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A computer program for studying etched proton tracks in the polyallyldiglycol carbonate (PADC) solid-
state nuclear track detector was prepared. The program provided visualization of track appearance as
seen under the optical microscope in the transmission mode. Measurable track parameters were also
determined and displayed and written in a data file. Three-dimensional representation of tracks was also
enabled. Application of this software in neutron dosimetry for energy up to 11 MeV was demonstrated
through the creation of a databank with a large number of tracks, which would be used to compare real-
life tracks obtained in the PADC detector upon neutron irradiation. One problemwas identified, viz., very
similar tracks were obtained from protons with very different energies and incident angles, and stra-
tegies to solve this were proposed.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

To estimate the equivalent dose from neutrons, it is necessary
to involve the radiation weighting factors of neutrons, which in
turn depend on the neutron energies. As such, it is of primary
importance to explore methods to determine the neutron energy
[1]. Recently we have studied the feasibility of neutron spectro-
metry with polyallyldiglycol carbonate (PADC) detectors (com-
mercially available as CR-39 detectors), where some major pro-
blems in this research field were identified [2].

There are active methods for measuring the energy spectra for
neutrons based on Bonner spheres or other devices [3,4]. However,
in some applications, passive and long-term integrated measure-
ments are needed. One example is the measurements of energy
spectra for neutrons to determine the resulting dose in radiation
treatment rooms installed with high-energy accelerators. Solid-
state nuclear track detectors (SSNTDs) have emerged as a pro-
mising solution for this task, including the PADC film detector,
which is one of the most commonly used SSNTDs [5–7]. There
have been several attempts to measure neutron energy spectra
with SSNTDs through studies on the parameters of openings of
etched tracks [8–10]. Bare PADC detector was considered here, i.e.,
þ852 34420538.
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there were no converters in front of the detector. It is true that a
converter (e.g., a polyethylene film) significantly increases the
detector response in term of track density, but much information
on neutron energies and their spectrum will be lost.

The most commonly used method for neutron detection using
SSNTDs is through the studies on the recoiled protons, which are
the product of elastic collision between neutrons and nuclei of
hydrogen atoms. The neutron energy En, proton energy Ep and
recoiled angle θ are related by the equation

E E cos . 1p n
2 θ= ( )

The recoiled protons may have energies between 0 and En, and
the probability distribution is uniform in this range. If the neutrons
have a continuous energy spectrum, a variety of protons will be
created. From the energies of the protons, it is possible to recon-
struct the neutron energy spectrum through de-convolution
procedures.

The track appearance under the optical microscope in the
transmission mode depends on several parameters, e.g., the par-
ticle energy and the corresponding stopping power in the detector
material, the incident angle with respect to the detector surface,
the etching conditions and the removed layer during the etching,
etc. As such, measurement of proton energy is possible through
studies on their etched tracks in the PADC film detector. However,
a variety of very different tracks can be produced in the detector
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Fig. 1. Relative spectral intensity (s�1) of neutrons emitted from an AmBe source
[11].
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Fig. 2. Starting and stopping points of recoiled protons in a PADC film detector. The
detector thickness was 1 mm. A significantly larger number of stopping points at a
depth of 1000 μm corresponded to those protons which had left the detector on the
opposite side. The distribution was given in (fraction of particles per μm). A total of
1000 events were presented in this figure.
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Fig. 3. Energy distributions of recoiled protons (scattered points) and of neutrons
(line) which created the recoiled protons upon elastic collisions with hydrogen
nuclei. The distribution was given in fraction of particles per MeV. The distribution
was calculated using a Monte Carlo method.
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and evaluation of the proton energy and the incident angle from
the track appearance presents a challenging task.

When neutrons pass through the detector, they interact with
the atomic nuclei in the detector through inelastic and elastic
collisions. As a result of elastic collisions with nuclei of hydrogen
atoms, recoiled protons are created within the body of the detector
with various energies and directions. Creation of other recoiled
nuclei (carbon and oxygen) is negligible in the energy range up to
11 MeV, which is considered here.

In laboratories, one of the most common neutron sources is the
AmBe source. The energy spectrum of neutrons from this source,
shown in Fig. 1 [11], is used to check our approach in determina-
tion of neutron spectra. In Fig. 2, the starting points (i.e., the points
where elastic collisions take place to create recoil protons) and
ending point of protons are shown. To obtain this figure, it was
assumed that the PADC film detector was in contact with the
AmBe source so all incident angles of neutrons onto the detector
surface in π geometry were possible. One can notice from Fig. 2
that a large number of protons were “stopped” at 1000 μm
(i.e., the point at 1000 μm was much higher than the adjacent
point). In fact, this point represented those protons which escaped
from the detector from the opposite side. If the detector was
immersed in an etchant, these escaped protons would lead to
reversed etching [12], which would further complicate the mea-
surements. In order to avoid this complication, one can mask the
opposite side of the detector to prevent reversed etching.
From Fig. 2, it is also clear that through etching away several
micrometers of the detector, only a small fraction of tracks will be
revealed. With prolonged etching, more and more tracks will be
observed, while those which have been found earlier will have
become progressively larger. Fig. 3 shows the energy distribution
of neutrons which create recoiled protons, and the energy
distribution of protons themselves. Calculations were again
performed for the PADC film detector in contact with an AmBe
neutron source.

