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A B S T R A C T

A comparison of track etch parameters at low energy alpha particles is presented, using the Lantrak and
the Baryotrak CR-39 nuclear track detectors. Experimental data from literature, obtained through exposing
CR-39 detectors at low energy alpha particles from a 241Am source and, subsequently, etching them in NaOH,
KOH, and NaOH+ethyl alcohol aqueous solutions at 70 ◦C and 80 ◦C, have been numerically analyzed here.
Radial etch rates of alpha particle etch pits have been determined, compared, and critically discussed for
both CR-39 types. Ratios of alpha etch pit diameters and etch pit densities have also been examined as a
function of etching time, showing no notable differences in the comparison between these two detectors. This
study has been extended from the structural point of view by performing new Ultraviolet–visible (UV–Vis)
and Raman spectroscopy measurements on non-irradiated, 𝛼-irradiated and 𝛼-irradiated/etched Lantrak and
Baryotrak detectors. The direct band-gap energies have been determined and no significant differences have
been observed in detectors subjected to different conditions. The Raman spectra show that the CH2 functional
group has been decreased when comparing the non-irradiated/𝛼-irradiated and 𝛼-irradiated/etched detectors,
suggesting a degradation of the detectors due to alpha particle irradiation and also due to the different chemical
etching treatments applied. The uncertainties have been determined and reported along with the results.
. Introduction

Nuclear track detectors (NTDs) are commonly applied to radiation
etection and environmental monitoring, mineralogy, dosimetry and
ther applications [1–6]. An energetic charged particle, penetrating in
nuclear track detector, leaves behind it a damaged trail of a nanoscale
iameter, commonly called a latent track. An appropriate chemical
tching is used to develop, or enlarge, the latent track up to micrometer
caling conical structure, called nuclear track [7]. Alpha particle and
ission fragment tracks are the most commonly investigated nuclear
racks [1].

The Columbia Resin No. 39 (CR-39) is a widely used NTD
8–14]. The study of the CR-39 polymer started a few decades ago [15].
elevant contributions on nuclear track field were given from the

irst meeting in 1957, which evolved into well-established and regular
eetings. Currently the ‘‘International Conference on Nuclear Tracks in

olids’’ has been organized by the International Nuclear Track Society
INTS) and traditionally discussed the nuclear tracks methodology,
hich contributes to an immense number of applications across a wide
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range of scientific and technological fields. Proceedings of these con-
ferences are rich sources of information about nuclear track detectors
and their applications, providing overviews on the developments in this
field [16]. In particular, in the latest editions of this conference series,
there are several works based on studies of chemical etching on alpha
particle tracks [17–20]. Specifically in CR-39 detectors, the alpha tracks
have been studied using experimental, computational and theoretical
tools targeting a number of applications. Here, we briefly highlight the
work involving the detection of alpha particles by this type of detector,
starting with Fews and Henshaw (1982) [21], who present an important
investigation of high energy alpha spectroscopy, using CR-39 detectors
with resolution of 20 keV for 6 MeV alpha particles. Sohrabi and Zainali
(1986) have applied the electrochemical etching method for an efficient
etching of alpha tracks in CR-39 [22]. Bing (1993) has improved a
radon measurement methodology using CR-39 through alpha track
measurement [23]. Tavares and Terranova (1997) have presented a
method for the measurement of alpha particle activity at long-lived
radioisotopes like 190Pt [24]. Dörschel et al. (2003) have reported a 3D
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shape computation of etched alpha tracks in CR-39 [25]. Nikezic and
Yu (2003) have developed a computer code to calculate alpha etched
track parameters and profiles [26]. Rana (2008) has used the Nikezic
and Yu computer code [26] to discuss the reliable predictions of alpha
tracks in CR-39 detectors [27]. Azooz et al. (2012) have investigated
the parametrization of alpha track profiles in CR-39 [28]. Fan et al.
(2017) have presented results on uncertainty of an automatic system for
counting alpha tracks in CR-39 detectors [29]. Chavan et al. (2021) have
presented a new recording method for the quantification of ultratrace
alpha radioactivity in medium solution using CR-39 detectors [30]. Still
in 2021, Oliveira et al. have examined the 1–2 MeV alpha track diameter
and density under different etching conditions for two types of CR-39
detector [31].

Moreover, alpha particles are present in neutron monitoring for the
boron neutron capture therapy (BNCT) [3], personal neutron dosime-
try [32] and secondary neutron monitoring in radiotherapy equipa-
ments [33] consisting of important applications of boron converters/CR-
39 detectors. Studies employing CR-39 as detectors in neutron capture
radiography are based on the same principles, but includes the boron
in the sample to be analyzed [34,35].

