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ARTICLE INFO ABSTRACT
Keywords: The widely known CR-39 nuclear track detectors (NTDs) have been used to investigate the etch pits formed
CR-39 detector by alpha particles from a 24! Am source moderated to 1-2 MeV. The efficiencies of two available CR-39 plastic
etectors, Lantrak and Baryotrak, have been studied as a function of the chemical etching time. The chemica
Alpha particle d Lantrak and Baryotrak, have b died function of the chemical etching time. The chemical
. etching solutions of the NaOH, and NaOH+ethyl alcohol at an ave been applied to build etc
guiea‘“a‘* hing solutions of the NaOH, KOH and NaOH+ethyl alcohol at 70 and 80°C have b lied to build etch
Etihiilt time pit diameter growths as well as density curves. The obtained growth curves of etch pit diameters have been
Bulk et%:hi ng compared under these different etching conditions, showing similar general trends for Baryotrak and Lantrak

detectors for etching at 70°C. A slight divergence of the curves have been observed at 80°C for etching times
above 400 min, revealing a small variation in the bulk etch rates between the two detector types. The etch pit
density curves for both detectors have also been studied, showing a plateau for all etching conditions except
for NaOH+ethyl alcohol at 80°C, in which there is a significant decrease in density after ~ 600 min of etching.
The results obtained with the protocols described in detail in this work show the pertinent precautions to be
adopted in the chemical treatment of NTDs for the detection of alpha particle at low energies. In particular,
the quantitative results highlight the limits of linear growth of pits and induction etching time for etch pits
with diameters D=0 pm (EIT,) and D=1 pm (EIT)).

emitted by 22?Rn (5.5 MeV), 218Po (6.0 MeV) and 2!4Po (7.7 MeV).
Poly-allyl diglycol carbonate (PADC) is the most used NTD for this
purpose [9-14] and is commonly referred to as CR-39, which has a

1. Introduction

Nuclear Track Detectors (NTDs) have been used to detect protons,

antiprotons, alpha particles, fission fragments and a variety of swift
heavy ions [1-3]. They have also been applied to fast and thermal neu-
tron dosimetry [4-6] and to the characterization of alpha calibration
sources [7]. The interaction of the particle with the detector molecular
structure results in a modified cylindrical region along the particle
trajectory (track). When applying chemical treatment, it is observed
that the track etching rate (V) is larger than the bulk etching rate (V).
Making use of an appropriate chemical etching, it is easy to obtain vis-
ible conical etch pits at the detector surface, which could be identified
and counted using an optical microscope [8]. This radiation detection
technique is quite employable due to its nice response, high sensitivity,
reduced background, easy chemical treatment and low cost [2,3].

An interesting application of NTDs is the monitoring of environ-
mental radon and its progeny, through the detection of alpha particles
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refractive index of 1.5, density of 1.32 g/cm? [15], and can be safely
employed at temperatures up to 100°C [2]. For the purpose of radon
monitoring PADC plates are placed inside diffusion chambers or are
directly exposed in the air [8]. Etching response of CR-39 bombarded
by alpha particles with energies varying up to 7.7 MeV has already been
studied under specific etching conditions [16-19]. The purpose of the
present investigation is to extend the etching studies (varying etching
conditions) of pits produced by low energy alpha particles in CR-39
detectors.

The curves response of etch pit diameters, under different etching
conditions in two different commercially available CR-39 materials
irradiated with low energy alpha particles, are compared and analysed.
The procedures for exposing the detectors to an 24! Am alpha source,
chemical etching and reading of detectors are presented in Section 2.
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Fig. 1. Schematic diagram of the irradiation geometry inside of the lead castle.

In Section 3, the results obtained in the follow-up of the diameter and
density etch pits are shown. In that same section, the curves obtained
in these studies are analysed and discussed. Concluding remarks are
presented in Section 4.

2. Materials and methods

Etching experiments have been carried out using two different types
of CR-39 detectors, Lantrak and Baryotrak, manufactured by Fukuvi
Chemical Industry Co LTD and sold by Landauer. The detectors have
been exposed to alpha particles (E,=5.486 MeV) from a thin planar
radioactive 2! Am source for 6.5 h. This source has been produced
by the Energy and Nuclear Research Institute (IPEN) of the National
Nuclear Energy Commission (CNEN), Brazil, and has the activity of
1000 alpha particles/s. The CR-39 exposure has been performed using
a collimator installed between the alpha source and the detectors,
in order to reduce the track density and the alpha particle angle of
incidence. In addition, the detectors have been displaced with respect
to the axis of the source and the collimator positioning, which further
reduced the number of tracks and their density, ensuring a larger
room between two or more tracks, allowing a better size monitoring
throughout the procedure. The distance between the 24! Am source and
the plastic detectors has been kept fixed (41.36 mm) in all experiments.
The 241 Am alpha source has been placed at the bottom of a lead castle
while the CR-39 detectors have been attached to its lead cover (see
Fig. 1), which has been tightly closed during the exposure.

