
Atomic number and crystallographic contrast 
images with the SEM: a review of backscattered 

electron techniques 

GEOFFREY E. LLOYD 

Department of Earth Sciences, The University, Leeds LS2 9JT 

Abstract 

Backscattered electrons (BSE) are incident electrons reflected back from a target specimen and imaged 
with the scanning electron microscope (SEM). Three distinct BSE signals exist: atomic number or 
Z-contrast, in which composition determines image contrast; orientation contrast, in which specimen 
crystal structure determines image contrast; and electron channelling patterns (ECP), which are unique for 
a particular crystal orientation. The origins of these three signals are described, with particular attention 
being given to the necessary SEM operational and specimen preparation requirements. Z-contrast images 
are relatively simple to obtain and also have a familiar appearance such that their usage should become 
commonplace. ECP in comparison require subsequent interpretation which depends on the crystal 
structure and the relationship between crystal and specimen coordinate systems. A general solution to 
ECP interpretation is therefore presented, involving the construction of reference 'ECP-maps' over the 
surface of a sphere. A brief summary of the applications and potential use of the three BSE signals in the 
geological sciences is also given. 
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Introduction: scanning electron microscopy 

THE electron-optical lens system of any scanning 
electron microscope (SEM) acts to focus a beam of 
electrons emitted from an electron gun into a fine 
probe which impinges on the surface of a target 
specimen, where electron-specimen interactions 
result in a number of distinct emission signals from 
which images can be derived (see for example 
Oatley, 1972; Wells, 1974; Goldstein and Yakowitz, 
1975; Goldstein et al., 1981). The probe current, and 
hence the strengths of the various emission signals, 
is determined by the electron source and condenser 
lens system, whereas the probe diameter, and 
hence the spatial resolution, is largely determined 
by the gun geometry and objective lens. In practice, 
improved resolution is generally only possible at 
the expense of probe current and consequently 
maximum probe current is limited for a given probe 
size. The different emission signals result from 
electrostatic interactions between the probe or 
incident or primary electrons and the target speci- 
men, but some of these interactions are inelastic 
(e.g. secondary electron emission) whereas others 
are elastic (e.g. backscattered electon emission). 
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Each signal originates from a specific emission 
volume within the target specimen, the size of which 
depends on the penetration depths of the probe 
electrons and hence on probe energy (i.e. accelerat- 
ing voltage), probe diameter and the morphology, 
composition and crystal structure of the target. As 
the probe penetrates the target, the electrons 
diverge, resulting in a reduction in resolution and 
also in the strength of the emission signal. The 
energy spectrum of the emitted electrons therefore 
consists of three distinct regions: (I) elastically 
scattered electrons with energies similar to those of 
the probe electrons (Eo); (II) multiply scattered 
electrons with energies in the range 50 eV to Eo; and 
(III) low-energy electrons (i.e. < 50 eV). Secondary 
electrons (SE) occupy Group III, whilst back- 
scattered electrons (BSE) should in principle com- 
prise Group I, but due to slight inelastic effects a 
significant proportion of Group II electrons are 
also emitted as BSE. 

Conventional scanning electron microscopy 
makes use of the SE emission characteristics of 
rough surfaces to produce images based on speci- 
men surface topography. SE images can be ob- 
tained at magnifications very much higher than 
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FIG. 1. Examples of different types of SEM/BSE image. All specimens carbon-coated and imaged at 30 kV accelerating 
voltage. (a) Atomic number or Z-contrast image of a hornfelsed metagreywacke; minerals present are (in increasing 
order of brightness) quartz (Q), muscovite (M), and biotite (B). (b) Orientation or crystallographic contrast image of 
grain and subgrain microstructure in feldspar (porphyroclast) and quartz (matrix). (c) Electron channelling pattern 

image from an individual pyrite grain; the centre of the pattern has an orientation close to {114}. 

those possible with the optical microscope, whilst 
the incorporation of suitable X-ray microanalytical 
facilities (either energy- or wavelength-dispersive 
systems) makes simultaneous compositional deter- 
mination routinely possible. These attributes have 
made the SEM a popular instrument in geological 
research for many years. However, the existence of 
images based on the emission of backscattered 
primary electrons has largely been ignored by 
geologists. BSE originate from within the target 
specimen and are capable of providing images 
based on composition and crystal structure (e.g. 
Fig. 1). The properties of BSE therefore differ 
considerably from those of SE and this is reflected 
in the need for separate electron detection systems, 
specimen preparation and image interpretation. 
This review of BSE techniques considers each of 
these aspects in turn, as well as discussing possible 
applications in the Earth Sciences. 

Emission and detection of backscattered electrons 

B S E  emission 

BSE are primary electrons which have been 
reflected back from a target specimen by elastic 
scattering events in one of two ways (e.g. Niedrig, 
1978): (1) the strong Coulomb field of an atomic 
nucleus can cause a single large (>  90 ~ deflection 
in the trajectory of an incident electron (i.e. Ruther- 
ford scattering); (2) incident electrons can undergo 
multiple low-angle deflections which together com- 
prise a deflection of > 90 ~ Both types of scattering 
event result in BSE with energies somewhat less 
than the incident beam and hence there must also 
be some minor inelastic scattering involved (usually 
associated with the emission of white X-radiation). 

The shape of the interaction volume between 
incident electrons and target specimen was quali- 
tatively predicted by Duncumb and Shields (1963): 
for the same beam energy electrons penetrate more 
deeply into materials with low atomic number (Z) 
and the electron distribution tends towards pear- 
shaped; increasing energy serves only to increase 
the electron path-length such that the envelope 
expands but retains the same shape. Recently, it has 
been possible to predict the shape of this volume 
more accurately by direct observation of plastic 
materials which undergo chemical changes under 
electron bombardment, and indirectly by the 
Monte Carlo simulation technique (see Goldstein 
et al., 1981, pp. 56-68). These approaches show that 
in low Z materials the interaction volume has 
dimensions of several micrometres and depth > 
width, resulting in distinct pear-shapes. This shape 
can be explained by inelastic scattering events being 
more important at low Z and consequently elec- 
trons are able to penetrate without significant 
scattering. But, as the electrons lose energy, elastic 
scattering becomes more important and deviations 
increase to produce the bulbous region. As Z 
increases, electron path-lengths decrease because 
elastic scattering becomes more significant and 
scattering angles therefore increase such that elec- 
tron trajectories deviate quickly from beam-parallel 
to produce an interaction volume with an approxi- 
mately spherical shape. It is also clear from Monte 
Carlo simulations that the interaction volume has 
a diffuse rather than sharp boundary, and that 
electron energies are highest at the point of beam 
incidence. 

The fraction of incident electrons which reappear 
as BSE (known as the BSE coefficient q) increases 
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with specimen atomic number and this is consistent 
with elastic scattering events occurring closer to the 
specimen surface. As Z increases, the energy of the 
BSE also increases towards the incident beam 
energy, E o (Heinrich, 1966; Bishop, 1966). There 
appears to be little dependence of q on probe 
current or accelerating voltage; a slight decrease is 
observed as voltage increases, whilst a tendency for 
q to decrease somewhat at lower voltages for 
heavier elements has also been observed (Heinrich, 
1966). The changes in interaction volume described 
above largely determine the spatial resolution of 
any BSE signal image since the divergence (scatter- 
ing) of the incident electrons increases with volume 
such that the actual surface area from which BSE 
emission occurs also increases (Shimuzu and 
Murata, 1971). Thus, as volume decreases with 
increasing Z, targets with high Z should provide 
better spatial resolution (Cosslett and Thomas, 
1965). However, although BSE spatial resolution is 
generally better than X-ray resolution, it is signifi- 
cantly inferior to SE spatial resolution since the 
emission of SE occurs from a much smaller, near- 
surface volume (Fig. 2). Furthermore, the cross- 
section of emission intensity of SE is Gaussian and 
has a much better signal-to-noise ratio than BSE 
emission, which for normal incidence has a spheri- 
cal cross-section. 

