violet light (e.8-93.9«l,95) a n d t o X-ray S

( 9 6' 9 7' 9 8' 9 9 ) has 
been studied extensively. The energy of the excitation 
photons has been taken from the eV and keV range, to the 
MeV range by using gamma radiation from a Cobalt-60 
source of 1800 curie strength. In the experimental 
configuration used in these studies, the diamond could be 
exposed also to ultraviolet light and to X-rays, so that 
comparative spectra could be obtained for the different 
excitation media in the same geometry. 

It was found that luminescence in diamonds is strongly 
excited by the gamma radiation - every diamond investigated 
fluoresced. The emitted light was analysed using a 
grating spectrometer. 

The sample suite was categorized into the four traditional 
types, using ultra-violet absorption, infra-red absorption 
and EPR as diagnostic methods. The major features found were 
as follows: 

Type la Twenty two stones were studied. Three specimens 
revealed both the N3Cíl5oX) ahdH3 (5032A*) systems and 
resembled very closely the spectra from UV excitation, but 
with the lines less well resolved (Pigl7 ). The light 
intensity was comparable for UV and y» hut lower for 
X-radiation. / 

Some very interesting other features were found for Type la 
stones however. Eight specimens from the suite showed only 
the N3 system for UV and Y excitation, but with the zero 
phonon line in the latter case showing resonant absorption 
(Fig 18). Two stones show resonant absorption of the zero 
phonon lines of both the N3 and the H3 systems. 
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Seven stones of the suite showed N3 and H3 systems but with 
four additional lines at 4126, 4199, 12311 and 4361 8. (Pig 19 ). 

Two stones had similar spectral characteristics, but were 
not typical of"the N3 and H3 spectra described above, in the 
sense that the N3 and H3 systems were not well-developed o and that a sharp isolated line at 5033A was superimposed. 

Type lb Three stones were studied which were classified 
as unambiguously in this category. All responded to gairma 
and UV excitation similarly, with a weak band from about , o 4300 to 5700 A. This band was virtually structureless, o except for a very weak line at 5750A. 

Type Ila Of ten stones investigated, nine showed no 
luminescent response under UV excitation. At room temperature, 
gamma ray excitation was weak and featureless, but on cooling 
the specimens to liquid nitrogen temperature the yield 
increased substantially and lines were clearly resolved as 
shown in Fig 20 . The overall shape is not dissimilar to 
that of the N3 system in Type la stones, but the resolved 
lines are evidently different, appearing at .4182, 4330, 4354, 
4J404» and 4555A. All ten stones showed in addition a line 
at 4910A, but only five stones showed a line at 5033A. 

Type lib Twelve stones were investigated - none responded 
to UV excitation. All luminesced strongly under gamma ray 
excitation, and at liquid nitrogen temperatures lines were 
resolved as is evident in Fig 21. The spectra are quite 
similar to those for Type Ila diamonds, but resolved lines 
are either displaced or not identical in origin. 

The luminescent response was investigated for gamma radiation 
of only one energy range, but this is not considered likely 
to be a parameter of any sensitivity although some of the 
resonant absorption features and new lines found may be more 
energy specific than at present thought. Indeed the more 
remarkable aspect is that the luminescence characteristics 
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are so similar over the whole eV-keV-MeV range. 

It is evident that excitation by gamma radiation in the MeV 
energy range is- another and complementary approach to the 
general luminescence studies, and should be taken further 
particularly by quantitative comparison of the absolute 
light yields, so as to shed light on the details of the 
excitation processes. In addition, new spectral features 
are revealed, which await interpretation. 
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7. CONCLUSION 

The use of nuclear probes in diamond studies is now well 
established, and shown to have a unique contribution to 
offer. In many aspects however this technique, or rather 
set of nuclear techniques, is in its infancy, both in the 
diamond science field and generally, and much can be 
expected in the following decade. 

Many open questions remain: although nitrogen analyses are 
now quantitative, rapid and non-destructive, the detailed 
role of nitrogen and in particular its relationship to the 
'nitrogen* platelets is clearly not established. Are these 
platelets possibly aggregates of parental magma droplets? 
Do such droplets play a significant role in the thermal 
conductivity characteristics? Is there a nett excess of 
aluminium in Type lib stones, i.e. beyond that forming part 
of the chemistry of the mineral inclusions? What is the 
role of the persistent oxygen impurity in diamonds? - what 
part of this occurs as water? What are the new optical 
excitation lines produced in gamma ray excitation of 
diamond? 

These and many more open and basic questions remain as a 
challenge to the wide, indeed expanding armamentarium of 
nuclear tools. 
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