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Polyethylene is used as high-voltage electrical insulation in cable, and fails when subjected 
to the combination of water environment and electrical field. The three-dimensional micro- 
structure of water trees, which are precursors to dielectric breakdown, has been revealed with 
laser scanning confocal optical microscopy. Two-dimensional images which represented 
optical serial sections were recorded in digital form, and reconstructed in a computer to 
produce three-dimensional views of the microstructure. Both stereo pairs and computed tomo- 
graphic reconstructions were made. The material was stained with a fluorescent dye and the 
fluorescent image was compared to the standard unstained image. The dye was found to 
increase the signal-to-noise ratio and improve the quality of the image significantly. 

1. I n t r o d u c t i o n  
The microstructure of polymers can be examined 
using a variety of methods. Techniques which involve 
ionizing radiation such as electron microscopy pro- 
duce artefacts in the image which are a result of the 
radiation damage in the polymer, and which limit 
the minimum resolvable structure to approximately 
20 nm for polyethylene [1]. Standard optical micro- 
scopy can be used to resolve detail which is somewhat 
more than one order of magnitude larger. The useful- 
ness of optical microscopy in the examination of 
polymers is derived from the absence of ionizing 
radiation damage artefacts, because the photon ener- 
gies are too small to produce ionization in the mater- 
ial, and in the minimal specimen preparation neces- 
sary in many cases. 

The resolution of conventional optical microscopy 
is determined by the wavelength of the light, the 
numerical aperture of the lens, and the signal-to-noise 
level in the image. Two points in the specimen produce 
two Airy discs in the image plane, which can be 
distinguished as separate structures provided the 
Rayleigh criterion is satisfied 

d = 1.22 )~o (1) 
NAobjective + NAcondenser  

where NAobjectiv e and NAcond . . . . .  are the numerical 
apertures of the objective and condenser lenses, and d 
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is the minimum resolvable separation of two points in 
the specimen. 

Conventional optical microscopy is used to exam- 
ine polymers in both reflected and transmitted light 
modes. In transmitted light microscopy, thin speci- 
mens are used, which typically have a thickness 
between l and 40 pro. The observation of small struc- 
tures, approaching the limit of resolution, requires 
that the signal-to-noise ratio be appropriately high. In 
attempting to resolve small structures in a thick speci- 
men, the signal-to-noise ratio is very small, because 
the incident light is scattered from volume elements in 
the specimen which lie above and below the focal 
plane of interest. This background scatter reduces the 
visibility of the structure of interest. 

In reflected light mode, the same problem arises, 
even in examining the near surface regions, because 
the light which is scattered diffusely from structures 
above and below the plane being examined increases 
the background noise in the image. 

In polymers such as polyethylene, the material is 
inherently quite transparent to visible light, and it 
would very useful to be able to examine small struc- 
tures deep within the specimen without sectioning 
exactly to the plane of interest. Confocal optical 
microscopy offers this possibility and this work illus- 
trates the application of this relatively novel method 
to the problem of water trees in polyethylene. 
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1.1. Confoca l  optical  m ic roscopy  
Confocal optical microscopy has been described in a 
number of papers in the biological microscopy liter- 
ature [2, 3]. In the study of the microstructure of 
biological materials, the recording of three-dimen- 
sional optical images is possible because the materials 
are often quite transparent. This also holds for many 
synthetic polymers such as polyethylene. 

The particular advantages of confocal microscopy 
in obtaining three-dimensional images can be under- 
stood by considering the general principles of the 
method (Fig. 1). The schematic diagram shows a typi- 
cal configuration for confocal microscopy in a re- 
flected light mode, in which the light source and signal 
detector lie on the same side of the specimen. The 
arrangement for fluorescent microscopy is similar 
although the signal from the specimen comes from 
fluorescence of the microstructure rather than 
reflection. 