Emission of BSE is highly directional and be- 
comes more so as the angle of tilt of the target 
relative to the incident beam moves away from 
normal incidence. This is because the beam strikes 
the target at shallower angles, which reduces both 
electron penetration and scattering angles. Wells 
(1970) has suggested that this reduction in penetra- 
tion and scattering should lead to improved BSE 
spatial resolution. However, rough specimens also 
effectively produce a large variation in tilt angles 
such that BSE emission can vary significantly from 
point to point on the surface. This means that BSE 
emission due to other specimen characteristics (see 
below) may be suppressed. It therefore follows that 
the best BSE images are obtained from specimen 
surfaces which have been polished flat and hence 
that specimen preparation forms a significant part 
of any SEM/BSE investigation (see below). 

BSE detection 

The Everhart-Thornley detector system (Ever- 
hart and Thornley, 1960) used in most SEM to 
collect secondary electrons is less suitable for BSE 
detection due to the directionality and higher 
energies of BSE. Any BSE detector must therefore 
be positioned geometrically to subtend as large a 
solid angle as possible of the BSE emission distribu- 
tion, which has a cosine form (e.g. Wells, 1974, 
pp. 52-60). In practice it is most convenient to use 

normal beam incidence, in which case the optimum 
detector position is vertically above the target. The 
electron beam strikes the target by passing through 
a small hole in the detector. 
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FIG, 2. Comparison of penetration ranges (R~, Rb, Rx) and 
spatial resolutions (SE, BSE, X) for secondary electron, 
backscattered electron and X-ray emission signals from 
elements with low to medium atomic numbers. After 

Goldstein and Yakowitz (1975). 

Two types of BSE detector are currently avail- 
able, the scintillator-photomultiplier detector 
(Wells, 1970; Robinson, 1973 and 1975; Schur et al., 
1974) and the solid-state detector (Wolf and Ever- 
hart, 1969; Lin and Becker, 1975; Stephen et al., 
1975). The relative merits of the two systems have 
been discussed by Robinson and Nickel (1983) and 
Hall and Lloyd (1983). My own experience has led 
me to prefer the solid-state variety, particularly 
because they are slim and clamp simply on to the 
roof of the SEM specimen chamber which allows 
operation at short (i.e. ~ 5 mm) working distances. 
As we shall see, short working distances are im- 
portant for electron channelling analysis. 

BSE image formation 

The formation of any BSE image on the SEM 
cathode ray tube (CRT) is identical to all other 
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SEM images; the CRT is scanned in synchronism 
with the passage of the electron beam over the 
target specimen such that a one-to-one correspond- 
ence exists between each point on the specimen and 
each component (pixel) of the screen. The intensity 
of the image at each pixel is determined by the 
number of electrons emitted from the correspond- 
ing point on the target, whilst image contrast is 
simply the difference in intensity from pixel to pixel. 
The quality of the actual image depends on the 
amount of 'noise' present. Noise is mainly intro- 
duced either during signal emission at the target or 
during signal amplification, and the noise level can 
usually be reduced by increasing the emission 
signal and/or decreasing the scanning rate of the 
electron beam. However, image noise may ulti- 
mately determine the maximum possible BSE 
contrast resolution. 

Due to the way BSE signal is transmitted from 
target to CRT it is possible to preferentially treat 
useful components of the total signal at the expense 
of the rest. Several different types of 'signal pro- 
cessing' are available within the standard con- 
figuration of an SEM (Wells, 1974; Newbury, 1975): 
black-level correction (D.C. suppression), intensity 
modulation (gamma correction), image differentia- 
tion and y-modulation. Of these, black-level cor- 
rection is perhaps most useful in BSE images 
because it allows the background to the total signal 
to be subtracted with a concomitant amplification 
of the remainder. Similar effects may be achieved 
via gamma correction. 

between component phases. In general, surface 
topography should be avoided and all specimens 
should be polished flat. 

Backscattered electron signals 

Atomic number or Z contrast 

Atomic number or Z-contrast (e.g. Fig. la) is the 
most easily obtainable BSE image. It arises from 
the dependence of the BSE emission coefficient (q) 
on target atomic number (Z). In specimens consist- 
ing of only a single phase, Z and hence q are 
constant and the BSE atomic number image there- 
fore consists of a uniform intensity with no contrast. 
However, in polyphase specimens Z and hence 
vary from phase to phase such that the BSE image 
contains different intensities and contrasts, with 
higher Z phases appearing brighter (Fig. 3a). SE 
images of the same area (Fig. 3b) contain less detail 
(especially when the specimen surface has been 
polished fiat) because SE emission is largely inde- 
pendent of Z. In rough specimens the directional 
characteristics of BSE emission can be used to 
provide topographic images but this roughness will 
degrade any Z-contrast image. The performance of 
any BSE system in examining topographic speci- 
mens ultimately depends on the difference in Z 

Fla. 3. (a) Example of backscattered electron Z-contrast 
image: hornfelsed metagreywacke, with the following 
minerals present (in increasing order of brightness): 
equant quartz and prismatic muscovite forming the 
matrix (see Fig. la for detail), porphyroblastic staurolite 
(S), biotite (B) and garnet (G), and matrix ilmenite (I). 
Compare the contrasts shown with those predicted by 
equation 2 or inferred in Fig. 4b. (b) Same area imaged 
using secondary electrons; note the considerably lower 
Z-contrast effect and also the suppression of topographic 
contrast due to using a specimen which had been polished 

flat. Both imaged at 30 kV; specimen carbon-coated. 
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The relationship between Z and q has been 
determined experimentally for the pure elements 
(Heinrich, 1964; Bishop, 1966 and 1974), 

in Z 1 
t / -  (Z >~ 10). (1) 
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However, most minerals are not pure elements and 
many have complex compositions. In such cases it 
is necessary to amend eqn. (1) by defining a 
weighted mean BSE coefficient (Heinrich, 1966), 

q = ~ Ci~ i (2) 
i = 1  

where Ci is the concentration by weight of each 
element in the composition, r/i is the elemental 
BSE coefficient and n is the number of elements 
present. To observe actual detail in a Z-contrast 
image some difference in Z must be present. For 
two minerals A and B this contrast is generally 
defined, 

signal (max)-signal (min) 
= ( 3 )  

signal (max) 

q A 

o 6o 
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FIG. 4. Relationship between BSE coefficient (q or q) and 
atomic number (Z or Z). (A) Pure elements (after Bishop, 
1966 and Heinrich, 1964). (B) Major rock-forming minerals 
(after Hall and Lloyd, 1981). The values of q and Z were 
determined using the most general formula available 
for each mineral and the BASIC computer program 
'MEATNO'. Note that variations in composition (e.g. 
amphiboles etc.) lead to a range of Z values and hence a 
range of q values which in turn causes variations in image 

contrast. 

