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Abstract

The three-dimensional and analytical theory for track growth in solid state nuclear track detector is incorporated in

a computer program for calculating track parameters and for plotting track-wall profiles and contours of the track

opening in the LR115 detector irradiated by alpha particles. Some differences between the behavior of CR39 and LR115

detectors are discussed. Track parameters as well as the major and minor axes of the track openings have been cal-

culated as a function of the energy and incident angle of the alpha particles. Vertical track profiles are given for incident

angles between 20� and 90� and energies from 1 to 4 MeV, while the contours of track openings are given for incident

angles from 10� to 90� and energies from 1 to 5 MeV. The track profiles and contours shown in the present study

represent the tracks without any distortion.

� 2002 Published by Elsevier Science B.V.
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1. Introduction

The growth of tracks in solid state nuclear track

detectors (SSNTDs) have been studied by many

investigators [1–7]. During etching, the track pas-
ses through different phases which have been fully

described and characterized in [8]. The common

characteristic of the investigations mentioned

above is that the tracks have been considered as

two-dimensional objects. The only exception is [8]

in which some treatments of the tracks as three-

dimensional objects were given, but only the minor

axes of the track openings were calculated.
A three-dimensional and analytical model for

track development in SSNTDs was developed re-

cently [9,10]. The equations derived in the model

enable calculations of track parameters, as well as

the plotting of track profiles and contours of track

openings. The track parameters, profiles and con-

tours have been calculated and plotted for the

CR39 detector irradiated with alpha particles [11].
Another frequently used SSNTD is the LR115
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detector. Descriptions of these two detectors and

their usage in radon measurements and related

fields have been summarized [12].

In the present paper, we present calculations of
track parameters, plots of contours of track

openings and wall profiles for the LR115 detector

irradiated by alpha particles. There are some im-

portant differences between the CR39 and LR115

detectors. The first important difference lies in the

thickness of the active layer, which is 12 lm for

the LR115 type II detector and about 0.5 mm

for the CR39 detector. The LR115 detector is such
a thin film that the alpha-particle tracks appear in

the form of perforated holes, which is not the case

for the CR39 detector.

Furthermore, the LR115 detector is based on

cellulose nitrate while the CR39 detector is based

on polycarbonate materials. Due to the difference

in the base materials, there are also differences in

the variations of the track etch rate Vt with the
residual range of alpha particles in the detector

material, R0, which are shown in Fig. 1 (note the

logarithmic scale on the ordinate axis). The curves

in Fig. 1 were generated according to the following

formulae [13]:

V ¼ 1þ ð11:45e�0:339R0 þ 4e�0:044R0 Þ
� ð1� e�0:58R0 Þ; for CR39 detector; ð1Þ

V ¼ 1þ ð100e�0:446R0 þ 5e�0:107R0 Þ
� ð1� e�R0 Þ; for LR115 detector; ð2Þ

where V ¼ Vt=Vb is the ratio of the track etch rate

Vt to the bulk etch rate Vb.
The graphs in Fig. 1 explain the difference in

sensitivity to alpha particles between the CR39

and the LR115. When the incident energy of an

alpha particle is large (corresponding to a large

residual range), the ratio Vt=Vb is very close to 1 for

the LR115 detector, and track formation is not

possible. For the CR39, however, the Vt=Vb is well

above 1, so tracks can be formed. In other words,

some alpha particles that strike the LR115 de-
tector with larger incident energies will not be

detected, which will inevitably diminish the sensi-

tivity of this detector. However, in the region of

smaller energies, the ratio Vt=Vb is much larger for

the LR115 than for the CR39, which means the

etching solution will penetrate along the particle

trajectory much faster in the LR115 than in the

CR39. From this graph one can predict narrower
tracks in LR115 than in CR39 for the same inci-

dent conditions. It is apparent from the discussion

here that the track characteristics and parameters

are different in the CR39 and the LR115 detectors.

2. Main equations of the three-dimensional track

growth model

Here, only the main equations of the model are

presented below, but only briefly and without

derivations. Full descriptions and derivations are

given in [10].

2.1. Sharp phase of track development

In this phase on track development, the etching

solution does not reach the full particle range in

the detector. The track tip is sharp (which explains

the term ‘‘sharp phase’’) and the track wall is semi-

conical. The track will be a regular cone if the

track-etch rate Vt is constant. The equation of the

track wall in two dimensions was derived based on

the ‘‘tangent method’’ [14] as

y ¼
Z L

z

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p ; ð3Þ

where ðz; yÞ represent the coordinates of points on
the track wall, the z axis is along the particle tra-

Fig. 1. Vt=Vb as a function of the residual alpha particle energy

in the CR39 and the LR115 detectors.
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jectory and L is the etching depth along the par-

ticle trajectory in the detector material.