The incident light source is a laser which illuminates 
a pinhole. The image of the source pinhole is focused 
to the focal plane on the objective lens in the specimen. 
Light is scattered from the various microstructural 
elements in the specimen which lie at any point along 
the incident light path. However, the light reflected 
from the focal plane in  the specimen will follow an 
optical path back through the source pinhole. Because 
the detector and laser cannot occupy the same posi- 
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Figure I (a) Schematic diagram of a laser scanning confocal micro- 
scope arrangement to obtain fluorescent images. (b) Insertion of 
polarizer, analyser and quarter-wave plate to remove internal reflec- 
tions which obscure the image when the instrument is used in 
reflected or backscattered modes. 
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tion, the source and detector pinholes are spatially 
separate, with a beam splitter between them. The exit 
pinhole is placed in the conjugate position with re- 
spect to the source pinhole. Light which is scattered by 
microstructural elements which lie above or below the 
exact focal plane does not pass through the detector 
pinhole (broken lines representing the reflected light 
rays). The signal which is detected therefore emanates 
mainly from the exact focal plane. The incident light 
can be moved over the specimen in a rectangular 
raster pattern, and the reflected signal recorded point 
by point to produce the image of the microstructure 
(alternatively, the specimen can be moved). 

A series of images can be so recorded at different 
depths in the specimen by changing the focal plane 
position (by moving the specimen stage) (Fig. 2). 
These images can then be computer processed 
to present the information as a stereo pair or as a 
more complete three-dimensional reconstruction 
(Section 2.4). 

One of the main advantages of confocal microscopy 
is that a minimum amount of specimen preparation is 
needed. An alternative, comparable microstructural 
study would involve microtoming a series of thin 
sections from the specimen, and recording an image 
from each section, ensuring that the successive images 
are recorded in accurate registration with each other. 

The specimen for confocal microscopy requires 
little, if any special preparation provided the surface is 
clean and reasonably flat. The serial images are re- 
corded digitally, and the time to record 50-100 images 
which are typically taken over a depth of 50-200 pm 
may be of order of tens of minutes. Because the images 
are recorded in sequence without moving the speci- 
men laterally, the slice-to-slice registration is accur- 
ately maintained. 

The resolution of confocal microscopy must be 
considered in three dimensions: parallel to the optical 
axis, and in the focal plane of the objective lens. The 
depth resolution depends on a number of factors, 
including the numerical aperture of the objective lens, 

Optical serio'l secttons 

Tomogrophic reconstru ction 

Figure 2 Optical serial sections obtained from confocal microscopy 
reconstructed into a stereo pair or into a complete tomographic 
image. 



the wavelength of the radiation, and the pinhole dia- 
meter [4]. The optical sectioning strength, which is the 
rate at which measured signal intensity decreases with 
distance parallel to the optical axis, can be optimized, 
and experimentally, the axial resolution of the con- 
focal microscope is considerably better than 1 ~tm. 

The resolution in the focal plane depends on the 
spot size which can be described in terms of the 
Rayleigh criterion (Equation 1). However, in the 
confocal case, the illuminated area in the spot can be 
limited by the aperture, and the achievable resolution 
is significantly better, the smallest resolvable structure 
being about 1.4 times smaller than that visible in a 
normal optical microscope [4]. 

The high resolution which can be achieved with 
confocal microscopy makes the method applicable for 
a wide variety of microstructural studies in materials. 
The examination of three-dimensional sub-micro- 
metre dimensioned structures in polymers and com- 
posites without special specimen preparation is poten- 
tially extremely useful. The recent availability of 
powerful microcomputers and the associated recon- 
struction algorithms makes it straightforward to ob- 
tain a three-dimensional image. The present work is 
an illustration of the application of these methods to 
the study of water trees. 