To estimate the incidence energy of the alpha particles, two pieces
of PADC have been exposed to an 2*'Am source during the same
interval of time of 6.5 h. In this procedure, an irradiation setup similar
to that of Fig. 1 has been used, ensuring two different source-detector
distances: 29.15 + 0.46 mm and 41.36 + 0.18 mm. Although etching
experiments have been performed using only detectors exposed at a
distance of 41.36 mm, studying the characteristics of etch pits formed
around alpha particle tracks with different energies shall provide valu-
able comparative information. Exposed detectors have been etched
together in a 6.25M NaOH solution for 400 min at 70 °C. Diameters
of fifty round etch pits have been measured, for each detector, using
a Zeiss Axioplan II microscope with nominal magnification of 1250x.
A calibrated rule on one of the microscope eyepieces has been used to
carry out the diameter measurements. The average etch pit diameter for
the detectors exposed at a distance of 41.36 mm has been determined
to be 9.1+0.4 pm. The etch pit diameters in the detector exposed at a
distance of 29.15 mm have presented a mean value of 10.3+0.4 pm.
Despite the similarity of mean diameter values, the etch pits in the
detector exposed at 29.15 mm are darker than the etch pits in the
detector exposed at 41.36 mm from the source, which suggests that
alpha particle energies are above 2.0-2.5 MeV in the former, while
alpha particles detected in the latter are in a range of energies below
2.0-2.5 MeV [16,20].
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In Ref. [16], etch pitch diameters have been studied as a function
of incident alpha particle energies. Since, in this work, the estimated
values of alpha particle energies are roughly the same as those in
Ref. [16], we have decided to follow the chemical etching protocol
in that reference. For the two distances used for the exposure of the
detectors (41.36 mm and 29.15 mm), the quadratic values of the
diameters have been obtained as 83+8um? and 107+9um?, respectively,
to enable the comparison with the reference data [16], presented as
products of diameters of round etch pits.

Under these conditions and considering the experimental uncertain-
ties, the energy intervals of the incident alpha particles have been
obtained in the range of 1-2 MeV (at the largest distance from the
source) and 4-5 MeV (at the smaller distance from the source). The
methodology used in this work enabled an estimate of the incident
energy value as 1.5 + 0.5 MeV.

Etching experiments have been carried out using three different
chemical solutions: KOH (30% in mass); NaOH (6.25M); NaOH (6.25M)
+ ethyl alcohol (2%). KOH and NaOH solutions have been selected
because they are the most common in different surveys involving
PADC [3,8,13]. The addition of the ethyl alcohol in the NaOH solu-
tion is expected to reduce the sensitivity of the CR-39 to the etching
process [21]. An increase in the V), parameter has been observed for
NaOH+-ethanol solutions with different concentrations [22-24].

The detectors have been immersed in the etchant solution and
maintained at a stable temperature of either 70°C or 80°C during
the etching procedure. The chemical treatment has been performed
gradually with etching time interval increment of 30 min, submitting
repeatedly the same detector to chemical treatment using the same
solution at the given temperature. After each step, the CR-39 detectors
have been transferred to an acetic acid solution (CH;COOH) to stop the
etching process. Then they were washed in distilled water and stored.
The chemical solutions have been prepared beforehand of each etching
step [25-27].

Etch pits have been identified and visualized using a Leitz Diaplan
optical microscope with magnification of 78.75x. At the central region
of each CR-39 piece, areas for monitoring of etch pits growth in the
etching experiments have been previously selected. With this purpose,
a metallic screen has been used to ensure the same position of the
detectors at the microscope table. Edge regions of CR-39 have been
excluded from the measurements [28]. The same set of etch pits has
been measured at each step of the successive etching procedures up to
~ 12 h for KOH and NaOH solutions and up to ~ 20 h for NaOH + ethyl
alcohol solution. Only etch pits (with the ratio between the minor and
major pit diameters bigger than 0.7) formed by nearly perpendicularly
incident alpha particle tracks have been selected for the analysis of etch
pit growth, performed by the software ImageJ [29]. Some examples of
the etch pit evolution obtained using KOH solution at 80°C and NaOH +
ethyl alcohol) solution at 70°C are shown in Fig. 2. Superficial densities
of etch pits have also been determined after every etching experiment.