Equations 1 and 2 are shown graphically in Fig. 4 
for the pure elements and some common rock- 
forming minerals. The values of q and Z (the mean 
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atomic number) were derived using a BASIC 
computer program 'MEATNO'* in which 

2 - E(NAZ) (4) 
X(NA) 

where N is the number of atoms of each element 
with atomic weight A and atomic number Z ('ZNA 
is the molecular weight). Note that minerals which 
belong to solid-solution series (e.g. amphiboles, 
pyroxenes, etc.) have a range of compositions which 
yield different 2 and q values, and hence Z-contrast 
images of varying intensities. 

From Fig. 4 it is apparent that for most minerals 
the amount of Z-contrast signal available is only 
a small proportion of that theoretically possible 
(typically < 20%) and thus from eqn. (3) any 
observed contrasts will be generally slight. It is 
therefore usually necessary to employ some/con- 
siderable black-level backing-off in Z-contrast 
images. Indeed, in many instances it may even be 
necessary to expand the contrast in a small part of 
the image at the expense of detail elsewhere. Hall 
and Lloyd (1981) were able to detect contrasts 
equivalent to compositional differences of 0.1Z, but 
recent developments in BSE detector systems and 
signal amplification have improved this figure to 
0-01Z. However, Z-contrast resolution can be 
degraded by the presence of adjacent mineral 
phases due to the penetration and divergence of the 
incident beam which means that the BSE can 
originate from different phases (see Fig. 5). This 
effect can also lead to a decrease in the overall 
image resolution since the mineral boundaries 
become blurred, especially at high magnifications. 
It should be possible to improve resolution by using 
lower accelerating voltages; the weaker emission 
signal being compensated for by new detectors with 
improved performances. In fact, preliminary ex- 
perience suggests that with the detectors available 
in 1986, ~ 10 keV produces optimum contrast and 
resolution up to at least 10000 times normal 
magnification. 

Electron channelling 

Although most of the total BSE signal is due to 
Z-contrast effects, in crystalline materials a contri- 
bution is also made from the interaction between 
primary electrons and the crystal structure of the 
target. This is known as electron channelling (EC) 
and occurs because the range of primary electrons 
in the target (typically up to ~ 500 nm) is consider- 
ably greater than any periodic arrangement of 
atoms in a crystal structure, such that the electrons 
are 'channelled' between the rows of atoms (e.g. 

* The computer program MEATNO is given in Ap- 
pendix 1. 
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A 

(o) (b) (c) 
Fxo. 5. Effect of grain or phase boundary on Z-contrast 
images and resolutions. (a) Electron beam incident on 
phase A interacts only with this phase on penetration, 
whereas beam incident on phase B expands to interact 
with both A and B, resulting in an image contrast which is 
some function of (#A, 6B). Sometimes an electron inter- 
action occurs which yields excess BSE, producing a 
'haloed' grain boundary. (b) Gently sloping phase 
boundary means that an electron beam apparently inci- 
dent only on phase A actually penetrates to interact with 
phase B, resulting in an image contrast which is some 
function of(f/A , r~B ). This effect is generally easy to recognize 
as there is a gradational contrast change in phase A but a 
sharp change in phase B, although it may be misinterpreted 
as a diffusion effect. (c) Thin phase A means that the 
electron beam penetrates through to interact with an 
unobserved phase B; image contrast is again some 
function (6A, 6B). This represents a major problem, 
although it can be overcome somewhat if polished 
thin-sections are used and monitored optically. Working 
at low accelerating voltages may also provide a solution, 

since these reduce electron penetration. 

effect, even for near-surface events, such that it is 
essential to use a collimated beam with divergence 
angles of < 10 -3 rads. 

The behaviour of an electron beam inside a 
crystalline target is best considered in terms of 
individual electrons. The motion of these electrons 
can be described as a superposition of plane or 
Bloch waves modulated by the periodic potential of 
the crystal structure. The waves are in fact solutions 
to the Schr6dinger equation and physically repre- 
sent the current flows inside the crystal structure. 
The relative contribution of each Bloch wave to the 
total EC signal varies according to the angle (0) 
between the incident beam and the different planes 
of atoms in this structure, as predicted by the 
familiar Bragg relationship 

n2 = 2dhk I sin 0 (4) 

in which 2 is the wavelength of the electrons (a 
constant determined by the accelerating voltage), 
dhu is the spacing between hkl atomic planes and 
n is the particular order of the reflection. In general, 
we can recognize two types of Bloch wave: Type I, 
which interacts weakly with the crystal structure, 

(a) (b) 

Hirsch et al., 1962). However, whereas for some 
angles of beam incidence the atomic packing 
density is relatively high and the electrons tend to 
interact with the crystal structure close to the 
surface (Fig. 6a), for other angles of incidence the O O O O 
packing density is relatively low and the electrons O O O O O 
penetrate further into the target (Fig. 6b). More 
deeply channelled electrons have a lower prob- O O O 
ability of emission than those which interact near O O O ~ O O O O O O 
the surface and hence a component of the total BSE 
signal is modulated by the crystal structure of the O O O / O  XO O O O O O 

o o o  o target. Because the interaction between electrons ~ ~  1 ~  oJ IcJ i O  
and crystal structure depends on the angle of beam ~O 
incidence, characteristic changes in BSE emission O O O O O O O O O 
only occur whilst the incident beam is still well O O O O O O O O O 
defined or collimated. As the beam diverges with 
penetration, the angular relationships between 0 0 0 0 0 0 0 0 0 ~ 0 
beam and crystal structure become more and more O O O O O O O O O O kOdO 
variable and eventually only a few electrons are O O O O O O O O O O O O O O 
travelling parallel to any given direction. The EC 
signal is therefore smeared-out over a uniform 
range rather than showing discrete intensities. 
Thus, most significant EC events occur close to the 
target surface, typically < 50 nm, although there is 
obviously some dependence on target atomic num- 
ber. Divergent incident beams result in a similar 

FIG. 6. Electron channelling effect. The variation in depth 
of electron penetration with angle of incidence relative to 
the target crystal structure results in either (a) near surface 
interactions and high BSE emission rates (Type II Bloch 
waves), or (b) deep penetration and low BSE emission 
rates (Type I Bloch waves). After Goldstein and Yakowitz 

(1975). 
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FIG. 7. Variation in emission intensity and hence image 
contrast for an individual Bloch wave as the angle of beam 
incidence (0) passes through the Bragg angle (0B) for the 
target specimen. For Type II Bloch waves 0 < 0B; for 
Type I Bloch waves 0 > 0]3. Modified from Joy (1974). 

and Type II, which interacts strongly. The relative 
contribution of each type of wave depends on the 
relationships between 0 and the Bragg angle (0B) of 
the target. This relationship is generalised in Fig. 7; 
note that as the incidence angle passes through 0B 
the intensity of the BSE/EC signal is modulated. A 
number  of models have been derived to explain this 
process quantitatively (e.g. Hirsch and Humphreys, 
1970; Vicario et al., 1971; Spencer et al., 1974; 
Sandstrom et al., 1974) and each recognizes that 
many, rather than two, Bloch waves actually 
participate in the channelling process. Neverthe- 
less, the fraction of primary electrons which re- 
appear as BSE can still be calculated and the 
variation in the BSE/EC signal predicted for a 
particular set of crystal structure planes (e.g. Fig. 8). 

However, in practice all the different sets of planes 
present in the crystal structure of the target interact 
simultaneously with the electron beam to produce 
a composite electron channelling image, but the 
actual appearance of this image also depends on the 
target, the area scanned and beam collimation. 