1.2. Wate r  t rees  in p o l y e t h y l e n e  
A typical high-voltage power cable (Fig. 3) consists of 
concentric layers of (a) metallic conductor, (b) conduc- 
tor shield (carbon black-filled cross-linkable ethylene 
copolymer, often described as a semi-conductive 
layer), (c) cross-linked polyethylene insulation, (d) in- 
sulation shield (similar to conductor shield, (e) wire or 
metallic tape, and sometimes (f) a jacket. The purpose 
of the conductor shield is to minimize the strand effect, 
to prevent ionization of air at the surface of the 
conductor. It should adhere well to the conductor and 
polyethylene insulation, whereas the insulation shield 
must separate easily for subsequent joining processes 
during installation of the cable. 
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Figure 3 High-voltage cable: (a) metallic conductor, (b) conductor 
shield, (c) cross-linked polyethylene insulation, (d) insulation shield. 
The electric field is oriented in the radial direction, and the water 
trees grow parallel to the field. 

In service, high-voltage cables which are exposed 
to water can degrade slowly; the dielectric strength of 
the polyethylene insulation decreases to a point where 
complete electrical breakdown occurs. The mech- 
anism by which the polyethylene degrades involves 
the nucleation and growth of water trees, which con- 
sist of microcavities filled with water. The water trees 
can grow to dimensions of 10-500 ~tm long (oriented 
parallel to the electric field). The catastrophic electri- 
cal breakdown of the insulator occurs at one of the 
many water trees. 

The study of the nucleation and growth processes of 
water trees is therefore an essential part of controlling 
such electrical failures in cable. It is important to 
characterize the morphology of the trees, the distribu- 
tion of the microcavities, and the relationship of the 
tree to the nucleation event. The tree can originate 
inside the insulation usually from a cavity, imperfec- 
tion or contaminant and grow in the field direction 
and is called a "bow-tie" tree, or it can initiate at the 
insulation-semiconductive interface and is known as 
a "vented tree". 

There is an extensive literature on some aspects of 
the microstructure of water trees [5]. In the present 
work, a method for examining the three-dimensional 
morphology of the trees is reported. Specimen pre- 
paration artefacts which can distort the surfaces or the 
thin films used in two-dimensional studies have been 
eliminated by using the optical sectioning capability of 
confocal optical microscopy. 

2. Experimental procedure 
2.1. Samples 
Two different samples were used for the present in- 
vestigation: (1) 5-35 kV rated XLPE insulated cable 
samples after accelerated laboratory ageing, (2) 15 kV 
XLPE insulated cable samples removed from the field 
after failure. 

The cable material was sectioned with a steel blade 
in two perpendicular sections (Fig. 3). The electric 
field was oriented in the radial direction, so the water 
trees were macroscopically oriented in this direction. 
The longitudinal section therefore cut across the tree, 
while the transverse section cut parallel to the trees. 

2.2. Confoca l  m i c r o s c o p e  
In these experiments, a modified BioRad MRC500 
laser scanning confocal microscope was used in both 
reflected and epifluorescent mode. The 488 nm emis- 
sion line of a 25 mW argon ion laser was used as a 
light source. The BioRad BHS green filter was used in 
these experiments. This consists of a dichroic beam 
splitter (Omega DR510LP), and a barrier filter 
(Omega OG515) which allowed a green fluorescent 
image to be recorded. Four of the aluminium-coated 
folding mirrors in the original BioRad microscope 
were replaced with high-reflectivity dielectric mirrors 
to increase the detected signal. In order to eliminate 
the internal reflection from optical elements within the 
microscope, the instrument has been further modified. 
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A Glan-Tayler type polarizer (a double calcite prism) 
was placed in the illuminating laser beam to achieve 
high polarization extinction for the illuminating beam, 
and a quarter-wave retardation plate was inserted in 
the optical path just above the objective to change the 
linearly polarized illuminating beam to a circularly 
polarized form. An analyser is placed just in front of 
the detector. This arrangement removes most of the 
unwanted reflection from the microscope lens ele- 
ments [6]. 

