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ABSTRACT An optical spectrometer has been integrated into a JEOL 8900R electron micro-
probe, which allows simultaneous collection of light, X-ray, and electron signals. The cathodolumi-
nescence signal is collected from a monocular eyepiece, which is integrated into the electron optics
of the electron microprobe. The optical acquisition is synchronized with the stage motion. X-ray
lines of major elements are collected using an energy dispersive spectrometer, X-ray lines of minor
elements are collected using wavelength dispersive spectrometers, and the secondary and back-
scattered electron signals are collected using standard detectors. In mapping mode of operation the
different signals are collected at each pixel with map sizes typically ranging from 1 million to
10 million pixels. This represents a significant amount of data from which the major correlations
and associations in the map can be determined. Summing over a small number of channels
and examining only a subset of the complete wavelength range are the strategies that have been
developed to reduce the size of the data handled. The application of this mapping technique is dem-
onstrated with two examples, zircons and refractory bricks. Zircons with various degrees of meta-
mictization have been characterized, and inclusions differentiated using a combination of cathodo-
luminescence and X-ray maps. Examination of refractory bricks reveals subtle chemical changes in
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the spinel grains. Microse. Res. Tech. 67:271-277, 2005.

INTRODUCTION

When an electron beam interacts with a solid target
a number of interactions occur, which produce elec-
trons, X-rays, and photons in the infrared to ultraviolet
frequency range. The process of generating the photons
is known as cathodoluminescence. In an electron probe
microanalyser (EPMA) both the electron and X-ray sig-
nals are collected for analysis and imaging. However,
apart from viewing emitted light through the optical
microscope or video display, it is generally not col-
lected. EPMA may be equipped with an optical spec-
trometer that can collect all light from within a broad
frequency range. Commonly, the optical detector col-
lects all cathodoluminescence frequencies and sums
them, and this form of collection is known as panchro-
matic. If three filters or dichroic mirrors are used to
collect three separate frequency bands then these can
be displayed as a Red Green Blue (RGB) image (Saijo
et al., 2001). If the cathodoluminescence detector is a
monochromatic spectrometer then only a single fre-
quency or small range of frequencies can be collected at
a time. Although this method can provide useful catho-
doluminescence imaging information it is difficult to
use such a system in the EPMA, since the optics associ-
ated with the monochromator or panchromatic spec-
trometer must often be moved into place for collection.
This then obscures the other detectors (X-ray and back-
scattered electron) and prevents simultaneous collec-
tion.

The EPMA can generate electrons over a wide range
of accelerating voltages and maintain a very high cur-
rent density. The interaction volume of the electron

©2005 WILEY-LISS, INC.

© 2005 Wiley-Liss, Inc.

beam with a solid has been modelled by a number of
authors (Czyzewski and Joy, 1990; Hovington et al.,
1997) and cathodoluminescence resolutions of down to
20 nm have been observed at low voltages (Norman,
2002).

Two strategies for the collection of cathodolumines-
cence have been developed to deal with the wide range
of sample sizes or regions of interest to be examined.
For large areas the stage is moved using stepper
motors while for small areas the beam is stepped digi-
tally and the cathodoluminescence signal collected dur-
ing the dwell at each pixel. The largest region over
which a beam map of X-rays can be acquired is limited
in the EPMA by the distance over which the wave-
length dispersive spectrometers maintain focus. This
focus is dependent upon the spectrometer position of
the element being observed, the d value of the diffract-
ing crystal, and the diameter of the Roland circle. Typi-
cally, with single focusing spectrometers they lose focus
after 40 um of beam movement and thus beam maps
are not collected greater than this size. The light optics
maintains uniform collection efficiency above 100 pm,
provided a 400-um-diameter optical fiber is employed.

We have developed a system in which an optical
spectrometer has been integrated into an EPMA,
which uses the existing optics for observing reflected
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light images, and allows simultaneous collection of
cathodoluminescence, X-ray, and electron signals
(MacRae et al., 2001). This form of mapping has signifi-
cant advantages over traditional mapping in that it
removes the need to have a priori knowledge about
what the important frequencies are, which will provide
the solution to the problem at hand. In addition, a sin-
gle pass map minimizes the beam dose on the sample
and hence the sample damage. Collecting with multi-
ple passes can lead to sample damage, affecting the
cathodoluminescence map by increasing or decreasing
the observed luminescence.