In  normal SEM operation the incident beam is 
scanned in two directions across the target by the 
operation of two sets of deflection coils situated 
between the condenser and objective lenses. This 
scanning action causes the angle of beam incidence 
to change (by as much as 25 ~ ) over the region 
scanned, particularly at low magnifications and/or 
short working distances, and produces the exact 
conditions for electron channelling. If the target 
crystal structure remains constant over this region 
(Fig. 9a) the resulting image (Fig. 10a) is known 

(o) 
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I 2 3 6, 

/ I / I / V  X .T . q / V  ." 
crystal sfrucfure 
I--region of ECP-- 1 
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I 3 5 7 

gl g3 g5 g7 

(b) 
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i i I 

3 partial. ECP's 

(d) 
-- scanning 

1 3 5 7 9  

gb (sg~b db db s~gbl gb 

br ight  

oJ .-~_ 
~rl L/I 

,m I'D 

dark I I I 

10 B 20B 30 B 
scan distance 

FIG. 8. Intensity profile of a typical electron channelling 
image along a single scan line in terms of the Bragg angle 
(0B). The intensity variations have been calculated from 
the sum of the first four Bloch waves. Modified from Joy 

(1974). 

{e) (f) 
~-- rocking--~ ~ rocking 
1 2 3 6, 5 1 2 3 6, 5 

i I dbb region of SAECP 

FIG. 9. Schematic formation of the different electron 
channelling images in terms of the relationship between 
the angle of incidence and the spatial resolution of the 
electron beam and the crystal structure of the target 
specimen. Notation as follows: gl, g2, g3, etc., grains 1-3 
etc.; gb, grain boundary; sgb, subgrain boundary; db, 
deformation band; dbb, deformation band boundary. See 
text for details and also compare directly with Fig. 10. 
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as an electron channel l ing pa t te rn  (ECP) and  is 
unique for the par t icular  crystal s t ructure of the 
area scanned (Coates, 1967; Booker  et al., 1967). 
This can be verified by moving  the target  laterally 

which does not  change the angular  relat ionships 
between beam and  target, provided the crystal 
s tructure remains  constant ,  and  hence the E C P  
stays the same. However,  t i l t ing the target  does 

FIG. 10. Examples of the different types of electron channelling image. See text for details and also compare directly with 
Fig. 9. All specimens carbon-coated and imaged at 30 kV accelerating voltage. (a) Electron channelling patterns from 
quartz single crystals (patterns reveal orientations close to (0001 }): (i)-(ii) show effect of tilting the target; (iii) shows the 
effect of increasing image magnification from ~ 20 x in the previous two images to ~ 60 x in this image (small crosses 
are the impressions ofa Vickers pyramidal indenter--see Ferguson et al. in press). (b) Partial ECP from several adjacent 
grains in a quartzite (n.b. angular or spatial scales cannot be accurately determined in this type of image). (c) Orientation 
or crystallographic contrast image of grain and subgrain microstructure in a quartzite. (d) Orientation contrast image of 
an individual quartz grain showing contrast variations due to intragranular deformation; note particularly the sharp 
central boundary (see Fig. 10f). (e) Selected-area electron channelling pattern from an individual grain in a calcite vein 
(black lines are images of the grain boundaries). (f) SAECP from the region of the sharp deformation boundary 
indicated by the solid circle in Fig. 10d; note the displacement of the channelling lines/bands across the boundary which 
can be used to determine the type of boundary and mismatch across it. (g) Distorted SAECP from a quartz grain 
showing the effect of intense intragranular crystal plastic deformation (the horizontal black line is a reference 

orientation marked on the SAECP to aid pattern indexing--see Fig. 14). 
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change the angular relationships and consequently 
the ECP also changes (e.g. Fig. 10aii). For optimum 
contrast and detail in the ECP image the incidence 
angle should vary through at least 208, which is 
most likely at low magnifications and/or short 
working distances. As magnification (or working 
distance) increases, the scanning angle decreases 
and the proportion of the original ECP observed is 
reduced (Fig. 10aiii). A similar effect is observed 
if the accelerating voltage is reduced. It is there- 
fore advisable to image ECPs at relatively high 
accelerating voltages (e.g. 20-30 kV), short working 
distances (i.e. < 10 ram) and the lowest possible 
magnification (typically ~ 20 times normal). In 
normal scanning operation, low magnification 
means that the electron beam traverses over a 
relatively large area of target (e.g. 2 x 2 mm), which 
may be unimportant for large, single-crystal speci- 
mens, but can lead to problems in polycrystalline 
targets with small grain size. 

If a polycrystalline specimen is imaged under 
normal scanning conditions the angular relation- 
ship between incident beam and crystal structure 
varies from grain to grain, although the total 
scanning angle remains as before. The effective 
scanning angle for electron channelling conse- 
quently depends on the size of each grain (Fig. 9b) 
and each grain therefore contributes a reduced or 
partial ECP to the overall image (Fig. 10b). How- 
ever, if the scanning angle remains effectively 
constant for each grain, but obviously varies be- 
tween grains (Fig. 9c), then each grain provides a 
constant contrast to the image which is known as 
an orientation, crystallographic or electron channel- 
ling contrast image (Fig. 10c). This type of image 
remains susceptible to tilting since this changes 
the electron channelling conditions, but it is also 
susceptible to lateral shifts in position for exactly 
the same reason. Indeed, it is important to remem- 
ber that even a slight shift in position can result in 
extreme changes in contrast of individual grains 
(e.g. from dark to bright). At high magnification 
(depending on grain size) orientation contrast 
images can be obtained from the internal structure 
of individual grains (such as subgrains etc.) because 
the subtle changes in crystal structure are still 
sufficient to cause the electron channelling condi- 
tions to vary (Fig. 9d and Fig. 10d). 

We have seen that under normal scanning condi- 
tions the minimum area from which a useful ECP 
can be obtained is quite large and therefore restricts 
the application of ECP analysis. However, the 
resolution of ECPs can be considerably improved 
by modifying the SEM operating conditions. This 
is achieved by inserting a beam-defining aperture 
within the second condenser lens and by turning off 
the lower set of scan deflection coils, which together 
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Fig. 11. Comparison between normal scanning (left) and 
selected-area diffraction (right) modes of SEM operation. 

See text for details. 

move the crossover position of the electron beam 
from the objective lens to the surface of the target 
specimen (Fig. 11). Thus, rather than scanning over 
an area, the electron beam now 'rocks' about a fixed 
point on the target (van Essen and Schulson, 1969; 
van Essen et al., 1971). This rocking action pro- 
duces the exact conditions for electron channelling 
(Fig. 9e), but the minimum area from which an ECP 
can be obtained now depends on how accurately 
the rocking position can be fixed and how much 
'travel' there is about this position. Because the 
rocking position is chosen at will, this technique is 
also known as selected-area diffraction (SAD) and 
the ECPs (e.g. Fig. 10e) are referred to as selected- 
area electron channelling patterns (SAECP), In 
practice, the following operating steps are neces- 
sary to obtain the optimum SAD image (Fig. 12). 

(1) Obtain a crystallographic image of the target 
using normal SEM conditions; focus this image at 
'high' magnification (i.e. up to ~ 500 x ) and move 
the chosen rocking position to the centre of the 
image (Fig. 12a). 

(2) Switch to lowest magnification possible, 
insert the SAD aperture and turn offthe lower scan- 
deflection coils; it is unlikely that the beam rocking 
position will be contained exactly within the plane 
of the target surface and so a distorted crystallo- 
graphic contrast image of the target is most likely 
obtained (Fig. 12b). 