3. Results and discussions
3.1. Etch pit diameters

In Fig. 3, etch pit diameters (D) are shown as functions of the etch-
ing time for both Lantrak and Baryotrak CR-39 detectors. The presented
values are the averages of etch pit diameters counted over the selected
regions of the detector. The etch pit diameters have been measured
immediately after each etching experiment. The uncertainties shown
correspond to the average deviation. The etch pit diameters exhibit a
gradual growth with a tendency to saturation with the increase of the
etching time for different temperatures and chemical solutions.

For the etching carried out at 70°C, the etch pit diameters follow the
same growth trend in both Lantrak and Baryotrak CR-39 detectors. For
the etching at 80°C, the etch pit diameters for both types of detectors
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Fig. 2. Image examples of chosen regions of the CR-39 detectors etched with (left) KOH at 80°C and (right) NaOH + ethyl alcohol solutions at 70°C at different etching time

steps.
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Fig. 3. Etch pit diameters versus etching time for Lantrak and Baryotrak CR-39
detectors using (a) KOH, (b) NaOH and (c¢) NaOH + ethyl alcohol solutions at 70°C
and 80°C.

follow the same trend for etching times shorter than ~ 400 min. For
longer times, the growth curves split into different branches.

After overetching is reached, the etch pit diameters grow at a slower
rate in the Lantrak detector for etching with KOH or NaOH+ethyl
alcohol at 80°C. For the Baryotrak detector, the etch pit diameters
present a slower growth for etching with NaOH solution. To summarize,
the obtained results indicate that the V;- /¥, is close to the same ratio for
the lower energy of alpha particles in Lantrak and Baryotrak detectors,
but the corresponding bulk etching ratios are different.

No significant difference has been observed, which has then been
both approximated to the time at the point of slope change. Even
in the linear part of the etch pit growth curve, at 80°C the growth
rate is about 50% higher as compared to the detectors etched at
70 °C, independently of the used chemical etchant. This result for alpha
particles with ~ 1.5 MeV is consistent with those found for 4.5 MeV
alpha particles detected by the PADC in a study concerning counting
efficiency variation with respect to etching temperature [30]. The
referred study has been performed using NaOH (6.25M) as a chemical
etchant. For etching performed at 80°C, it has been observed that the
etch pit diameters presented a maximum size of 50 pm for a KOH
solution at 650 min of etching time, in contrast to the etching with
NaOH and NaOH + ethyl alcohol solution when etch pit diameters
did not exceed 40 pum after the same etching time. A saturation in the
growth rate of the etch pit diameter as a function of the etching time
has been observed.

A direct comparison of the growth curves for the etch pit diameter
obtained with NaOH and NaOH+ethyl alcohol solutions are shown in
Fig. 4. There is no deviation of growth curves for the etching solutions
at 70°C. For chemical etching at 80°C, differences are observed only for
times longer than ~ 400 min, indicating a small variation in V, caused
by the addition of ethyl alcohol, as previously observed in [24].

In order to find the time limit which establishes the curve deviation
from linearity, we have adopted the procedure of adding one point at
a time, observing the quadratic regression coefficient R? of the linear
fitting. Thus, the final criterion to define this initial linear region is
the best value of R?. The growth rate of the etch pit diameter, dD/dt,
is obtained directly from the data fitting. In Table 1, those results are
shown.

The etching curves of Fig. 3 also allow the calculation of etch induc-
tion times (EIT). EIT has been defined as the etching time necessary
to open the etch pit (D=0 pm), EIT, [31], or alternatively, as the
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Table 1
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Growth rate of the etch pit diameters dD/dt (in pm/h), for the Lantrak (L) and Baryotrak (B) detectors, limit times t;,, (in

min), and regression coefficient R?.