In this work, we provide an in-depth and quantitative analysis of
published experimental data, which reveals unexplored aspects. To
support data analysis, new Ultraviolet–visible (UV–Vis) and Raman
spectroscopy measurements have been performed. The spectroscopic
analysis adds important information on the mechanisms underlying
CR-39 detection efficiency.

The article is organized as follows. In Section 2, we briefly comment
on the experimental procedure of CR-39 detectors exposure to alpha
particles, chemical etching of exposed detectors, measurement of track
parameters and statistical analysis. In Section 3, we show our exper-
imental results, including the discussion about radial etch rate, ratio
of alpha etch pit diameters and densities, optical response and results
of Raman spectroscopy. Finally, in Section 4 we summarize the main
conclusions of our paper.

2. Summary of the experimental data

In this work, the experimental data on the etching of alpha tracks
on CR-39 and their uncertainties have been extracted from Oliveira
et al. [31], in which essential details of the experiments may be found.
In what follows, a brief summary of the relevant information on the
exposure of detectors, chemical etching, and alpha track measurements
is provided. Two types of CR-39 detectors, Lantrak and Baryotrak, have
been exposed to low energy alpha particles, using a thin planar alpha
source of 241Am (E𝛼 = 5.486 MeV). The detector-source set has been
kept fixed at 41.36 mm apart, in air, which resulted in a 1.5 ± 0.5 MeV
alpha particle energy on the detector. This energy was determined by
an alpha spectrometric method [36]. Because of the large uncertainty,
through the rest of the analysis, it is preferred to refer to an energy
range (1–2 MeV), rather than pointing to a specific energy value.
The step etch experiments were carried out in three different aqueous
etching solutions, namely KOH (30% in mass), 6.25 M NaOH and
6.25 M NaOH + 2% ethyl alcohol, and at two different temperatures:
70 and 80 ◦C. The thickness of the CR-39 detectors used in this work
suffered a variation due to chemical treatment. Virgin (not irradiated
and not etched) CR-39 detectors are up to 9% thicker than the ones
subjected to chemical etching. In this context, the average value of
the detectors thickness employed in this work before and after the
chemical etching were 0.814 ± 0.003 mm and 0.740 ± 0.019 mm,
respectively. The chemical etching has been carried out at regular short
intervals of time, thereby permitting the study of the etch pit diameter
growth, in addition to the surface etch pit density behavior for both
detectors. After each step of etching, etch pits have been observed, at
the same positions, employing a Leitz Diaplan optical microscope with
magnification of 78.75× [31].

In measurements with NTD detectors, there usually are some sources
of uncertainty, such as variation in the latent track lengths for alpha
 d

2

particles of the same energy and the spread of incident alpha particle
energies, variations in the etching solution concentration and tempera-
ture from set values, and the limited accuracy of the optical microscope
used in measurements of the etched alpha tracks [31]. The mentioned
uncertainty sources are reflected in the standard deviations of etch pit
diameter and surface density distributions.

Here, we also present new experimental measurements, using the
Ultraviolet–visible (UV–Vis) and Raman spectroscopy techniques. The
UV–Vis technique has been employed to investigate any possible
changes in the CR-39 detectors absorbing spectra, induced by the
alpha particles irradiation, and also to know how these detectors are
affected by the etching process at different temperatures. An UV–
Vis spectrophotometer (Shimadzu, model UV-2600), equipped with an
Integrating Sphere Assembly, has been used for the absorption measure-
ments in the 200–800 nm wavelength range, with a 0.1 nm wavelength
resolution. The UV–Vis measurements have been performed using a
non-irradiated, 𝛼-irradiated and 𝛼-irradiated/etched Lantrak and Bary-
otrak CR-39 detectors (the last one from Ref. [31]), employing air
as a reference. The irradiation has been performed using the same
alpha particle source, setup and geometry described in Ref. [31]
for 6.5 hours of exposition. The non-irradiated detectors have been
used as a reference. These measurements have been normalized by
the maximum absorbance value for each spectrum. Moreover, Raman
spectra measurements have been carried out for all detectors using a
Raman Renishaw microscope, InVia model, with a multichannel CCD
detector and He–Ne (632.8 nm) excitation laser, and a grating system
with 1800 l/mm. Data has been registered with the option of automatic
cosmic ray removal. Spectra have been collected in the range 600–
3200 cm−1. In the Raman spectra, the background signal has been
subtracted adopting a fifth-order polynomial function based on the
least-squares fitting method. In addition, the Savitzky–Golay smoothing
filter has been applied. After that, each spectrum has been normalized
to the unity area to minimize the effect of variations on the thickness
of the detectors.