2.3. Fluorescent staining of water  trees 
For the particular example in this work, the optical 
difference (absorption, refraction and scattering) 
between the volume in the water tree and the matrix 
material is small, and normally the water tree is not 
easily distinguishable from the matrix. The specimens 
were therefore "stained" in a fluorescent medium. The 
dye in this case filled the microcavities of the water 
trees. 

At the limit of lateral and axial resolution, the 
volume element in the specimen from which the signal 
emanates is very small, and the total signal can be low. 
By staining the specimen so that the microstructure 
differentially takes up the fluorescent dye, the differ- 
ence in signal from stained and unstained regions of 
the microstructure can be increased. The image con- 
trast in this case is related to the ratio of the fluor- 
escent signal from the water tree and from the back- 
ground. The contrast for a stained material is there- 
fore increased compared to an unstained material. In 
these experiments, cable slices were cut with a steel 
blade and stained with a solution of 0.1% 5-fluores- 
cein iso-thiocyanate (FITC) in ethanol for 30 min at 
50 ~ The FITC dye has an excitation wavelength in 
the blue range of light and a fluorescent emission in 
the green. The dye is commonly used in biology for 
tagging protein molecules. 

In order to achieve optimum optical performance, 
the cable slice was mounted in immersion oil (with an 
index of refraction of 1.53) in between a microscope 
slide and cover glass. For minimum section thickness 
and maximum signal strength, an oil immersion high- 
numerical objective (Nikor Fluor 40 x, NA = 1.4) was 
used in this study. 

Optically sectioned images were recorded at 
different depths in the specimen as described in 
Section 1.1. The images were acquired at a rate of 
i frame/second with a Kalman signal filter. They were 
stored digitally using a Synopics image processing 
board installed on an 80286 AT-bus microcomputer 
in an 8 bit 768 • 512 format. The multiple slice images, 
each of which required 384 kbytes, were stored on a 
320 Mbyte hard disk and later transferred to tape. For 
tomographical reconstruction, the serial images were 
analysed on a workstation described in Section 2.4. 

information about the structure. The image can be 
presented in a number of different ways, depending on 
the computer algorithms used. A simple stereo pair 

can  be shown, in which the images from successive 
layers are superimposed with proper lateral shifting of 
the successive images. However, a more complete 
picture of the three-dimensional information is found 
in the tomographic reconstruction of the data set. The 
representation of the three-dimensional information is 
important in the final interpretation of the image, and 
it is useful to distinguish at this point between the 
various methods available. 

In three dimensions the image is represented by 
volume elements (voxels), each with a specified intens- 
ity. The interpretation of the image depends on the 

2.4. Digital reconstruction of the 
three-dimensional image 

The series of two-dimensional images were sub- 
sequently processed to present three-dimensional 
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Figure 4 Longitudinal section from the polyethylene insulation, 
viewed parallel to the water trees along the electric field direction. 
Two similar trees are shown: (a) unstained, and (b, e) two optical 
sections from one tree, stained with fluorescent dye (FITC). 



way the information is presented [7]. For  many appli- 
cations this is reduced to the problem of representing 
or rendering the three-dimensional data on a two- 
dimensional display. Three general techniques are 
used: contours, surface rendering, and volume 
rendering. Contours  and surface rendering are useful 
for some applications, and have been discussed 
previously [7-13]. 

Volume rendering techniques reformat a series of 
two-dimensional slices into a three-dimensional volume. 
Often, new slices are interpolated between existing 
ones so that the voxel regions are more closely cubical. 
After the reformatted three-dimensional volume is 
constructed, a number of rendering techniques may be 
used for display. One of the simplest is multi-planar 
reconstruction (MPR) [14]. With this method an 

Figure 5 (a) Low-magnification optical sections of one-half of a "bow-tie" water tree, The images are taken at 10 p.m steps. (b) Stereo pair 
reconstructed from the serial sections shown in (a). 
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arbitrary plane is specified inside the three-dimen- 
sional volume. Data along this plane are interpolated 
from existing voxels, extracted and displayed. Many 
imaging workstations are capable of performing this 
reconstruction in real time [8] and combining it with 
other rendering techniques described below. 