It is remarked here that other interactions are also possible
with the atomic nuclei in the PADC film detector, such as inelastic
collisions which excite the atomic nuclei and lead to subsequent
emission of beta and gamma radiations. Such interactions do not
produce recoiled protons and do not leave latent tracks in the
detectors, and as such they should be considered competitions
when the absolute detector response is determined. From
Figs. 2 and 3, it is clear that neutron interactions with the PADC
film detector will produce proton latent tracks with different
orientations, lengths and starting points.
2. Methodology

To facilitate the estimation of the proton energy from the track
in PADC film detectors, we prepared a computer code which could
be used to generate a databank of tracks showing their appearance
under the optical microscope in the transmission mode.
This databank could be further used to match the tracks obtained
in real-life experiments to determine the proton energy and the
incident angle. Some issues in such a matching procedure and in
the determination of the proton and neutron energies will be
discussed in the following.

The current computer program was developed based on our
two previous computer codes, namely, TRACK_TEST and TRACK_-
VISION, which were developed exclusively for tracks generated by
alpha-particle irradiation and subsequent chemical etching, which
were important for radon dosimetry [13,14]. These computer
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codes were modified to take into consideration the ranges of
protons in PADC and also the corresponding V function of protons,
where V(R′)¼Vt/Vb, R’ is the residual range (i.e., the distance
between a studied point on the etched track and the point in
detector where the incident particle was stopped), Vt is the etch
rate along the track and Vb is the etch rate of the bulk detector [5].

The ranges of protons in PADC were calculated using the freely
available SRIM2003 software [15], which produced a table with
data on the stopping powers and ranges as functions of the proton
energy. The stoichiometric formula for the PADC detector was
taken as C12H18O7 and the density was taken as 1.32 g cm�3.
When compared with an alpha particle, a proton has half the
electronic-charge value and one-fourth of the mass, and thus a
much longer range in PADC. For example a proton with an energy
of 10 MeV has a range of �952 μm in PADC, while an alpha
particle with the same energy has a range of �85 μm.

Another important difference between protons and alpha par-
ticles is their stopping powers in PADC, which determines the
function V(R′). It has been shown that V is related to the restricted
energy loss REL. However, a more convenient form for V is the
empirical form shown in Eq. (2):

V R A e A e e1 1 . 2A R A R A R
1 32 4 5( ′) = + [ + ]⋅[ − ] ( )− ′ − ′ − ′

In the present work, the V function of protons in PADC was
adopted from Ref. [16] in the form of Eq. (2), with the parameters
A1¼0.4306, A2¼7.3736�10�3, A3¼1.0559, A4¼0.1072 and
A5¼1.4120. Both the longer ranges and smaller V values for pro-
tons when compared to alpha particles led to different appearance
of proton and alpha-particle tracks. An example of the 3-D
representation of a proton track is shown in Fig. 4.
3. Examples of calculated tracks

As described in previous sections, in a real-life experiment on
neutron measurements with the PADC detector, we can expect to
obtain many etched tracks with different size, shape, gray levels
under the optical microscope, etc., depending on the initial energy
and incident angle of the recoiled protons, and the effective
removed layer of the PADC film detector during etching. For
Fig. 4. A 3-D representation of a proton track. A total of 19800 points have been
used to represent the track.
illustration purposes, some representative tracks which may be
obtained from real-life experiments are shown in Fig. 5, where we
have assumed that track development starts on the original
detector surface. The tracks shown in Fig. 5 were generated by
protons with energies between 0.5 and 5 MeV with incident
angles of 90°, 70° and 50°, and corresponded to removed layers of
5 and 10 μm. The parameters of the tracks are also shown in Fig. 5.
These show that very different tracks can be found from neutron
irradiation of the PADC detector.
4. Pattern recognition and determination of proton energy
and incident angle

The task of determining the proton energy and incident angle
from the track appearance (including size, gray level, major and
minor axes, etc.) falls into the field of pattern recognition. In order
to perform such pattern recognition in the track appearance, a
large databank was created by calculations. In order to facilitate
and accelerate the calculation, which was needed to create such
file with large number of data, previous programs were looped
and all graphical presentations were disabled. Track parameters,
major and minor axes, and the fractions of the black portion in the
tracks were determined by changing the proton energy between
0.1 and 11 MeV with steps of 0.1 MeV, by changing the incident
angle between 20° and 90° (with 90° meaning normal incidence
onto the detector surface) with steps of 2°, and by changing the
removed layer between 1 and 50 μm with steps of 1 μm. These
data were stored in the file DATABANK.DAT.