The equation for the track wall in the sharp
phase in three dimensions for normal incidence

was given as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
¼

Z L

z

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p ; ð4Þ

where the z axis is again along the particle trajec-

tory and ðx; yÞ represent the coordinates of points

on the track wall [9]. The track opening is circular

in shape for normal incidence, but some are egg-

like, droplet-like, or even more complicated in

shape for oblique incidence. The equation for the
contour line of the track opening for an oblique

incidence was obtained as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ ðg sin hÞ2

q
¼

Z L

g cos hþh= sin h

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p ; ð5Þ

where h is the incident angle with respect to the

surface of the detector, ðn; gÞ are coordinates of

points on the track opening contour in the plane

which represents the surface of the detector after

etching and h is the thickness of the removed layer.

2.2. Rounded phase of track development

When the etching solution passes over the range

of the alpha particle in the detector material, a

spherical structure is formed around the ending

point and the track has a rounded tip. This is

called the rounded or over-etched phase of track

development. The equation of the track wall in this
phase for normal incidence in two dimensions is

yðxÞ ¼
Z R

z�d sin d

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p þ d cos d; ð6Þ

where d is the over-etched thickness, i.e. the layer

removed after the etching solution passes through

the alpha-particle range and d ¼ asinð1=V ðR0ÞÞ the
local developing angle of the track [10]. The

equation of the track wall (also for normal inci-

dence) in three dimensions is given analogously to

Eq. (4) as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
¼

Z R

z�d sin d

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p þ d cos d: ð7Þ

The equation of the contour line of the opening for

an oblique incident angle h was derived asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ g2 sin2 h

q
¼

Z R

z0þg cos h�d sin d

dR0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2ðR0Þ � 1

p
þ d cos d; ð8Þ

where ðn; gÞ are coordinates of points on the con-

tour line of the track opening in the plane of the

detector surface after etching.

3. Calculation method

The calculation method applied here is similar

to the one used before for the CR39 detector. The

programs written earlier for CR39 were adapted

for the LR115 detector. This task was not trivial

because the small thickness of the LR115 detector

required some modifications of the model. Alpha

particles with energies larger than 3 MeV can pass

through the detector material and exit on the op-
posite side of the sensitive layer, i.e. the ending

point of the particle range lies outside the detector

material. In this case, formation of the spherical

part of the track (with the center at the hypo-

thetical ending point of the particle trajectory) will

not occur. Such tracks will conserve their semi-

conical wall shape regardless of the etching dura-

tion, which is of course limited by the small
thickness of the detector. For oblique incident

angles, the track openings will maintain the ellipse-

like shape and cannot transform into the circular

form. However, for normal incident angles, the

openings are always circular.

If the alpha particles have energies smaller than

3 MeV, they can be completely stopped in the

detector, and formation of the spherical part of the
tracks is possible. In this case, the contours of

the track openings can be ellipse-like. However,

they can also be more complicated curves joining

an ellipse with a circle. If the etching is sufficiently

long and the energy is small, the opening can

transform completely into the circular shape.

Unlike the case for the LR115, alpha particles

emitted by natural radionuclides are always stop-
ped in the CR39 detector, and formation of the

spherical part will always occur in the CR39 after

prolonged etching.
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In addition, very large ratios of Vt=Vb in the

LR115 in the low energy region cause some nu-

merical problems which were not encountered for

the CR39. However, detailed descriptions of such
particulars are out of the scope of the present

study. All the dissimilarities between the CR39

and LR115 mentioned above have been taken

into account in the course of modifying the pro-

grams.

Calculations were carried out for the standard

etching conditions that are usually applied to the

LR115 detector, namely, the etchant of the 2.5 N
aqueous solution of NaOH kept at 60 �C and an

etching duration of 2 h. Under these etching con-

ditions, the removed layer is ð3:27� 0:08Þ lm/h

[15], so the removed layer for 2 h of etching is 6.54

lm, and the remaining thickness of the sensitive

layer is 12� 6:54 ¼ 5:46 lm.

4. Results

Fig. 2 presents the relationship between the

major axis of the track opening and the incident

alpha particle energy, with the incident angle (with

respect to the detector surface) as a parameter.

Here, all tracks have been taken into account, re-

gardless of whether they have been completely
etched through the detector sensitive layer. It is

interesting to note that the lines for the incident

angles between 70� and 90� are close to each other,

i.e. the diameters of the tracks for larger incident

angles depend only on the energy. In other words,

the diameter of a circular track is a good measure

of the incident energy. Fig. 3 gives the corre-

sponding results for the minor axis of the track
opening. Again, the curves for larger incident an-

gles are close to each other. The minor axis also

increases with the incident angle.

Figs. 4–7 represent the vertical track profiles

for alpha energies of 1, 2, 3 and 4 MeV and

for incident angles from 20� to 90�. The images

given here as well as those in Figs. 8–12 are di-

rectly plotted from FORTRAN90 files. The com-
puter used for the calculations operated with the

resolution of 640� 480 pixels. In the program,

the FORTRAN90 command STATUS ¼ SET-

WINDOW(.TRUE.,)32,)24, 32, 24) is included

to enable scaling of the computer screen to a di-

mension of 64� 48. The first pair of numbers

()32, )24) gives the coordinates of the lowest-left

point, while the second pair (32, 24) gives the up-
permost-right point of the screen. In this way

the images obtained represent those obtained in

the real world. The switch .TRUE. means that the

ordinate is directed upwards (there are a number

of possible coordinate systems in FORTRAN90

and users can choose the most convenient one for

their uses).