(3) Adjust the objective lens so that the target 
surface coincides with the focal length of the upper 
deflection coils, which ensures that the rocking 
position is moved to the target surface; this has the 
effect of expanding the central part of the image to 
fill the CRT screen (i.e. improving the resolution by 
rocking closer and closer to a point on the target 
surface) until the crystallographic contrast image is 
replaced by a SAECP image, which is also 
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FIG. 12. Schematic representation of the formation of 
selected-area diffraction SEM electron channelling pat- 
tern images, with the following notation: N, normal 
scanning mode; S, selected-area diffraction mode; OC, 
orientation contrast image; mag., image magnification; 
L1 L3, operation of respectively the first and second 
condenser lenses and the objective lens; RP, 'rocking' 
position of electron beam. See text for further details. 

expanded using the objective lens until the moment 
it too begins to break-up or exceeds the image field 
of view (Fig. 12e-e). This is the optimum rocking 
position. 

(4) Switch on the lower deflection coils and 
return to 'high' magnification; due to the use of the 
objective lens to move the rocking position, the 
image will be out of focus (Fig. 12f) and must be 
refocused (Fig. 129) using the second condenser 
lens. (Note: this action produces a small beam 
diameter but also a convergent beam and hence 
variable electron channelling conditions; beam 
convergence is overcome by operating the objec- 
tive lens at much weaker currents than normal, 
which acts to collimate the beam.) 

(5) Return to SAD conditions and readjust the 
objective lens to obtain the optimum conditions 
(Fig. 12h); in practice it is usually necessary to 
switch between SAD and normal operating condi- 
tions several times before the optimum SAECP is 
obtained (e.g. Fig. 10e). 

(6) Contrast is added to the SAECP image by 
adjusting the first condenser lens in combination 
with applying black-level correction (Fig. 12i); in 
practice it is again usually necessary to make the 
adjustments to all three lenses in small amounts by 
switching between SAD and normal conditions. 

It should be obvious from these operating condi- 
tions that it is a relatively simple matter to switch 
from SAECP image to crystallographic contrast 
image. Thus, any region of interest in a microstruc- 
tural image can also be imaged via SAECP (Fig. 9f 
and Fig. 10 d and f).  The minimum area of pattern 
formation in SAD is determined by aberrations in 
the objective lens, but is about ~ 10/~m. Resolu- 
tion can generally be improved by operating at 
shorter working distances (e.g. 5-10 ram), but 
significant improvements towards ~ 1/~m resolu- 
tion require 'dynamic focusing' in which the final 
lens is modulated in synchronism with the scanning 
system to overcome spherical aberrations (van 
Essen, 1971; van Essen et al., 1971); a process also 
known as 'spiral scanning' (Hall and Skinner, 1978). 
Eventually, however, the maximum SAECP resolu- 
tion may still exceed the scale of deformation 
induced into the crystal microstructure, resulting in 
imperfect ECPs. If this deformation occurred under 
low homologous temperatures the ECP will show a 
loss of fine detail, a uniform broadening of channel- 
ling bands and a reduction in contrast relative to 
the background, but all lines/bands will remain 
straight. Deformation at high homologous tem- 
peratures has similar effects, but also leads to a 
distortion of the channelling bands (i.e. bending 
and irregular band-widths) due to the polygonisa- 
tion of the crystal structure and the development of 
subcells with slightly different rotation vectors (e.g. 
Fig. 109). Deterioration of ECP images (similar to 
the effects of low-temperature deformation) can 
also be due to the poor condition of the specimen 
surface. This is usually caused by the effects of 
mechanical polishing necessary to produce flat, 
polished surfaces. Thus very careful specimen pre- 
paration is necessary for successful electron 
channelling analysis. 

Specimen preparation for BSE analysis 

One of the most attractive features of secondary 
electron SEM analysis is that very little specimen 
preparation is usually necessary. However, due to 
the different origins of the various BSE signals 
specimen preparation becomes an important con- 
sideration and, unless there is a particular require- 
ment to image the topographic characteristics of 
BSE emission, specimens intended for BSE analysis 
should be polished as flat as possible. Suggestions 
in the literature (e.g. Krinsley et al., 1983; Pye and 
Krinsley, 1983) that slight surface topography is 
useful in fine grained specimens are misleading; 
although general image quality and resolution may 
be improved this is always at the expense of BSE 
signal resolution and only where there is no 
variation in the BSE signal (e.g. in monomineralic 
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specimens) is topography likely to be useful (i.e. to 
reveal grain boundaries etc.). Surface topography is 
most easily removed by conventional polishing 
techniques used in the preparation of optical thin- 
sections or electron microprobe samples, although 
depending on the nature of the specimen (i.e. coarse 
or fine grained) polishing with finer grade abrasives 
or pastes than normally used may be required (e.g. 
slates often need polishing down to 0.25 ~m 
diamond paste). Unfortunately, polishing with 
abrasives is mechanical and introduces sufficient 
damage into the surface (i.e. crystal structure) layers 
of a specimen to completely eliminate electron 
channelling effects. It therefore follows that con- 
ventional polishing techniques are only suitable for 
BSE Z-contrast analysis. The mechanical damage 
introduced by abrasives can be removed using a 
chemical-mechanical polishing technique involv- 
ing an alkaline silica-sol slurry and a polyurethane- 
foam substrate (Fynn and Powell, 1979; see also 
Lloyd, 1985). This polishing process results in very 
slow abrasion rates (e.g. 1-2 #m/hr or ~ 1 atomic 
monolayer per second) and introduces negligible 
damage whilst removing earlier damage. After 
polishing is complete it is important to thoroughly 
clean the specimen surface and to leave it free from 
any contamination (especially hydrocarbon pro- 
ducts) which may breakdown under the influence of 
the electron beam and deposit debris. Specimens 
should therefore be rinsed in cold water and then a 
solvent (e.g. ethanol) and finally dried using a 
hot-air dryer. They should also be stored in a clean, 
dry place and it is recommended that after storage 
an inert gas aerosol spray is used to remove any 
stray dust particles. 

Specimens are examined in the SEM under 
conditions of high vacuum. Excess electrons there- 
fore accumulate on the surface of non-conducting 
specimens (i.e. most rocks and minerals) as a 
'space-charge' region with negative potential, caus- 
ing irregular deflections of the incident electron 
beam on successive scans. CRT images may also 
appear very bright and/or 'flicker' intermittently 
between very bright and dark. Specimen charging is 
prevented by depositing a thin layer of a conduct- 
ing material on to the specimen surface using 
high-temperature vacuum evaporation or plasma 
discharge techniques (Pfeffercorn, 1973; Echlin, 
1974). However, whereas secondary-electron emis- 
sion and resolution are improved by using a 
coating material of high atomic number such as 
gold (Everhart, 1970), such materials form energy 
barriers to both electron penetration and BSE 
emission and hence degrade any BSE image. It is 
therefore necessary to use a material with a low 
atomic number, such as carbon, but since electron 
channelling effects originate from very close to the 

specimen surface (typically < 50 nm) the thickness 
of carbon deposited must be carefully monitored 
for BSE electron channelling analysis. Lloyd et al. 
(1981) determined that 7-15 nm of carbon layer is 
sufficient to prevent specimen charging and yet 
does not degrade the electron channelling signal. 

An alternative method of charge prevention 
should also be mentioned, namely the 'environ- 
mental cell' (Robinson and Robinson, 1978; Robin- 
son and Nickel, 1979). This approach maintains the 
specimen at a much lower vacuum which it is hoped 
will help conduct charge away from the surface. As 
such, the environment cell should be particularly 
useful in the examination of gassy or friable speci- 
mens which are likely to contaminate high vacuums. 