MATERITALS AND METHODS
System Overview

The cathodoluminescence signal is collected using
the existing optic components integrated into a JEOL
8900R SuperProbe. In the electron probe microana-
lyser (EPMA), a hemispherical mirror collects the light
generated at the sample surface and directs it onto a
series of mirrors. The light emerges from the micro-
scope as a near parallel beam, and is focused using
additional lenses onto an optical fiber that transfers
the light to an optical spectrometer. The fiber acts as
the entrance slit to the spectrometer and governs the
ultimate optical resolution of the spectrometer. Typi-
cally, a 200-pum optic fiber is employed with a 300-lines/
inch-ruled grating spectrometer, which has a spectral
range from 300 to 1,800 nm. This results in an optical
resolution of 20 nm. Although the spectrometer collects
from 300 to 1,800 nm, the spectral range with a grating
efficiency of greater than 30% is 350 to 1,200 nm and
generally only the data from the this range is used.
Light collected with less than 30% efficiency generally
has a signal-to-noise ratio too low to be useful.

The optical spectrometer connects to an analog-to-
digital capture card that is mounted on a personal com-
puter bus. The analog-to-digital card has a clock speed
of 2 MHz, but in practice the fastest collection and
transfer of a single spectrum to the PC is 2 ms. Soft-
ware overheads associated with data transfer and
interpolation reduce the fastest pixel acquisition to 5 ms.

An advantage of the new system is that the spec-
trometer can be quickly replaced to change the grating
and thus employ a different spectral response to meas-
ure the cathodoluminescence spectra. For example,
when higher resolution between 200 and 850 nm is
required a 600-lines/inch-ruled grating spectrometer is
employed with an optical resolution of 8 nm. In this
configuration a 2048-element linear charge coupled
device (CCD) array collects the light. Each pixel on the
CCD array is 14 pm wide and 200 um high, which
makes the system relatively sensitive to weak cathodo-
luminescence signals.

The dark noise from the CCD array can be removed
by either a hardware or software method. In the hard-
ware-based technique in our system, no light is
exposed to the first 24 channels of the spectrometer
and so counts in these channels are attributed to dark
noise. The average value of these 24 channels is then
subtracted from every other channel, in the acquisition
hardware, each time a spectrum is acquired. This
strategy has the advantage that it can compensate for
a dark noise level that is changing during the acquisi-
tion of a map, but assumes that the dark noise in every
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channel of the CCD is the same as in the first 24. An
alternative, software-based technique is to acquire a
complete spectrum while the light occluded from the
CCD before the map is collected. This dark noise spec-
trum is then subtracted from each spectrum that is
acquired. This approach has the advantage of correct-
ing the dark noise response for each channel in the
spectrum but will lead to errors if the dark noise varies
because of temperature changes.

The temperature of the spectrometer is regulated by
employing a Peltier cooling system to reduce changes
in dark noise. This regulates the temperature to
£0.1°C and reduces dark noise changes due to temper-
ature effects to less than five counts per channel. The
temperature regulation is of particular importance
when weak cathodoluminescence signals are observed
and the background represents a significant proportion
of the signal.

Cathodoluminescence and X-ray signals can be
mapped in either stage or beam mapping modes. The
optic fiber diameter sets the acceptance angle of the
light from the collection optics and a 200-um fiber
accepts light over a 10-um circle, while a 400-um fiber
accepts light over 50 pm. The 400-um fiber is normally
employed for beam mapping as it represents a good
compromise between optical resolution and light collec-
tion. Optical acquisition is synchronized with either
stage movement by monitoring motor pulses used to
trigger stage steps or beam movement synchronized by
monitoring a beam scan signal. X-ray lines of major
and minor elements are collected using either energy-
dispersive or wavelength-dispersive spectrometers,
and the secondary and backscattered electron signals
can be collected in parallel using standard detectors.
This technique does not compromise the fast mapping
of major or minor elements. Providing the material to
be mapped is moderately cathodoluminescence active,
the standard mapping conditions (e.g., 15-kV accelerat-
ing voltage, 30-nA beam current, and 20-ms dwell
time) can be employed to collect cathodoluminescence
spectra well above the dark noise background. The
integration of the optical spectrometer, computer, and
workstation is shown schematically in Figure 1.

Up to 2048 channels of optical data can be collected
at each pixel. A single map can contain up to 1024 x
1024 pixels and in addition to the cathodoluminescence
data each pixel can also contain X-ray signals from a
number of elements and electron signals. Thus a single
map can be over 4 GB in size. This represents a signifi-
cant memory and manipulation problem if the com-
plete data set is analyzed on a PC. To reduce the data
loaded into memory a number of cathodoluminescence
channels can be combined and typically either 5 or
10 channels are combined and then displayed. This has
the added advantage of improving the signal to noise
level of the cathodoluminescence signal.