Chemical etchant T °C Lty] L[R?] L[dD/dt] Blt,,] B[R?] B[dD/dt]
KOH 80 150 0.993 7.8 270 0.987 6.2
NaOH 80 450 0.997 3.3 300 0.987 3.3
NaOH + ethyl alcohol 80 450 0.987 3.6 300 0.989 3.9
KOH 70 270 0.999 3.2 330 0.995 3.2
NaOH 70 360 0.999 1.6 510 0.997 1.5
NaOH + ethyl alcohol 70 510 0.999 1.6 540 0.995 1.7
50 I I I 3.2. Superficial densities of etch pits
[ Lantrak 80°C i . .
2 40 — EEIEE - In Fig. 5, the curves of mean superficial densities of etch pits are
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g N Tvyes | large enough to an adequate measurement of the etch pit diameters.
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=0 | (see Fig. 2). Under this condition, the use of the Poisson counting
& uncertainty to compare the numbers of etch pits at different etching
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Fig. 4. Time evolution of etch pit diameters obtained with NaOH and NaOH + ethyl
alcohol solutions for Lantrak and Baryotrak detectors at 70°C and 80°C.

time needed to grow the etch pit diameter at D=1 pm, EIT, [32]. To
calculate the EIT values, the etching curves have been extrapolated
through a linear approximation. EIT is the point at which the curve
crosses the etching time axis and EIT; is calculated from the linear
extrapolation. As previously mentioned, in this work, the method to
define the best extrapolation is the addition of experimental results,
one by one, starting from the shorter etching time and going to the
time limits, which are shown in Table 1.

The values of EIT and EIT, are shown in Table 2. For EIT, only the
Lantrak detector etched with KOH at 80°C resulted in a positive value.
In this work, all data obtained for EIT, are in the range from 0 to 20
min approximately.

In Ref. [31], EIT values from previously published data are com-
piled. Alpha particles in the range of 0.23-1.3 MeV/u resulted in
EIT, = 58-74 min, considering uncertainties [31,32]. This value is
obtained for 6.0M NaOH etching solution at 70°C. Also, figure 5 of
the referred paper presents the EIT as a function of Z /g, where g is
given by the ratio of particle to light speeds. In our work, the energy
per nucleon of alpha particles is 0.4+0.1 MeV/u, corresponding to a
Z/p value of (70+20). The closer etching condition used, compared
to Ref. [31], is 6.25M NaOH at 70°C. For this etching protocol, we
have obtained EIT; = 18.6 min, a value smaller than those presented
in Refs [31,32]. These deviations can be partially explained by the
higher etchant concentration used in Ref. [31], which provides a more
aggressive etching. Within the surface-cap segment model [31], this
means a faster removal of track cap.

The areas of the regions, on which etch pits have been counted and
measured, have been kept constant during all experiments (see Fig. 2).
Hence, the uncertainties in the etch pit densities have been estimated as
8%, considering only the systematic uncertainties concerning the area
determination.

The etch pit densities increase rapidly, becoming constant during
the etching process. In particular, the detectors etched at 80°C present
shorter saturation times as compared to those of the detectors etched
at 70°C (see Table 3). The stabilization of the etch pit diameters
occurs long after the etch pit diameters have reached the plateau
levels (compare Figs. 3 and 5). This rapid density uniformity is a
consequence of the nearly perpendicular incidence of alpha particles
from the external sources onto the detectors inside the irradiation
setup. As all tracks originate inside the etched surface, no new track
will appear when the surface layers are removed. Worth of notice is
the remarkable decrease in etch pit density in the detectors etched at
80°C with NaOH + ethyl alcohol, starting after 900 min of etching.
This response may be a consequence of adding ethyl alcohol to the
NaOH solution, which manifests only for longer etching times in the
more aggressive temperature of 80°C [27]. A perceptible increase in
the bulk etching rate, which results in a reduction of the detection
efficiency, has been observed under less extreme etching conditions but
for ethanol concentrations at least 5 times higher than that employed
in this work [24].

3.3. Choice of etching protocols

The etch pit diameter growth rate and density curves obtained in
the present work may be useful to find out the best etching condition
for the intended application. For instance, the monitoring of low levels
of Radon, in which low densities of alpha particles are usually obtained,
may be better analysed after the etching process producing larger
etch pits. These large etch pits could be seen at lower microscope
magnifications, in such a way that extensive detector areas can be
scanned more rapidly. From Fig. 3, it is clear that the KOH etchant
will produce the larger etch pits. On the other hand, in applications
to produce higher track densities, as the detection of alpha particle
tracks in thermal neutron monitoring using boron converters [4], the
detectors will be better analysed if they produce smaller etch pits
after the etching process. In this case, NaOH may be more suitable in
the etchant solution. In addition, the chosen etching protocol must be
robust enough to avoid changes in etch pit densities due to small vari-
ations of etching conditions, mainly temperature. An analysis of Fig. 5
may help us in this discussion. The KOH etching yields reproducible
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Fig. 5. Etch pit densities of the Lantrak (black circles) and Baryotrak (red squares) detectors etched with the KOH (top), NaOH (middle) and NaOH + ethyl alcohol (bottom)

solution versus etching time.