Applications of SEM/BSE signals 

A tomic  number  or Z -con t ras t  

Z-contrast images (e.g. Figs. la and 3a) are 
perhaps the easiest SEM/BSE image to obtain. 
Indeed, this type of image has been available with 
the electron microprobe for many years (Kimoto 
and Hashimoto, 1966), although the electron optical 
and BSE detection systems present in these instru- 
ments are generally inferior to those in SEMs. 
Compared with the optical microscope, the SEM 
offers considerably superior image resolution and 
has the added advantage of immediate quantitative 
X-ray microanalysis of Z-contrast images. How- 
ever, mineral polymorphs (such as the andalusite 
sillimanite-kyanite system) do present a problem 
since their Z and hence t 7 values and image 
contrasts are identical. Therefore, when imaging 
polymorphic minerals using SEM Z-contrast, 
other characteristics (e.g. form etc.) will generally 
have to be relied upon to distinguish the different 
varieties. Alternatively, since direct comparison 
between SEM and optical micrographs is also 
possible using uncovered thin-sections, this ap- 
proach can be used to identify mineral polymorphs. 
The fact that Z-contrast images have a familiar 
appearance should make for rapid acceptance of 
the technique as well as facilitating interpretation 
and comparison of the images. These advantages of 
SEM Z-contrast analysis make for a wide range of 
possible applications; in fact the technique can be 
used whenever and wherever the optical micro- 
scope is considered. For this reason, no particular 
examples of Z-contrast analysis are described in 
this review, rather the interested reader is referred 
to the following recent publications: Robinson and 
Robinson (1978); Hudson et al. (1978); Robinson 
and Nickel (1979); Ferguson et al. (1980); Ball 
and McCarthney (1981); Hall and Lloyd (1981); 
Hall and Skinner (1981); Lloyd and Hall (198t); 
Krinsley et al. (1983); Pye and Krinsley (1983, 
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1984); Pye (1984); White et al. (1984, 1985) and 
Lloyd (1985). 

Electron channellin9 contrast 

SEM electron channelling contrast analysis is 
more difficult to perform than Z-contrast analysis 
due to the need for additional (usually non- 
standard) attachments in the electron-optical 
system and stricter specimen preparation demands. 
Similarly, the interpretation of electron channelling 
images is also more involved. As we saw above, 
electron channelling originates from within the 
structure of crystalline materials and is responsible 
for two distinct SEM images: orientation contrast 
(e.g. Fig. lb) and electron channelling patterns 
(Fig. lc), with ECPs being used to index the regions 
observed via orientation contrast. Electron chan- 
nelling analysis can be performed on solid speci- 
mens several centimetres in size and consequently 
the technique represents a potentially unique 
opportunity for geological research, particularly in 
crystal fabrics, since it overcomes deficiencies asso- 
ciated with other methods (e.g. universal-stage 
optical microscopy, X-ray texture goniometry and 
transmission electron microscopy). However, this 
potential has only recently been recognized 
(Saimoto et al., 1980; Hall and Lloyd, 1980; Lloyd 
and Hall, 1981; Lloyd et al., 1981) and actual 
applications are therefore rare (e.g. Christiansen, 
1986; Lloyd and Ferguson, 1986; Lloyd et al., in 
press; Ferguson et al., in press). The rest of this 
section concentrates on the ancillary expertise 
necessary to interpret electron channelling images, 
although, because orientation contrast images are 
similar in appearance to some polarised light 
micrographs (e.g. consider Fig. lb), their use and 
interpretation should be reasonably straightfor- 
ward. Unfortunately, contrast difference in no way 
represents a specific misorientation. The maximum 
resolution possible in orientation contrast images is 
still superior to that obtained with the optical 
microscope and the misorientation indicated is also 
better (Lloyd and Ferguson, 1986). The interpreta- 
tion of ECPs is an altogether different matter. 

The appearance of any ECP is determined by the 
angular relationship between the electron beam 
and the crystal structure at the point of incidence. It 
therefore follows that the range of patterns observed 
is a function of crystal symmetry since the periodi- 
city of crystal structure results in a continuous, but 
eventually repeated, variation in ECP configura- 
tion. This leads to the recognition of 'ECP-maps' 
(Joy et al., 1971) which extend over the whole of 
the crystallographic stereogram or unit triangle 
required by symmetry to include all possible orien- 
tations and ECP configurations. The map area is a 
minimum for cubic symmetry classes and increases 

as symmetry decreases. ECP-maps are constructed 
by gradually tilting and rotating a crystal about a 
fixed point of beam incidence and photographically 
recording the individual patterns observed after 
every few degrees of tilt/rotation (see Lloyd, 1985; 
and Lloyd and Ferguson, 1986, for details). The 
patterns are then merged together into a complete 
map, but to minimise spherical distortions inherent 
in the recording process it is recommended that 
maps are constructed over a spherical surface (Stott 
et al., 1975). These 'spherical ECP-maps' (e.g. 
Fig. 13) also facilitate indexing of ECPs and 
representation of ECP data, as follows. 

Accurate and meaningful indexing and represen- 
tation of ECPs not only involves the availability of 
the relevant spherical ECP-map, but also requires 
that the crystallographic and specimen coordinate 
systems can be related to each other. This means 
that, in general, oriented specimens should be used. 
The first step necessary in relating crystallographic 
and specimen coordinates is to ensure that the 
specimen surface (which it is assumed has been 
prepared to include two of the three specimen 
coordinate directions) is perpendicular to the 
electron beam (assuming normal incidence). The 
normal to the specimen surface (N) is therefore also 
the normal to any ECP obtained from this surface. 
Probably the best method of ensuring this con- 
figuration involves fixing a small piece of {111} 
silicon-slice to the specimen surface. The {111} 
ECP for silicon is very distinctive and for normal 
beam incidence should be symmetrical about the 
centre of the pattern. The tilt control can be used to 
obtain the correct appearance. The next step is to 
define the rotation of the specimen about N. This 
requires that one of the specimen coordinate axes 
(e.g. a mineral lineation) within the specimen 
surface can be recognized and hence its direction 
(R) in the SEM/OC image can be determined. 
However, because a rotation about N exists between 
OC and SAD images (van Essen and Verhoeven, 
1974; Davidson, 1976), it is necessary to define R for 
both images. This is achieved by firstly aligning R 
either vertically or horizontally in the OC image. 
On switching to SAD the specimen image dis- 
appears and is replaced by a SAECP which con- 
tains no indication of R. But, if the SAECP image is 
defocused (i.e. steps b-9 in Fig. 12 are reversed), a 
'blurred' OC image is produced in which R can be 
recognized, although it will not be vertical/horizon- 
tal. R can be re-aligned via the rotation control and, 
because this rotation occurs about N, refocusing 
the SAECP image has no effect on the new 
alignment and R will therefore be vertical/horizon- 
tal on all SAECPs obtained from the specimen. 
Obviously, R is no longer vertical/horizontal in OC 
images, but its new direction can be easily observed. 
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FIG. 13. Examples of spherical ECP-maps constructed 
from single crystals of (a) copper (face-centred cubic 

symmetry) and (b) quartz (trigonal symmetry). 

The specimen is now accurately oriented within the 
SEM and the relationship between specimen and 
crystallographic coordinate systems can be estab- 
lished for each ECP via the spherical ECP-map. 

