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Abstract

A ray tracing method based on geometrical optics was used to study the tracks from alpha particles with different energies and with an
incident angle of 50�. The transmission operation mode of the microscope is simulated. Considering the distribution of light intensities
from the tracks, the mean and the 80% percentile gray levels from real experiments are proposed as quantitative variables to differentiate
among tracks. The gray level properties for the same track for different exposures can vary to large extents. We introduce three variables,
j, k and e, to make empirical corrections. It is interesting to see that these coefficients are very consistent for the same alpha particle track
despite the very different gray level properties. Gray level results have been obtained for tracks from alpha particles with 50� incident
angle and different incident energies. However, the track depths cannot be predicted by any one of the coefficients j, k and e. Multivariate
analyses can help separate the tracks corresponding to different alpha energies. By using discriminant analysis with j, k and e as inde-
pendents, effectively all alpha energies can be determined with an accuracy of ±0.5 MeV.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the challenging tasks in the application of solid-
state nuclear track detectors (SSNTDs) is the automation
in differentiating among recorded tracks due to alpha par-
ticles with different incident energies. This will be very use-
ful in, for example, the studies of airborne radon progeny
[1]. One promising approach is to make use of the optical
appearance of alpha particle tracks, such as the gray level
properties.

Although the optical microscope was the main tool for
track observation for many years, there has been relatively
little investigation about the optical characteristics of the
etched tracks. Only a few papers on this topic have
appeared until now. For example, the ‘‘mean optical den-
sity’’ measured by an image analysis system as an addi-
tional parameter in track studies to extend the data
available for a particles and protons [2]. An ‘‘average
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brightness’’ of a single track was also introduced to distin-
guish among various types of charged-particle tracks [3].
The optical properties of a single track obtained by neutron
radiography was also discussed by Assunção et al. [4]. Skv-
arc [5] used a software package called POV-Ray (www.pov-
ray.com) for simulation and rendering of the track images;
and comparisons between simulated and measured tracks
were given.

More recently, our group has performed a theoretical
study of optical characteristics of tracks in the CR-39
SSNTD using the ray tracing method [6]. Based on geomet-
rical optics, we developed our own computer program to
simulate light propagation through the tracks and calculate
the brightness of all grid elements in the track wall. The
study revealed that the major factor affecting the track
appearances was the total internal reflection and inclina-
tion angles of elements in the track wall with respect to
the light rays. The ray tracing method was shown to be suc-
cessful in generating realistic track images. For example,
Fig. 1 shows a comparison between the images of the
tracks for an alpha particle with 4.5 MeV incident energy
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Fig. 1. Comparison between the simulated and experimentally recorded
images of the tracks for an alpha particle with 4.5 MeV energy and 40�
incident angle (after 15 h of etching at 70�C in 6.25 N NaOH). Top: The
track profile determined by the test program. Middle: Image simulated
using ray tracing. Bottom: Experimentally recorded image using an optical
microscope in the transmission mode.

272 K.N. Yu et al. / Nucl. Instr. and Meth. in Phys. Res. B 263 (2007) 271–278
and 40� incident angle (with respect to the surface of the
detector), which have been etched in 6.25 N aqueous
NaOH for 15 h at 70 �C. The track profile determined by
the test program (available on the webpage: www.cityu.
edu.hk/ap/nru/test.htm) [7–9] is given on the top. The
image simulated using ray tracing is given in the middle
while the experimentally recorded image is given at the bot-
tom. The spatial distributions of the gray levels in the two
images agree qualitatively: both show the black rounded
part on the left and both show a wide bright area from
the centre of the track to the right end.

However, only qualitative comparisons have been made.
For practical applications, e.g. in automation in differenti-
ating among recorded tracks due to alpha particles with
different incident energies, quantitative comparisons should
be enabled. The first objective of the present paper is to the-
oretically show a screening method for tracks whose
dimensions can be studied through light intensity proper-
ties. For some incidence angles, the tracks from different
alpha energies might have no or very weak transmission
of light, so that the light intensity is not useful for distin-
guishing alpha energies from these tracks. The second
objective is to theoretically identify feasible variables based
on light intensity properties which can be used for quanti-
tative comparisons. We use the ray tracing method to
obtain statistics on the light intensities of the tracks. Based
on these data, we will identify the appropriate gray level
properties as quantitative variables to differentiate among
tracks.