The other volume rendering algorithms generally 
consider each voxel in the reformatted volume every 

time an image is created. These algorithms can be 
classified into two general categories, those that are 
driven by the voxels in the volume, and those that are 
driven by the pixels in the output image. Algorithms 
driven by voxels in the volume process those voxels in 
either a back-to-front (BTF), or a front-to-back (FTB) 
order [15]. 

The BTF algorithm uses a user-specified viewing 
position to determine a viewing plane perpendicular 
to the line connecting the viewing position and the 
centre of the voxel volume. Then the voxels in the 
volume are "read out" and projected on to pixels in 
the viewing plane, starting at the "back" or furthest 
corner of the object. With this technique, hidden 
surface elimination is taken care of implicitly, as 
voxels closer to the view plane "overwrite" those 
behind them. 

The FTB algoritlam is similar, except that voxels are 
read out starting at the nearest corner of the volume. 
With this approach, once a pixel in the viewing plane 
is written into, it may not be overwritten thus obstruc- 
ted surfaces are never displayed. Typically only half of 
the voxel volume need be read out before the viewing 
plane is full. Therefore, this algorithm is computation- 
ally more efficient than BTF. 

However, both algorithms have the problem that a 
single voxel in the volume may correspond to more 
than one pixel in the viewing plane. The area overlap 
of the voxel on pixels in the viewing plane has to 
be calculated. This compromises the bulk of the com- 
putational effort. 

The second general category of volume rendering 
algorithms, those driven by the pixels in the viewing 
plane, are known as ray casting algorithms. With this 
approach, each pixel in the viewing plane is the source 
of one or more "rays" which are projected towards the 
voxel volume. Data values at any point along each ray 
are determined by interpolating from surrounding 

Figure 6 (a) Vented water tree initiating near the interface at "I" 
between the polyethylene insulation (lower portion of the image) 
and the semi-conductive shield. (b) Stereo pair of the growing end 
of the tree shown in (a). The inhomogeneity of the structure is 
visible. 
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voxels. A number of interpolation schemes are avail- 
able including nearest neighbour, trilinear and cubic 
spline [8]. Nearest neighbour is easy to implement 
and computationally cheap, but may lead to aliasing 
in the output. Trilinear interpolation (used in the 
present work) is slightly more difficult to implement, 
reasonably inexpensive computationally, and gives 
results which are usually better than nearest neigh- 
hour. Spline interpolation is the most difficult of the 
three to implement, and the most expensive. However, 
it can give results significantly better than the other 
two. 

As data values along the ray are determined, a 
number of options are available. Surfaces can be 
defined which cover ranges of data values. When 
projected rays intersect a surface various shading 
models may be used to render it [10]. A surface may 
also have characteristics such as opacity and colour 
associated with it. In this case, the colour of the source 
pixel in the viewing plane is a weighted product of the 
opacity of the surface and its colour. If the surface is 
partially transparent, the ray may carry on (with 
possible reflections and refractions) to intersect further 
surfaces which, in turn, contribute to the source pixel 
colour. Alternatively, the distance from the source 
pixel to the destination surface may be recorded in the 
source pixel, then some local gradient operation is 
applied to the viewing plane to produce the shaded 
image. There are a number of alternatives [16]. Yet 
another technique is simply to sum, in the source pixel, 
all data values along the ray. The resulting image is 
similar in nature to a conventional radiograph [7]. In 
general, volume rendering techniques are slow but 
produce very high quality images which can approach 
photo-realism. 

Regardless of the rendering technique used, mul- 
tiple images of the same volume can be created by 
rotating the volume slightly, and repeating the ren- 
dering process. When these images are played back in 
quick succession a "movie" of the object rotating in 
space results. The additional depth cues added by even 
slight rotation are often sufficient to reveal con- 
siderable structural information [8]. 