The next step was to simulate the irradiation of PADC detector
with neutrons from an AmBe source assuming normal incidence of
neutrons onto the detector surface. Normal incidence could be
achieved in real-life experiments, e.g., if the detector was located
at a sufficiently large distance from the source. The recoiled pro-
tons were created at different depths within the detector with
various energies and incident angles. For illustration purposes, the
removed layer of the detector was taken to be 20 μm during
etching, and the parameters of about 1040 tracks were computed.
The parameters of these tracks were stored in another file. The
energy and incident angle of the recoiled protons were deter-
mined by comparing the parameters of their tracks with those in
the file DATABANK.DAT.

For illustration purposes, we adopted a simplified strategy by
considering only the major and minor axes. Measurements of the
major and minor axes were straightforward, while accurate mea-
surements of the fraction of the black portion of a track presented
a challenge. The results for this simple comparison are shown in
Fig. 6, which shows a desired relationship because an apparent
linear relationship with a slope of unity is noticeable. Never-
theless, there were still a significant amount of tracks which gave
wrong information on the proton energies.

Low-energy protons with energies below 1 MeV appeared to
have particular problems. Many tracks from these low-energy
protons were incorrectly attributed to high-energy protons.
There were also tracks (but with a smaller number) from high-
energy protons which were incorrectly attributed to low-energy
protons. For example, the track generated by a proton with the
original energy E0¼0.2460 MeV and the original angle θ0
¼32.763°, and for an effective removed layer of heff¼15.79 μm
was attributed to a proton with the test energy ET¼5.8 MeV and
the test angle θT¼82°, and for an effective removed layer of hT
¼16 μm. Specifically, the major and minor axes were 3.91 and
3.42 μm, respectively, for the lower-energy (0.246 MeV) proton,
and were 3.94 and 3.23 μm, respectively, for the higher-energy
(5.8 MeV) proton. Both tracks had similar size and grey level, so it
was impractical to distinguish between them in the readout



Fig. 5. Examples of proton tracks in the PADC film detector. The tracks were generated by protons with energies between 0.5 and 5 MeV with incident angles of 90°, 70° and
50°, and corresponded to removed layers of 5 and 10 μm. Below each image, the major axis, minor axis and the fraction of black portion of the track are shown (from top to
bottom). For normal incidence (incidence angle¼90°), the major and minor axes are equal so only one number is given.
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Fig. 6. Results of track recognition by comparing the measured major and minor
axes with those in the databank file.
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phase. Here, the effective removed layer is the difference
between the total removed layer and the depth of the starting
point of the track, as shown in Fig. 2.
It was not surprising that the computer program for matching
the tracks could not distinguish between the two tracks described
above. Common characteristics for these two tracks included the
lack of a black portion in the optical appearance, and the small
track depths. It is also possible that both of these tracks will be
missed under the optical microscope because of the poor contrast
provided by the tracks. A natural further development was
therefore to exclude such tracks with poor contrast (which lack a
black portion). The results are shown in Fig. 7, in which a much
better correlation is obtained.

However, a new issue now is that all tracks corresponding to
protons with energies larger than 5 MeV have evaded recognition.
If this evasion presents a problem, we might need to revert to the
challenge of distinguishing among tracks from low- and high-
energy protons, which can be very similar in size and optical
appearance. One solution is to further etch the detector and to
follow the evolution of such dubious tracks. Upon further etching,
the depth of the tracks from low-energy protons will not increase,
and enlargement in the track opening size will be slower than that
for tracks from high-energy protons. Using the two tracks descri-
bed above as an example, after 40 μm of etching, the first track
(generated by the low-energy proton) will have major and minor
axes of 5.64 and 5.25 μm, respectively, with the depth smaller
than 0.1 μm; while the second track (generated by the high-
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Fig. 7. Results of track recognition by comparing the measured major and minor
axes with those in the databank file, with only tracks with black portions taken into
consideration.
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energy proton) will have major and minor axes of 10.1 and
8.35 μm, respectively, with the depth of about 3 μm. The first track
will be almost wiped out from the detector surface while the
second track will become more and more conspicuous upon fur-
ther etching. As such, these two tracks will be easily distinguish-
able through further etching.
5. Conclusion

Graphical presentations of track profiles as well as track
appearances under the optical microscope in the transmission
mode are provided by computer simulations. The computer pro-
gram can also provide data for presenting the tracks in three
dimensions. It is convenient to use the program to create a
databank containing the information for a large number of tracks,
which can be subsequently used for comparison with real-life
tracks to determine the energies and angles of protons generating
the real-life tracks. A useful application of the databank can be
found in neutron dosimetry.
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