In fact, three different relationships between 
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specimen and crystallographic coordinate systems 
are generally recognized (e.g. Hatherley and 
Hutchinson, 1979): 

(1) inverse pole figure, in which a particular 
specimen direction (e.g. N) is plotted in crystallo- 
graphic coordinates; 

(2) pole figure, in which a particular crystallo- 
graphic axis is plotted in specimen coordinates; 

(3) orientation distribution function (ODF) dia- 
gram which represents a complete but complex 
relationship between specimen and crystallo- 
graphic coordinate systems. 

These three relationships are shown in Fig. 14 for a 
general crystallographic coordinate system defined 
by its ECP-map (xyz) and an orthogonal specimen 
coordinate system (NRP). Assuming that the speci- 
men has been oriented as described above, the 
centre of any ECP represents the ECP/specimen 
normal direction N. This position of N within the 
ECP-map is determined by visual comparison, but 
can be accurately fixed by means of great-circle 
rulers graduated in degrees (e.g. Fig. 13b). These 
rulers are used to measure spherical angles which 
relate (xyz) to (NRP). For the inverse pole figure 
only the position of N in terms of (xyz) is required 
and this is easily obtained via the spherical angles 0 
and q~ (Fig. 14a). However, rotation about N is not 
recognized. The pole figure recognizes this rotation 
by relating a specific crystallographic direction (i.e. 
x, y, z etc.) to the specimen directions N and R (Fig. 
14b), although a different pair of spherical angles 
0xr~, ~0xy ~ is required for each crystallographic 
direction. The ODF relates (xyz) to (NRP) exactly 
via only three spherical angles 0, q~, ~b (Fig. 14c), 
but interpretation of the data derived from this 
approach awaits further investigation (Lloyd et al., 
in prep.). 

As mentioned previously, applications of SEM 
electron channelling in the geological sciences have 
been limited, but the technique has been used 
successfully in metallurgy and materials science for 
several years (for example, see reviews by Hall and 
Hutchinson, 1980; Hall, 1981; Joy and Newbury, 
1977; and Joy et al., 1982). The most obvious 
geological applications are probably in studies of 
microstructures and crystal fabrics due to natural 
deformations; see Table 1 for a general summary of 
the applications to date. However, the number of 
individual ECPs needed for statistically meaningful 
crystal fabric analysis (i.e. ~ 500) does make the 
technique somewhat laborious, but the effort is 
rewarded by the absolute discriminatory nature of 
the technique which ensures that crystal (i.e. ECP 
images) and microstructural (i.e. orientation con- 
trast images) data are maintained in an exact 
one-to-one correspondence. This ability is claimed 
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(c) 

FIG. 14. Determination of (a) inverse pole figure, (b) pole figure, and (c) orientation distribution function diagrams using 
SAECPs and spherical ECP-maps, with the following notation: NRP, specimen coordinate system (N, direction normal 
to specimen surface and also the SAECPs; R, a reference direction in the plane of the specimen surface and marked on 
each SAECP see for example Fig. 10g; P, the mutual perpendicular direction); xyz, generalized crystal structure 
coordinate system; 0, spherical angles measured either towards (a) or from (b and c) N; ~p, spherical angles measured in 
either the primitive plane of the ECP-map (a and c) or the plane of the specimen surface (b); ~b, spherical angles measured 

in the plane of the specimen surface from the direction P. 

Table I. Summary of possible aoolications o~ elec~ror, channelling 

techr, ioues in the geological scler, cies and in general 

A p p l i c a t i o n  Geology General 

microst~uc~ural L l o y d  ~ Hall  1981 N a k a g a w a  19S6 
a n a l y s i s  L l o y d  e~ a l ,  198t 

Chris~iar, ser, !986 
L~oyd ~ Ferguson 1 9 8 6  
Lloyd e~ a l ,  in prep, 

crystal  9abric Lloyd e~ a l ,  in press Lloyd 1985 
determination Liovd e~ al, ir, prep, 

c r y s t a l  plas~i~ 8aimoto et a l ,  IB~O 
defor.maticn and/ Christiansen !SEE 
or mis~rientati~n L~oyd ~ Ferguson !9S6 
determination 

snalysis of Lloyd et a l ,  1981 
mic ro { rac tu r ln  9 Fer�uSon et  al ,  in 

gres$ 

~cr, ulson i~71 
S~icKler et al. 1971 
Joy e~ al. 1972 
Spencer et a l ,  1 9 7  z 
D a v i d s o n  I 9 7 4 ,  i877~ 

1 9 E 8  
Newbury ~ YaKowi~z 

1875 
Crompton & Martin 

t 9 8 0  
y a K o ~ i t z  1974 

D a v i d s o n  1374 ,  1977, 
t ~B2  

TchorzewsKi 
Hutchtnson 1978 

Prince �9 Martin 1979 
LanKford ~ gavidson 

1 9 8 2  

I ~ / i c e  p a r a m e t e r  Joy  1 9 7 4  
d e t e r ~ l n a t i o m  

by no other fabric analysis technique or methodo- 
logy. On a more localized level, the orientation 
mismatch between grains or internal regions of 
individual grains can be determined using electron 
channelling with an accuracy of better than 1 ~ (e.g. 
Fig. 10f), whilst the deterioration in ECP image 
with plastic deformation (e.g. Fig. 10g) may provide 
a means of estimating actual strain magnitudes in 

crystal structures (see, for example, Yakowitz, 1974, 
p. 473 and appendix). 

Conclusions 

In this contribution I have reviewed the use of 
SEM backscattered electron techniques in the 
geological sciences. Three different types of image 
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can be obtained: atomic number  contrast (Z- 
contrast), images based on variations in composi- 
tion; orientation contrast, images based on changes 
in crystal structure; and electron channelling 
patterns, distinct configurations of lines and bands 
of different contrasts which are unique for a par- 
ticular crystal structure (orientation). Both orienta- 
tion contrast and electron channelling patterns 
result from the 'channelling' of the incident elec- 
trons through the crystal structure of a target 
specimen. The incorporation of conventional X-ray 
microanalytical facilities into the SEM augments 
the various BSE signals by providing immediate 
quantitative compositional determination. To- 
gether, these techniques provide a unique oppor- 
tunity to investigate the microstructure of 
geological specimens on a scale and with a resolu- 
tion hitherto unknown. The BSE signals and 
images are generally simple to understand and 
obtain provided certain specimen preparation 
procedures are followed, although ECP analysis 
does require additional SEM hardware and extra 
facilities for interpretation of images. The very 
novelty of these BSE techniques means that geo- 
logical applications have so far been rare and 
largely restricted to Z-contrast  images. However, 
now that a new generation of SEMs is available 
with full BSE and electron channelling facilities, 
plus the fact that the methodology for accurate 
interpretation of ECPs has recently been developed, 
the geological usage of Z-contrast, orientation 
contrast and ECP images should rapidly increase. 
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APPENDIX 

BASIC program to  c a l c u l a t e  mean atomic number and mean 
b a c k s c a t t e r e d  e l e c t r o n  coe@f ic ien t  OF m i n e r a l s  from t h e i r  fo rmu lae  