For  the present work, the two-dimensional confocal 
images described in Section 2.3 were reformatted into 
a three-dimensional array with dimensions 400 x 400 
x 26, for display on a Sun Microsystems 4/260 work- 
station with a TAAC-1 accelerator. The TAAC-1 
interpolated additional slices in the volume to obtain 
an array with dimensions 400 x 400 x 200. The 
"Voxvu" rendering software provided with the TAAC- 
1 allows real time MPR. A ray casting mode is also 
available to generate synthetic "radiographic-type" 
image, which is similar to an X-ray image, although in 
this case optical rays are used; or to render surfaces 
corresponding to distinct ranges of data values. Users 
can specify up to eight surfaces each having a particu- 
lar opacity and colour [17]. This software was used 
to generate rotating synthetic "radiographic-type" 
movies of the water tree. For presentation in this 
paper, selected individual frames from this movie are 
shown in sequence. The time required to generate a 
single frame in this movie was approximately 5 min. 
60 frames were produced each rotated 3 ~ about the 
volume to give a continuous smooth motion when 
played back. The three-dimensional interpretation is 
therefore very clear in the movie version of the tomo- 
graphic reconstruction. 

3. Results and discussion 
The specimen preparation included staining with a 
fluorescent dye. The advantage of this is seen in Fig. 4. 
Similar water trees with and without FITC stain are 
shown. The diffuse, poorly differentiated images with- 
out staining contrast with the clearly defined images of 
the stained samples. The smallest cavities seen here are 
less than 1 gm, and are much more easily seen in the 
stained sections. The images were taken from a longi- 
tudinal section of the cable (Fig. 3), and the viewing 
direction is parallel to the field (normal to the images 
seen in Fig. 6, for example). In the stained images the 
clustering of the microcavities is visible as patchiness 
on the scale of 10 lain or more. The last two images are 
a pair taken from the same tree at different depths. The 

Figure 7 Stereo pair of a filament between two water trees, illustrating the discontinuity of the microcavities. 
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change in the microcavity distribution as function of 
position along the tree is clear. 

A typical large "bow-tie" water tree is shown in 
Fig. 5a. Only half the "bow-tie" is shown. The point of 
origin in this kind of tree is in the central defect which 
shows as a bright area in the lower right corner. The 
images were taken at low magnification, at different 
depths with intervals of 10 lain between steps. Large 
areas can be examined, and gross morphological 
features easily delineated. 

The stereo pair images of this water tree are given in 
Fig. 5b. These images are reconstructed from the op- 
tical serial sections by superimposing the optical serial 
sections on the computer screen with each successive 
section being shifted by an integer number of pixels. 
This creates an artificial parallax so the two resultant 
images appear to be views from different orientations 
[18]. 

Water from surroundings is found to have drawn to 
the tips of this water tree. This is the most classical 

Figure 8 Tomographic reconstruction of a "bow-tie" water tree. (a) is a stereo pair from the same data set as (b-j). 
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example for which the electric field distribution can be 
arrived at analytically assuming an ellipsoid of dielec- 
tric constant E = 10 in polyethylene [193. 

Fig. 6a shows the image of a vented tree initiating 
from the interface between semiconductive and insul- 
ation. A particle which is darker than the rest of the 
water tree is associated with the region near the 
interface. This darker region emits a lower fluorescent 
signal and hence has a lower microcavity density. The 
region is centred about 4 ~tm from the outside surface 
of the tree. At high magnification, with a focusing step 
size of 1 ~tm, the void morphology at the point of 
origin can be compared to that at the leading bound- 
ary of the tree, furthest away from the point of origin 
(Fig. 6b). Because the void diameter is of the order of 
1 ~m and the optical sections are taken at 1 ~tm 
intervals, the contiguity of the voids can be examined. 
If particular voids are identified and followed from 
layer to layer, it can be seen that voids are not joined. 
The void size is also similar at the point of origin and 
at the growth boundary. Several observations confirm 
the discontiguous nature of microvoids constituting 
water trees [203. 