Data Visualization

Maps are displayed on a PC using Chimage (Harrow-
field et al., 1993). Elemental X-ray or cathodolumines-
cence wavelength data can be selected and displayed
either as individual sets or as combinations of up to
three sets. For example, selecting a wavelength range
and displaying this as a single color or grey scale will
generate a monochromatic cathodoluminescence map.
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Fig. 1. Schematic drawing of the integrated optical spectrometer, data collection PC, electron micro-
probe, and associated controlling workstation, which comprise the simultaneous X-ray and cathodolu-
minescence detection system.
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Fig. 2. Three-colour cathodoluminescence map of zircon grains. Three bands are chosen from the
summed spectra plot and displayed in the RGB image.

Selecting three discrete wavelengths or bands and dis- two- or three-color maps, and the colors are added
playing them in a map can generate a Red—Green—Blue according to their relative concentrations. An illustra-
cathodoluminescence map. Assigning a primary color tion of this method of data visualization using bands is
to each wavelength or element at each pixel generates shown in Figure 2, in which three bands of different
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(a) Magnified area of the bottom right of the cathodoluminescence map in figure 2. (b) A fre-

quency—distance projection of the marked region shown in (a). Black represents zero counts, with
increasing counts represented by blue, green, yellow, red, and white. (¢) A cathodoluminescence spectra

at the position indicated by the arrows on (b).

width have been selected from a summed spectra plot.
The summed spectra plot is the average of all spectra
in the map. Dominant spectral features are retained in
the summed spectra plot, allowing them to be selected
as bands. To view minor spectral features, one of two
approaches can be taken; (a) spectra from selected
areas can be viewed and the presence of minor spectral
features examined, or, (b) a frequency—distance projec-
tion of a specific line of region can be displayed. This
latter approach is shown in Figure 3. This visualization
technique can often reveal subtle spectral features that
are highly spatially correlated.

The X-ray data within maps is processed prior to dis-
play. The elemental peak count-rate recorded at each

pixel is divided by the calibrated count-rate taken on a
standard of known composition. Collection of the ele-
mental count-rates on a set of standards is part of the
routine procedure prior to mapping. The resulting X-
ray maps are referred to as k-value elemental maps.
No correction is made for backgrounds, absorption, or
fluorescence of the X-ray within the standard; however,
standards are chosen to be as close to the unknown
as possible, thus minimizing these problems. If absorp-
tion of X-ray lines is significant within a material
then each pixel can be post processed through a Bence—
Albee matrix correction algorithm incorporated into
Chimage. This is especially important when light ele-
ments are being mapped.
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Fig. 4. Zircon grains imaged with cathodoluminescence showing
wrious degrees of alteration and metamictization.

Sample Preparation

The types of samples examined in this study were
slished sections prepared by mounting in epoxy resin,
ad sectioning and grinding with a final polish of 1-uym
lamond. To remove residual amorphous layers left by
1e diamond polishing, the surfaces were given a fur-
rer finish using 20-nm colloidal silica. Enhanced cath-
loluminescence emission and finer structure were
sserved after this step. The specimens were coated
ith a thin conducting layer of carbon prior to irradia-
on to prevent deflection of the incident electron beam
7 charging of the specimen surface. The thickness of
1e carbon coat was estimated to be 15 nm by observing
iterference colors generated on a polished brass sur-
ice coated simultaneously.

RESULTS AND DISCUSSION

Cathodoluminescence microscopy has been applied
) mineral exploration and beneficiation, and the study
*industrial minerals (Gotze, 2000; Hagni, 1985, 1986;
emond et al., 1992). In this study applications of cath-
loluminescence microscopy to zircon grains and alu-
ina—chrome refractory material are presented.

Zircons

Zircons (ZrSi0O,) are ubiquitous in the Earth’s crust
ad have low solubility in almost all melt and fluid
ympositions, allowing them to survive almost any
rystal process (Hanchar and Miller, 1993). They con-
in significant levels of U and Th, which decay radio-
stively to Pb. The diffusion of Pb in zircon is extremely
ow and so it retains age information about events
irough subsequent high-temperature fluctuations,
iaking it an extremely important mineral for geochro-
slogy. Furthermore, zircons have been extensively
udied using cathodoluminescence to investigate the
yrrelation between trace rare earth elements. In par-
cular, Dy®" is considered to be the principal spectral
«ctor, although other trace constituents such as Sm®*,
u?t, Gd*t, Th®*, and Y*' may also contribute strong
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Fig. 5. Zircon grains imaged with cathodoluminescence and Al Ku
X-rays showing a number of inclusions and coatings, in red.

lines in the observed emission (Cesbron et al., 1995;
Ohnenstetter et al., 1992).