Fig. 4 gives the track profile (or vertical cross-
section of the track) in the LR115 detector when

Fig. 2. Relationship between the major axis of the track

opening and the alpha particle energy, with the incident angle

as a parameter.

Fig. 3. Relationship between the minor axis of the track

opening and the alpha particle energy, with the incident angle

as a parameter.
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Fig. 4. Track profiles for alpha particles with an incident energy of 1 MeV.

Fig. 5. Track profiles for alpha particles with an incident energy of 2 MeV.

Fig. 6. Track profiles for alpha particles with an incident energy of 3 MeV.
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the initial energy is 1 MeV. The upper horizontal

line represents the detector surface after etching,

and the lower horizontal line represents the bot-

tom of the active layer which is adhered to the

supporting plastic (not shown here). To enable

scaling of the tracks, the mark ‘‘4 micrometers’’ is

shown on the figure (i.e. the distance from the

upper horizontal line to the mark is 4 lm). The
thickness 5.46 lm is also shown in the figures,

which represents the residual thickness of the

LR115 detector after etching. It can be observed in

Fig. 4 that the tracks are mostly in a spherical

shape (except those for incident angles of 20� and
30�, which are slightly extended) and no tracks

were etched completely through the sensitive layer.

Alpha particles are stopped in the detector (i.e.
they do not penetrate through it) and formation of

the spherical part of the track is possible. If we

‘‘count’’ only those tracks for which the etchant

penetrates through the detector, all the above

particles would not be considered as detected.

Under the optical microscope, however, light spots

can be seen at the positions of these tracks.

Track profiles for an incident alpha energy of 2
MeV are given in Fig. 5. Tracks originated from

particles with incident angles smaller than 50� are

Fig. 7. Track profiles for alpha particles with an incident energy of 4 MeV.

Fig. 9. Contours of track openings for alpha particles with an incident energy of 2 MeV.

Fig. 8. Contours of track openings for alpha particles with an

incident energy of 1 MeV.
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not fully developed. Under the optical microscope
light spots should be seen at their positions. For

incident angles larger than 50�, the tracks are

etched through the sensitive layer and bright light

spots coming from the microscope lamp can be

seen. Furthermore, these tracks are in spherical

form, although the spheres are cut from both the

top and the bottom (see Fig. 5).

Track profiles for incident alpha energies of 3
and 4 MeV are shown in Figs. 6 and 7. The dotted

areas represent the body of the detector. A variety

of track profiles are presented in these figures.

Some tracks are overlapped with each other to
save space only, and they can be used individually.

Figs. 8–12 give the contour of the track opening

when the tracks are observed vertically from the

above. The incident energy was varied from 1 to 5

MeV and the incident angle from 10� to 90� with

increments of 10�. The incident angle is expressed

as a parameter next to the corresponding contour

line in the figures. The mark for 8 lm is used in
Figs. 8–11, and for 4 lm in Fig. 12. Circular

openings are typical for incident angles larger than

70�, and the track openings deviate more from

Fig. 10. Contours of track openings for alpha particles with an incident energy of 3 MeV.

Fig. 11. Contours of track openings for alpha particles with an incident energy of 4 MeV.

Fig. 12. Contours of track openings for alpha particles with an incident energy of 5 MeV.

D. Nikezic, K.N. Yu / Nucl. Instr. and Meth. in Phys. Res. B 196 (2002) 105–112 111



being circular for smaller incident angles. All

kinds of the track openings can be found in Figs.

8–12; circular for large incident angles, egg-like

tracks and droplet-like tracks for very small
incident angles. The general trend is that the di-

ameter of the tracks decreases with the incident

energy.

5. Conclusions

A previously developed three-dimensional and

analytical theory for track growth was applied to

the LR115 detector. The results presented here

show that the theory is applicable for thin detec-

tors like the LR115 with some modifications,
which are mainly related to the position of the end

point of the particle trajectory. If the end point lies

outside of the detector material, the formation of

the spherical part of the track is not possible.

Other aspects of the theory are similar to these for

a thick detector like the CR39, except for the dif-

ferent function of V ðR0Þ. The results given in this

paper are similar to those presented in [16], where
a slightly different method of track development

was applied.

The track diameter of (essentially) the circular

tracks depends mainly on the incident energy. This

phenomenon makes the LR115 detector very

convenient for the spectrometry of the alpha par-

ticles. With smaller incident angles, the tracks de-

viate more from being circular.
The accuracy of the calculations presented in

this study depend on the accuracy of the functions

V ðR0Þ and Vb.
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