The boundary between the polyethylene insulator 
and the semi-conductive layer is brighter than the 
background, indicating a region into which the stain 
can diffuse easily. This in itself may be significant 
because the boundary is therefore a region of high 
diffusivity. 

The non-contiguous nature of the microcavities is 
more clearly illustrated in the stereo pair of Fig. 7. A 
filament has formed between two arms of a mature 
water tree, and the serial sections reveal the discrete 
microcavities which constitute a seemingly continuous 
filament. The three-dimensional view revealed in the 
stereo pair shows a discontinuous, meandering fila- 
ment. In terms of the formation of these filaments or 
microchannels the stresses generated by the high fields 
clearly mucleate microcavities slightly ahead of the 
growing front, and the water which fills these cavities 
must diffuse through the polyethylene. The local diffu- 
sion processes within the polyethylene must clearly be 
affected by the lamellar microstructure within these 
regions. The opening of microcavities under the influ- 
ence of the diffusing water and high electrical fields is 
essentially a deformation process similar to that 
observed during tensile testing of polymers [21]. It is 
likely, based on observations made in deformation 
studies, that the localized microcracking initiates in 
the interlamellar regions, and the progression of the 
filaments follows some interlamellar paths. Such fila- 
ments or microchannels could act as initiation sites for 
electrical trees leading to the dielectric breakdown. 

The three-dimensional reconstruction of a bow-tie 
tree is shown in Fig. 8. A stereo pair is shown in 
Fig. 8a while the full three-dimensional reconstruction 
using a ray casting algorithm described in Section 2.4 
is shown in the bottom nine images (Fig. 8b-j). The 

Figure 9 Examples of arbitrary optical sections which can be viewed from the data set of Fig. 8. 
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same confocal optical sections were used to recon- 
struct both the stereo pair and the tomographic views. 
Each image in the tomographic series represents a 
view which is rotated in 18 ~ steps. The overall shape is 
clearly seen, and the trees which are elongated in the 
field direction are not collinear with the central point 
of origin. The additional morphological information 
in a full tomographic reconstruction is evident by 
comparison with the stereo pair above. The image is 
progressively rotated to reveal the true overall mor- 
phology of the water tree and its relationship to the 
defect at which it is initiated. 

An important application of the full three-dimen- 
sional reconstruction is shown in Fig. 9. Arbitrary 
viewing sections can be cut in any orientation to reveal 
microstructure on specific planes. Fig. 9a and b show 
viewing boxes with sides parallel to the overall box, 
while Fig. 9c and d show two oblique planes cutting 
the water tree at arbitrary sections. The sectioning 
mode of examination of the three-dimensionaI mor- 
phology is rapid once the three-dimensional recon- 
struction has been completed. 

The section shown in Fig'. 9d shows the original 
optical section planes, and illustrates one source of 
misinterpretation in such images. For serial sections 
taken in coarse steps, the information between planes 
is interpolated, and unless taken into account, can 
lead to an incorrect interpretation of the micro- 
structure. In this example, coarse steps were used to 
emphasize the effect. 

4. Conclusions 
The use of confocal optical microscopy to examine 
water trees in polyethylene cable insulation has been 
demonstrated. The high resolution available in the 
technique reveals uniform size distribution of voids 
throughout a given tree. However, the fluorescent dye 
is inhomogeneously distributed in the tree, suggesting 
the diffusion paths for the liquid is easier in some 
regions. The confocal images represent an optical 
serial sectioning method which is rapid and requires 
only minimal specimen preparation. The three-dimen- 
sional images which can be easily constructed from the 
optical serial sections using well-established computer 
methods, are useful in delineating the exact morpho- 
logy of the tree and its relationship to the initiating 
defect. 
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