The third objective will be to study the consistency of
gray level properties of the tracks obtained through exper-
iments. In particular, our experiments have shown that the
average gray level for the same track might vary from one
exposure to another. We will propose empirical corrections
through the introduction of three coefficients, namely, j, k
and e, which are consistent for the same alpha particle
track despite the very different gray level properties.

The fourth objective of the paper will be to study the
gray level properties of the tracks obtained through exper-
iments. As examples, the tracks from alpha particles with
energies from 1.5 to 5 MeV and with an incident angle of
50� will be studied. The variation of track depths with j,
k and e will be studied. The tracks will also be studied using
the scatter plot of factor scores (from factor analysis using
j, k and e as the variables) as well as discriminant analysis
(with j, k and e as independents).

2. Ray tracing

As described in the introduction, we will use the ray
tracing method to obtain statistics on the light intensities
of the tracks. As examples, the tracks from alpha particles
with energies from 1.5 to 5 MeV (with steps of 0.5 MeV)
and with incident angles of 90� and 50� will be employed
for illustration of the idea. We will first present our meth-
odology and then present our results.

2.1. Methodology

The track wall in three dimensions is represented by a
set of points calculated by our program test [7–9]. The
track wall is computed through several steps. First, the
track wall in two dimensions represented by the curve l
as shown in Fig. 2 was calculated. Notations in Fig. 2
are as follows: E is the post-etching surface of the detector
and OO 0 is the particle path, while p, p 0 and p00 are planes
parallel to the detector surface. The three-dimensional
track wall is generated by rotating the curve l around
the particle track (OO 0axis), a cross-section of which is rep-
resented by the circle AA 0and B 0BB00.

The 3-D body of the track was first cut by the planes (p,
p 0, p00 and others) which were parallel to the detector sur-
face (horizontal planes in panel (a) of Fig. 2). The intersec-
tions between these horizontal planes and the 3-D track are
the horizontal semi-elliptical curves g, g 0, g00, . . . (Fig. 2).
The number of points that represent the horizontal curves
g was kept constant. A mesh of triangles was formed from
these points to represent the track wall, which is also sche-
matically shown in Fig. 2. The procedures of forming trian-
gles were applied for the entire track. Some peculiarities
arose when triangles were formed between last circle gn

and the tip of the track T. In this case, all triangles have
one common point T while the other two points of the tri-
angles are neighbouring points on gn. To represent the
track wall properly, up to 100 horizontal intersections for
each track were employed.

The next step is the determination of normal lines for all
triangles. For example, a triangle formed by the points
T1(x1,y1,z1), T2(x2,y2,z2) and T3(x3,y3,z3) (Fig. 2) is con-
sidered. The normal ~n for this triangle is given through
the formula
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Fig. 2. Panel (a): Construction of the track wall, the horizontal planes p, p0 and p00 and the triangular elements on the track wall. Panel (b): Refraction of a
light ray at the air-detector interface. Panel (c): A possible path of the light ray in the transmission operation mode of the microscope, i.e. triple refraction.
Total reflection is possible at points 1 or 3. The four vectors pi describe the path of a ray through the track.
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~n ¼
~i ~j ~k

x2 � x1 y2 � y1 z2 � z1

x3 � x1 y3 � y1 z3 � z1

2
64

3
75; ð1Þ

where~i;~j; ~k are unit vectors along the axes of the coordi-
nate system. The vector ~n, as defined here, has a direction
away from the track core towards the body of the detector
and its magnitude should also be normalized to unity.

A ray tracing method based on geometrical optics was
used in this work. Here, the transmission operation mode
of the microscope is considered. The light comes from
the bottom as shown in panel (b) of Fig. 2. The light ray
is represented by the vertical line which intersects at the
point (x0,y0,z0), which is the geometrical mean of a gener-
ated triangle, with the track wall (represented by the curve
l). The vector ~p1 represents the direction of incident ray.
Here, we assume that all the incident light rays are perpen-
dicular to the general surface of the detector (i.e. regions
without tracks). It is not appropriate to assume that the
rays come from a cone for such a small object as the track.
In addition, the microscope used in our experimental work
has a lens between the lamp and the object, which creates a
parallel beam of light. The angle between the incident light
and the normal line to the surface is a and that between the
refracted light and the normal is b. The angle b is deter-
mined from the law of refraction as

n sin a ¼ sin b; ð2Þ
where n is the refractive index.