Bangladeshi zircons containing significant levels
of thorium and uranium have been investigated using
X-rays and cathodoluminescence as illustrated in Fig-
ures 4 and 5. In Figure 4, a number of grains have been
mapped at 20-kV accelerating voltage, 100-nA beam
current and 20 ms/pixel dwell time. Three discrete
cathodoluminescence frequencies have been selected
and are shown in the cathodoluminescence map.
Changes in luminescence are clearly seen, and these
are attributed to trace element content, annealing of
luminescence centers by radioactive radiation related
to U and Th contents, and distortion of band structure
in the crystal caused by metamictization (Kempe et al.,
2000; MacRae et al., 2003). A number of grains from
this deposit contain inclusions of Al silicate that are
shown as the red regions in Figure 5. The Al silicate
inclusions impart, to some extent, color to the concen-
trate and reduce its commercial value (Aral, 2000).
This image highlights the strength of having a com-
bined X-ray and cathodoluminescence data set.
Although this type of information could be obtained
separately, the ability to show elemental levels in con-
junction with cathodoluminescence allows one to deter-
mine whether the cathodoluminescence is due to struc-
tural variations or chemical changes. In this case the
cathodoluminescence allows one to see growth zones in
the zircons, whereas the element information defines
the distribution of undesirable impurity elements.

Refractory Materials

Refractory materials are commonly used in high-
temperature industrial processes because of their high-
temperature mechanical properties. To enhance the
time between refurbishments of the refractories, the
microstructure of the material should be well under-
stood. Refractory materials are well suited to examina-
tion by cathodoluminescence microscopy because a
number of the constituent phases exhibit strong catho-
doluminescence. For example periclase (MgO), corun-
dum (Al505), and spinel (MgAl,0,) structures have all
been examined using cathodoluminescence microscopy
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Fig. 6. Elemental maps of an alumina—chrome refractory brick exposed to a number of thermal cycles
showing the penetration of Fe from the right-hand side into the brick.
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Three discrete cathodoluminescence frequencies from the map of an alumina-chrome brick

described in figure 6. The colour change in the large grains is examined by selecting two areas (high-

lighted) and examining the spectra.

(Karakus et al., 2000a,b; Vu et al., 1998). The cathodo-
luminescent-active refractory phases can be quickly
detected, their distributions examined, and the extent
of elemental substitutions within particular grains can
be readily assessed using X-rays. The assessment of
both alumina—chrome and chrome-free refractory
materials, which are used for line smelting, converting,
and refining furnaces, have been studied using optical
microscopy, backscattered electron imaging, and catho-
doluminescence to determine the depth of penetration
of slag into the refractory brick (Karakus et al., 2000a;
Moore and Karakus, 1994). Here we present images
collected on an alumina—chrome refractory that has
been exposed to a number of thermal temperature
cycles and exhibits significant chemical changes across
the section investigated. The refractory brick was
exposed to Fe and slag in the furnace and elemental
changes, including penetration of Fe into the brick, can

be observed on the right-hand side of Figure 6. The
associated cathodoluminescence map of the alumina-
chrome brick Figure 7 reveals subtle changes occurring
through a number of the larger grains because of the
thermal cycling. Two cathodoluminescence spectra,
Figure 8, taken from selected areas on both the core
and rim of the grain indicated in Figure 7 show differ-
ent spectral responses. On first inspection, the X-ray
maps do not show any difference between core and rim.
However, by selecting areas on the core and rim, and
averaging the X-ray data from the pixels in each area,
a difference in Mg concentration is observed between
the core and rim. The Mg concentration in the rim is of
order of 200 ppm higher than that in the core. This
illustrates the sensitivity of the cathodoluminescence
signal to trace element variations and the importance
of having a combined X-ray and cathodoluminescence
data set.
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Fig. 8. Selected area cathodolumineseence spectra taken from the
re and rim of the grain in Figure 7. The difference in the spectra
n be related to various Mg concentrations across the grain.

CONCLUSIONS

A cathodoluminescence detection system with 2048
1annels has been incorporated into an electron
icroprobe, with the ability to simultaneously collect
aps of electron signals, X-rays, and cathodolumines-
mce which facilitates the examination of cathodolu-
inescence activate materials. This system has been
splied to the characterization of zircons, in which the
ructure within the zircon grains is important for geo-
wronology. Various degrees of metamictization are
early seen in the cathodoluminescence signal, and
clusions of aluminum silicates are revealed in the Al
-ray map.

An alumina—chrome refractory brick has been exam-
ed, and the cathodoluminescence signal has revealed
ibtle changes in wavelength and intensity between
re and rims within some aluminum oxide grains. The
wsociated X-ray signals have revealed that these
ibtle changes are due to various Mg concentrations.
The ability of the cathodoluminescence signal to
wveal subtle chemical and structural changes means
at this technique of combined electron, X-ray, and
hole spectrum cathodoluminescence mapping should
1d applications in the analysis of a wide range of
icroanalysis problems.
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