Table 2

The obtained values of the induction etching times for the etch pits with diameters D=0 pm (EIT;) and D=1 pm (EIT)).
Negative EIT values are marked as neg. Results are presented for the Lantrak (L) and Baryotrak (B) detectors.

Chemical etchant T (°C) L[EIT,](min) L[EIT,](min) B[EIT, ](min) B[EIT,](min)
KOH 80 20.4 12.7 neg neg
NaOH 80 8.8 neg neg neg
NaOH + ethyl alcohol 80 11.3 neg 7.2 neg
KOH 70 15.4 neg 11.3 neg
NaOH 70 18.6 neg 14.6 neg
NaOH + ethyl alcohol 70 13.5 neg 5.0 neg

Table 3

Uniform values of pit density and stabilization time, t,, for Lantrak (L) and Baryotrak (B) detectors corroded with KOH, NaOH
and (NaOH+ethyl alcohol) etchants at 70°C and 80°C. Etch pit densities, p is given in etch pit/mm?.

Chemical etchant T °C L[t,(min)] LIpl B[t,(min)] Blp]

KOH 80 210 46.07 150 24.96
NaOH 80 210 36.85 180 12.67
NaOH + ethyl alcohol 80 120 51.82 120 34.55
KOH 70 270 45.37 150 19.28
NaOH 70 240 23.82 240 11.46
NaOH + ethyl alcohol 70 390 42.93 330 21.59

densities from approximately 400 min for etching at 70°C, and 300 min
for etching at 80°C. Therefore, an etching time of 400 min or longer
would be more feasible. The same analysis for the NaOH etchant will
lead to similar conclusions. On the other hand, the NaOH+-ethyl alcohol
solution seems to present no range of etching duration on which the
etching process produces stability simultaneously for the temperatures
of 70°C and 80°C.

4. Conclusions

The efficiencies of two types of PADC detectors, Lantrak and Bary-
otrak, for the detection of alpha particles in the range of ~ 1-2 MeV,
have been studied as a function of the chemical etching time by using
three chemical solutions: KOH, NaOH and NaOH + ethyl alcohol at two
different temperatures, 70°C and 80°C. For both temperatures, the etch

pits of alpha particles evolved in a similar manner to relatively high
energy alpha particle tracks [33].

In a previous publication [33], a pit diameter growth rate of
1.8 um/h has been obtained for a track etching of 3.1 MeV alpha
particle in CR-39 using NaOH 6.25M at 70°C. This value is in agreement
with our measurements under the same etching conditions. Our results
also indicate that a small variation of etchant concentration will have
a non-negligible impact on the onset of etch pit formation, quantified
by the etch induction time.

For all practical purposes, there is no important efficiency difference
between Lantrak and Baryotrak detectors for the detection of low
energy alpha particles. Also, the addition of ethyl alcohol into the
NaOH solution has not improved the efficiency gain, although it has
provided a visual improvement in the sharpness of pits observed under
the microscope for detectors exposed for long etching times.
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The monitoring of the pits diameter has allowed the calculation of
its growth rate, dD/dt, by considering the limit of the time of chemical
etching for the different temperatures and chemical solutions to which
the Lantrak and Baryotrak NTDs have been submitted. In this work, the
values of limiting times stand around 300 min for Baryotrak detectors
etched at 80°C and, around 500 min for those etched at 70°C, except
for the ones revealed in the KOH solution whose limiting times remain
around 300 min. In the case of Lantrak, the values ranged from 150
to 450 min at T = 80°C and in the range from 270 to 510 min at T =
70°C. Also, in the quantitative analysis, the values of the time of the
induction etching times for the etch pits have been determined with
diameters of the D=0 pm (EIT,)) and D=1 pm (EIT,) (see Table 2).

The etch pit size and density growth curves presented here con-
stitute a comprehensive dataset that can be useful in further CR-39
applications. The choice of the best etchant depends on the intended ap-
plication. A general feature brought about by our results is that NaOH
seems to be better suited for applications involving larger track den-
sities, while KOH is recommended for applications involving smaller
track densities.
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