The vector ~p2 represents the light ray after refraction,
which is determined through the following set of equations:

~p1 �~p2 ¼ cosðb� aÞ; ð3Þ
~n �~p2 ¼ � cos b; ð4Þ
ð~p1 �~nÞ �~p2 ¼ 0: ð5Þ

The equations for the line describing the new light ray after
refraction are
x� x0

p2x

¼ y � y0

p2y

¼ z� z0

p2z

; ð6Þ

where p2x, p2y and p2z are components of the vector~p2. The
reduction of the light intensity due to the refraction on the
detector–air surface was calculated by the formula given by
Skvarc [5] (as their Eq. (2)).

In some cases, the light ray may return back to the detec-
tor. This more complex case is schematically shown in panel
(c) of Fig. 2. The new entrance point (denoted by 2) on the
track wall has to be determined. Another refraction occurs
at that point and a further reduction in the ray intensity has
to be determined. A total of three refractions are possible
for a light ray (see panel (c) of Fig. 2). In this case, the
ray paths through the points 1, 2 and 3 are defined by four
vectors, namely,~p1,~p2,~p3 and~p4, each of them being deter-
mined using formulas similar to those given above. At point
3, where the ray comes to the detector–air interface, total
internal reflection is also possible.

The brightness of all triangular elements in the track
wall were calculated systematically and stored in the com-
puter memory. In contrary to our previous work [6], we do
not need the graphical presentation of the track appearance
in this work, since we are only using the gray level proper-
ties for comparison.
2.2. Statistics on light intensities

For illustration purposes only and for simplicity, we seg-
regated the light intensities (into the ‘‘intensity number’’)
by dividing the range from no transmission through the
detector (completely dark) to total transmission (com-
pletely bright) linearly into 256 intervals, with the intensity
number 0 representing completely dark while 255 repre-
senting completely bright. The intensity number resembles
the gray level obtained from image analysis (see Section 3
below).
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As an example, Fig. 3 shows the distribution of intensity
numbers obtained by ray tracing for a track from an alpha
particle with incident energy of 5 MeV and incident angle
of 50�. The distribution is characterized by a large peak
for intensity number 0 (completely dark) and a long tail
for the larger intensity numbers. The mean and median
intensity numbers are 83.075 and zero, respectively. In fact,
this distribution is typical for essentially all tracks, except
some which have no light transmission at all (see below).
Of course, in reality, we expect spreads of light intensities
around the peaks and shifts of the gray levels due to noise
in the camera or imperfections of the detector, etc. For a
comparison, Fig. 3 also shows the distribution of gray lev-
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Fig. 3. (Top): Distribution of light intensities obtained by ray tracing for a
track from an alpha particle with incident angle of 50� and incident energy
of 5 MeV. A log scale has been used for the probability to show more
details for lower values of probabilities. (Middle): Same distribution as in
the top diagram, but a linear scale has been used for the probability.
(Bottom): Distribution of gray levels experimentally obtained by ImageJ
analysis for such an alpha particle track.
els (obtained by ImageJ analysis, to be described in Section
3 below) of a real track from an alpha particle with incident
energy of 5 MeV and incident angle of 50�. Here, a large
peak exists with the maximum at gray level of 43. It is likely
that this corresponds to a shift from the peak for intensity
number 0 obtained from ray tracing.

Table 1 shows some statistics for the light intensity num-
ber for tracks from alpha particles with an incident angle of
90� for different incident energies obtained from ray trac-
ing. It is interesting to see that in fact there is no light trans-
mission at all for incident energies at or larger than 4 MeV
and light transmission is minimal for most of the other inci-
dent energies with the maximum of only about 15% for
1.5 MeV. Therefore, we can see that the light intensity is
not useful for distinguishing alpha energies from the tracks
for normal incidence. Identification of the alpha energy has
to rely on other parameters such as the track opening
dimensions.