I PRINT" MEATNO" 
2 PRINT:PRINT:PRINT 
S PRINT"PROGRAM TO CALCULATE MEAN ATOMIC NUMBER" 
4 PRINT" AND MEAN BACKSCATTERED ELECTRON" 
5 PRINT" COEFFICIENT OF MINERALS 
7 P R I N T : P R I N T : P R I N T  
19 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
20 REM * * *  INPUT CONSTANTS AND DIMENSIONS * * *  
21REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
25 DIM C (20 ) ,A$ ( IOO) ,Z ( IOO) ,NU( IO0 ) ,Z I ( 20 )~Z2 ISO)  
26 DIM WI(20),B$(20) 
27 M=O:N2=O:MI=O:NS=O 
29 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
30 REM * * *  READ ELEMENT SYMBOLS AS, ATOMIC * * *  
31REM * * *  WEIGHTS Z~ AND BSE COEFFICIENTS NU * * *  
32 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
35 FOR I= i  TO 92:READ A$(1):NEXT I 
45 FOR I=1 TO 92:READ Z(1):NEXT I 
55 FOR I=1 TO 92:READ NU(1):NEXT I 
97 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
98 REM * * *  CALCULATION SUBROUTINE * * *  
99 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
105 PRINT"NO, OF ELEMENTS IN FORMULA ?":INPUT E 
120 FOR I= I  TO E 
125 PRINT "SYMBOL AND NO. ATOMS OF ELEMENT NO, " ; I  
130 INPUT B $ ( 1 ) , Z 2 ( 1 )  
135 NEXT I 
140 FOR d = l  TO E 
145 FOR I= I  TO 92 
147 I F  S$(J)K>A$(1) THEN GOTO 160 
150 W I ( J ) = Z ( 1 ) * Z 2 ( J )  
t55 M=M+WIKJ)~C~JI~NU(1)~ZtIJI=I 
1 6 0  NEXT I 
165 NEXT J 
175 FOR J= l  TO E 
IB3 M I : M I + ( W I ( J ) * Z I ( J ) / M )  
185 NI=WI(J)*C(J)/M:N2=N2+NI 
195 NEXT J 
197 PRINT:PRINT:PRINT 
198 PRINT "MINERAL"~ 
200 FOR J=1 TO E 
210 PRINT B $ ( J ) ; Z 2 ( J ) ~  
215  NEXT J 
216 PRINT:PRINT 
219 PRINT "MEAN ATOMIC NUMBER: "';MI 
220 PRINT "BSE COEFFICIENT : "IN2 
267 PRINT=PRINT:PRINT 
990 STOP 
994  REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
995 REM * * *  DATA STATEMENTS * * *  
996 REM * * *  * * *  

9 9 7  REM * * *  ELEMENT SYMBOLS * * *  
9 9 8  REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
1000 DATA "H", "HE'% "LI","SE","D", "C", "N", "0" ,  "F" 
1001 DATA "NE", "NA' , "MG",  "AL", "SI","R","S","CL" 
1002 DATA "AR", "K",  "CA", "SO", " T I " ,  "V",  "CR", "MN" 
1003 DATA "FE',"CO',"NI","CU',"ZN",'SA","GE','AS" 
1004 DATA " S E " , " B R " , " K R " , " R B ' t " S R " , " Y " , " Z R " , " N D "  
1005 DATA "MO" , "TO" ,~RU" , "RH' , "PD" , "AG" ,~  '' 
1006 DATA " S N " , " S B " , " T E " , " I " , " X E " , " C S " , ' B A " , " L A "  
1007 DATA "CE","pR' ,"ND","PM"~"SM","EU", 'OD","TB" 
1008 DATA "DY","HO"~"ER","TM","YB","LU","HF","TA" 
1 0 0 9  DATA "W","RE","OS","IR",'PT'~'AU","HC"J"TL" 
1010 DATA " P B " , " B I " , " P O ' , " A T " , " R N " , ' F R " , " R A " , " A C "  
1011 DATA "?H"~"PA" , 'U"  
2000 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
2001REM * * *  DATA STATEMENTS * * *  
2002 REM * * *  * * *  
2003 REM * * *  ELEMENT ATOMIC WEIGHTS * * *  
2004 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
2005 DATA 1 , 0 0 B , 4 , 0 0 9 , 6 , 9 3 9 , 9 , 0 1 2 , 1 0 , 8 1 , 1 2 . 0 1 1  
2 0 0 6  DATA 14.007115.999118,998,20.183~22*991 
2007 DATA 24,312,2B,DS2,28,OSS~BO.D74,92*064 
2008 DATA 35,453,39,948, B9.102,40.08,44,956,47,9 
2009 DATA 50.942,51.996~54,938,55,847,58,939 
2010 DATA 5B,71,69,54,65,37,69,72,72,59174.922 
2011 DATA 7B.96.79.909,83.8 .85.47,87.62,88.905 
2012 DATA 9 1 . 2 2 , 9 2 . 9 0 6 , 9 5 , 9 4 , 9 9 , 1 0 1 , 9 ,  I 0 2 . 9 0 5  
2013 DATA i06,4,107,87~112,4,114,82tI18,69,121,75 
2 0 1 4  DATA 127,6,12B.904~1Sl.9,132.905,137.34 
2015 DATA 138,91,140,12,140,907,144,24,147,150,35 
2016 DATA 1 5 1 , 9 5 , 1 5 7 . 2 5 1 1 5 8 , 9 2 4 , 1 6 2 , 5 , 1 6 4 , 9 3  
2017  DATA 167,26,IBS~994~ITS.O4~T4,g7~17S.49 
2018 DATA 180,94S, 1 8 3 , 8 5 , 1 8 6 , 2 ~ 1 9 0 , 2 , 1 9 2 , 2 , 1 9 5 , 0 9  
2019 DATA 196,967,200,59,204,37~207,19,208,9B, 209 
2020 DATA 210 t222 ,223~226 ,227 ,232 .098p231 ,238 ,03  
3000 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
3001REM * * *  DATA STATEMENTS * * *  
3 0 0 2  REM * * *  * * *  
3003 REM * * *  ELEMENT BSE COEFFICIENTS * * *  
3004 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
3005 DATA , 0 1 ~ , 0 2 1 , . 0 9 1 , , 0 4 9 , , 0 5 4 , . 0 6 G , , 0 7 9 ~ , 0 9 3  
3006 DATA .i07,,121,,136,.15,.164,.176,.189~,201 
3007 DATA . 2 1 2 , . 2 2 3 , . 2 3 3 . . 2 4 3 1 . 2 5 3 . . 2 6 9 ~ . 2 7 9 . . 2 8 2  
3008 DATA . 2 9 1 . . 3 , . 3 0 9 , . 3 1 7 . . 9 2 5 , . 3 3 2 , , 3 9 9 . . 3 4 5  
3 0 0 9  DATA . 35 , . 355 , . 961 .365 . . 97 , . 375 , . 379 . . 384  
3010 DATA .388, .992~,396p.4 t .40A~.408, .412. .415 
3011 DATA .419 . .423 , .426 , .43 . .439~.496p .439 . .449  
9 0 1 2  DATA . 4 4 6 . . 4 4 9 ~ . 4 5 2 , . 4 5 5 ~ . 4 5 8 , . 4 6 1 . . 4 6 3 , . 4 6 6  
3019  DATA . 469 . .472~ .474 j .477 , .479 , .482 , .485 . .487  
9014  DATA . 4 9 0 ~ . 4 9 2 1 . 4 9 5 . . 4 9 8 . . 5 0 1 . . 5 0 4 , . 5 0 7 ~ . 5 0 9  
9015  DATA . 5 1 0 . . 5 1 2 . . 5 1 3 , . 5 1 5 . . 5 1 6 , . 5 1 7 . . 5 1 8 , . 5 1 9  
3016  DATA . 5 2 0 . . 5 2 1 . . 5 2 2 , . 5 2 3  