Table 2 shows some statistics for the light intensity num-
ber for tracks from alpha particles with an incident angle of
50� for different incident energies obtained from ray trac-
ing. We can see that the mean intensity numbers are indeed
different for different incident alpha energies, so this can be
used as a variable for quantitative comparisons. The 80%
percentile number has a large spread among different alpha
energies so it is also a good variable. Other percentile num-
bers do not show such a large spread. All median values are
zero while all maximum values are 245, so these are not
Table 1
Some statistics for the light intensity number for tracks from alpha
particles for different incident energies for incident angle of 90� obtained
from ray tracing

Incident alpha
energy (MeV)

Expected
depth (mm)

Minimum
(except 0)

Mean

1.5 3.893 24 39.085
2.0 5.390 66 23.225
2.5 7.012 13 12.262
3.0 8.705 20 4.965
3.5 10.411 149 0.608
4.0 10.027 0 0
4.5 7.195 0 0
5.0 5.137 0 0

Table 2
Some statistics for the light intensity number for tracks from alpha
particles for different incident energies for incident angle of 50� obtained
from ray tracing

Incident alpha
energy (MeV)

Expected
depth (lm)

Minimum
(except 0)

Mean 80%
percentile

1.5 2.463 8 82.589 239
2.0 3.431 6 63.194 232
2.5 4.446 5 51.698 208
3.0 5.458 10 45.544 0
3.5 6.411 21 43.738 0
4.0 6.003 17 52.315 216
4.5 3.833 21 66.901 241
5.0 2.255 15 83.075 245

All median values are zero while all maximum values are 245.



Fig. 4. An example of using ImageJ to obtain the gray level properties of
tracks from 2 MeV alpha particles with 50� incident angle. Left: A
captured track image with the encircled area being analysed. Right: The
distribution of gray levels is plotted and the total number of pixels
analysed, mean gray level, standard deviation of the gray levels, minimum,
maximum and mode of the gray levels are also shown.

Fig. 5. An example of using Adobe� Photoshop� to obtain the gray level
properties of tracks from 3 MeV alpha particles with 50� incident angle.
Left: A captured track image with the encircled area being analysed.
Right: The distribution of gray levels is plotted and the total number of
pixels analysed, mean gray level, standard deviation of the gray levels,
minimum, maximum and median of the gray levels are also shown.
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good variables for quantitative comparisons. Moreover, in
real experiments, the minimum value (other than zero) is
likely obscured by the spread of the peak for no transmis-
sion, so this is also not a good variable for quantitative
comparisons. Based on these, we thus propose to use the
mean and the 80% percentile gray levels from real experi-
ments as quantitative variables to differentiate among
tracks.

3. Gray levels of tracks obtained from experiments

3.1. SSNTD Basics

For the present work, we employed CR-39 SSNTDs
with a thickness of 1000 lm purchased from Page Moul-
dings (Pershore) Limited (Worcestershire, England). The
CR-39 detectors were cut into pieces with an area of
1 cm · 1 cm.

The cut detectors were irradiated with alpha particles
with energies from 1.5 to 5 MeV in steps of 0.5 MeV for
the incident angle of 50� (with respect to the detector sur-
face) through a collimator. The alpha source employed in
the present study was a planar 241Am source (main alpha
energy = 5.49 MeV under vacuum). Normal air was used
as the energy absorber to control the final alpha energies
incident on the detector. A relationship between the alpha
energy and the air distance traveled by an alpha particle
was therefore needed. This relationship was obtained by
measuring the energies for alpha particles passing different
distances through normal air using a spectroscopy systems
(ORTEC Model 5030) with passivated implanted planar
silicon (PIPS) detectors of areas of 300 mm2.

After irradiation, the CR-39 detectors were etched in
a 6.25 N aqueous solution of NaOH at 70 �C for 6 h.
The temperature was kept constant with an accuracy of
±1 �C. The detectors were etched using a magnetic stirrer
(Model No. SP72220-26, Barnstead/Thermolyne, Iowa,
USA). After chemical etching, the detectors were taken
out from the etchant, rinsed with distilled water and dried
in air. An optical microscope in the transmission mode was
used to view the tracks with the focus on the detector sur-
face. The images were then recorded in the JPEG format by
a digital camera (Olympus DP 11) attached to the
microscope.

3.2. Gray level determination

In the present studies, two different softwares have been
used to determine the gray level properties of the track
images. The first one is the free ImageJ (Image Processing
and Analysis in Java) software (version 1.29·) (http://
rsb.info.nih.gov/ij/). ImageJ is a powerful tool which can
perform most image processing or analysis tasks, including
measurements of spatial dimensions as well as gray levels.
An example of using ImageJ to obtain the gray level prop-
erties of tracks from 2 MeV alpha particles with incident
angle of 50� is shown in Fig. 4. The captured track image
is shown on the left. The track to be analysed has been
manually selected (the encircled one). The distribution of
gray levels is plotted and the total number of pixels ana-
lysed, mean gray level, standard deviation of the gray lev-
els, minimum, maximum and mode of the gray levels are
also shown.

The second software used to determine the gray level
properties of the track images is the commercially available
Adobe� Photoshop� (Adobe� Photoshop� CS and Iamge-
Ready CS ver. 8) software. An example of obtaining the
gray level properties of tracks from 3 MeV alpha particles
with 50� incident angle is shown in Fig. 5. A captured track
image is shown on the left. The track to be analysed has
been manually selected (the encircled one). The distribution
of gray levels is plotted and the total number of pixels ana-
lysed, mean gray level, standard deviation of the gray

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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levels, minimum, maximum and median of the gray levels
are also shown.
Table 3
The means, medians, minimum and maximum values and 80% percentile for f
incident energies and 50� incident angle obtained using Adobe� Photoshop�

Mean Median Minimum Maximum

109.11 110 63 184
72.61 73 32 147
71.33 71 31 130
70.94 71 31 159

Also shown are the values of the coefficients j, k and e.

Table 4
The minimum values, means, medians, 80% percentiles, the values of the coeffi
incident angle

Energy (MeV) Minimum Mean Median 80% percen

1.5 48 97.96 100 113
47 107.90 112 125
41 94.05 97 112

2.0 70 109.64 110 124
60 107.79 110 123
48 86.90 87 100
61 102.00 103 116

2.5 44 88.26 92 102
47 91.19 94 105
35 69.33 72 80

3.0 66 97.16 94 106
51 81.63 80 91
53 83.99 83 94

3.5 65 89.48 88 97
79 98.39 97 103
36 61.39 58 70
39 61.18 59 60
60 84.05 81 90
70 96.61 95 102
60 86.03 84 93
80 102.30 99 104
67 87.09 85 91
67 94.44 91 102
29 49.55 48 55
26 49.47 47 55

4.0 47 74.02 70 80
45 66.76 65 70
27 48.23 45 51
32 56.90 53 59
39 67.98 64 72
33 53.88 52 58

4.5 31 52.88 49 55
43 72.45 65 78
26 50.07 46 52
35 61.36 54 62
44 71.87 64 83

5.0 36 60.88 56 67
42 65.98 60 73
40 62.31 57 68

The predicted incident energies by using discriminant analysis with j, k and e
The gray level properties given by ImageJ and Adobe�

Photoshop� are commensurate with each other. One
our measurements of the gray levels of the same alpha track with 2 MeV

80% percentile j k e

124 0.981 0.298 0.304
83 0.990 0.300 0.300
83 1.008 0.300 0.298
79 0.999 0.297 0.293

cients j, k and e for alpha tracks with different incident energies and 50�

tile j k e Predicted energy (MeV)

0.961 0.250 0.289 1.5
0.937 0.200 0.263 1.5
0.947 0.268 0.321 1.5

0.991 0.350 0.359 2.0
0.956 0.260 0.304 1.5
0.997 0.333 0.336 2.0
0.976 0.310 0.333 2.0

0.922 0.208 0.286 2.5
0.940 0.234 0.294 1.5
0.928 0.216 0.288 2.5

1.113 0.429 0.316 3.5
1.056 0.379 0.323 3.0
1.033 0.367 0.334 3.0

1.064 0.391 0.327 3.0
1.077 0.333 0.256 3.0
1.154 0.545 0.391 3.5
1.109 0.050 �0.059 4.0
1.145 0.429 0.283 3.5
1.064 0.280 0.216 3.5
1.085 0.375 0.290 3.0
1.174 0.263 0.089 4.0
1.116 0.333 0.217 3.5
1.143 0.458 0.315 3.5
1.082 0.368 0.287 3.0
1.118 0.381 0.263 3.5

1.175 0.435 0.260 4.0
1.088 0.250 0.162 3.5
1.179 0.333 0.154 4.0
1.186 0.286 0.100 4.0
1.159 0.320 0.161 4.0
1.099 0.316 0.217 3.5

1.216 0.333 0.118 4.0
1.339 0.591 0.252 4.5
1.204 0.300 0.097 4.0
1.387 0.421 0.034 4.5
1.394 0.950 0.557 5.0

1.244 0.550 0.306 5.0
1.332 0.722 0.390 5.0
1.312 0.647 0.335 5.0

as independents are also shown.
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important difference is that ImageJ gives the mode while
Adobe� Photoshop� gives the median. A special feature
of Adobe� Photoshop� is that the software can help define
and draw the track boundary, so that a smooth outline can
be obtained relatively quickly even for non-circular track
openings. An example of the outline can also be found
on the left panel of Fig. 5. The gray level corresponding
to a particular percentile can also be determined using
Adobe� Photoshop�.

3.3. Consistency of gray level measurements

As described in Section 2.2, we propose to use the mean
and the 80% percentile gray levels as variables to differen-
tiate among tracks. However, before quantitative compar-
isons can be made for the gray level properties of the
tracks, it is important to check and ensure that the proper-
ties being used for comparison should be self-consistent,
i.e. the properties for the same tracks (same incident energy
and angle) should be invariant among different exposures
and image analyses.

Table 3 shows the gray level properties for four mea-
surements of the gray levels of the same track from an
alpha particle with 2 MeV incident energy and 50� incident
angle obtained using Adobe� Photoshop�. The gray level
properties vary greatly among the four measurements. This
can be due to different illumination of the microscope or
exposure of the digital camera, etc. With such inconsisten-
cies, it is impossible to make meaningful quantitative com-
parisons of the gray level properties for alpha tracks with
different energies or angles.

We try to propose some variables, which are invariant
among different exposures, through normalization with
the spread in gray levels, i.e. Median gray level – Minimum
gray level, or in short (Median �Min). Regarding the
quantitative variable involving the mean gray level, we pro-
pose to use the coefficient j [= (Mean �Min)/(Median �
Min)]; and regarding the quantitative variable involving
the 80% percentile gray level, we propose to use the coeffi-
cient k [= (80% percentile �Median)/(Median �Min)].
We also introduce a third coefficient e [= (80% percen-
tile �Mean)/(Median �Min)] to study the difference
between the mean and the 80% percentile gray levels. The
coefficients j, k and e values have been calculated and
shown in Table 3. It is interesting to see that these coeffi-
cients are very consistent for the same alpha particle track
despite that the gray level properties are very different.

3.4. Results for tracks from alpha particles with 50� incident

angle and different incident energies

Table 4 shows the minimum values, means, medians,
80% percentiles, the values of the coefficients j, k and e
for alpha tracks with different incident energies and 50�
incident angle. From these data, the variations between
the coefficients j, k and e with the track depth (lm) are
shown in Fig. 6. It can be seen that the track depths cannot
be predicted by any one of these coefficients. However, a
three-dimensional scatter plot of the coefficients j, k and
e for, as shown in Fig. 7, show that the alpha tracks with
different incident energies are separated relatively clearly.
This hints that the use of multivariate analyses might help
separate the alpha tracks with different energies. As an
example, the scatter plot of factor scores (from factor anal-
ysis using j, k and e as the variables) is shown in Fig. 8.
Again, the alpha tracks with different incident energies
are separated relatively clearly. The predicted incident
energies by using discriminant analysis with j, k and e as
independents are also shown in Table 4. It can be seen that
effectively all alpha energies can be determined with an
accuracy of ±0.5 MeV. This is a very good result consider-
ing the relatively small sample size.
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4. Conclusions

(1) A ray tracing method based on geometrical optics
was used to study the tracks from alpha particles with
energies from 1.5 to 5 MeV (with steps of 0.5 MeV)
and with incident angles of 90� and 50�. The trans-
mission operation mode of the microscope is consid-
ered. We have found that light intensity is not useful
for distinguishing alpha energies from the tracks for
90� incidence because of no or weak light transmis-
sion through the tracks. From the results for 50� inci-
dence and considering the distribution of light
intensities from the tracks, the mean and the 80% per-
centile gray levels from real experiments are proposed
as quantitative variables to differentiate among
tracks.

(2) The gray level properties for the same track for differ-
ent exposures vary to large extents. We introduce
three variables to make empirical corrections, viz., j
[= (Mean �Min)/(Median �Min)], k [= (80% per-
centile �Median)/(Median �Min)] and e [= (80%
percentile �Mean)/(Median �Min)]. It is interesting
to see that these coefficients are very consistent for the
same alpha particle track despite that the gray level
properties are very different.

(3) Gray level results have been obtained for tracks from
alpha particles with 50� incident angle and different
incident energies. The track depths cannot be pre-
dicted by any one of the coefficients j, k and e. Mul-
tivariate analyses can help separate the alpha tracks
with different energies. By using discriminant analysis
with j, k and e as independents, effectively all alpha
energies can be determined with an accuracy of
±0.5 MeV.
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