3. Results and discussion

3.1. Radial etch rates

According to Ref. [31], the alpha tracks etched in the KOH, NaOH,
and NaOH + ethyl alcohol aqueous solutions are the largest, smallest,
and intermediate, respectively, in diameter size for both Lantrak and
Baryotrak detectors at 70 ◦C and 80 ◦C. The same tendency of diameter
growth for both detectors, and also at the same temperatures, suggest
that the procedures of chemical etching have been precise and repro-
ducible. The effects of the ethyl alcohol addition on the behavior of the
track diameters have been investigated for NaOH solutions. In this case,
the alpha etch pit diameter ratio (𝐷𝑟) has been defined and calculated
for different regular etching time intervals through

𝐷𝑟 =
𝐷𝑁𝐴
𝐷𝑁

, (1)

where 𝐷𝑁𝐴 and 𝐷𝑁 are the alpha etch pit diameters for etching in
aOH + ethyl alcohol and NaOH aqueous solutions, respectively. The
lots of 𝐷𝑟 can be seen in Fig. 1.

The first notable feature that arises regards the 𝐷𝑟 values, which are
onsistently higher for Baryotrak, thereby indicating that this type of
etector is more sensitive to the addition of ethyl alcohol than does the
antrak one. Also, the addition of ethyl alcohol to the etching solution
akes the etch pit diameters larger in Baryotrak (𝐷𝑟 > 1, Fig. 1-(a)

nd -(c)). Although less evident, the same behavior is observed for
antrak, etched at 70 ◦C. An exception is observed exclusively in the
ase of only long time etching (beyond 600 min) of Lantrak CR-39 at
0 ◦C, for which 𝐷𝑟 < 1. The reason for this may have been minute
vaporation, or leakage, of ethyl alcohol from the etching solution
uring the procedure, despite the special care that has been taken to

eal with the etching beaker, which must be leakage tight.



K.C.C. Pires, M. Assunção, M.A. Rana et al. Nuclear Inst. and Methods in Physics Research, A 1041 (2022) 167370

a

e
g
t
t

𝑅

Fig. 1. Ratios of etch pit diameters (𝐷𝑟) in detectors etched with NaOH + ethyl alcohol aqueous solution and NaOH (a) Baryotrak 80 ◦C, (b) Baryotrak 70 ◦C, (c) Lantrak 80 ◦C,
nd (d) Lantrak 70 ◦C.
Fig. 2. Radial etch rates as function of the etching time for Baryotrak (red squares) and Lantrak (black dots) CR-39 detectors obtained at 80 ◦C for KOH ((a) and (d)), NaOH ((b)
and (e)), and NaOH + ethyl alcohol ((c) and (f)) etching solutions.
The rate at which etch pit diameters grow is another quantity of
interest. The radial etch rates (𝑅𝑟) of alpha etch pits, defined as the
tching rate perpendicular to the particle trajectory, evaluates the pit
rowth in the chemical etching process. It can be determined analyzing
he variation of diameters from the radial growth of tracks with etching
ime through

𝑟 =
𝐷𝑖+1 −𝐷𝑖

2
(

𝑡𝑖+1 − 𝑡𝑖
) , (2)

where 𝐷𝑖 and 𝐷𝑖+1 are the alpha track diameters at 𝑡𝑖 and 𝑡𝑖+1 etching
times, respectively. Figs. 2 and 3 show the radial etch rates of alpha
tracks in Baryotrak and Lantrak CR-39 detectors at 80 ◦C and 70 ◦C,
respectively.

For radial etch rates, obtained at 80 ◦C (see Fig. 2), the Baryotrak
and Lantrak CR-39 detectors show similar patterns for each one of the
etching solutions. However, the magnitudes and patterns of the radial
etching rate plots slightly differ at different etching solutions, for the
Baryotrak and Lantrak CR-39 detectors. Weak dips along the depth into
both detectors are observed in radial etch rates for KOH and NaOH
etching solutions, while such a trend is absent for the NaOH + ethyl
3

alcohol etching solution. Comparatively, the radial etch rates results
for both Baryotrak and Lantrak CR-39 detectors are more systematic,
intermediate and less systematic for the KOH, NaOH and NaOH + ethyl
alcohol etching solution, respectively. Similar trends of radial etch rates
with lower magnitudes are observed in Fig. 3, for the etching procedure
at 70 ◦C, for both detectors and for all three etching solutions. The
propagated uncertainties of the radial etch rates are quite large, as
they involve the differences of relatively close mathematical quantities
(e.g. etch pit diameters). In physical sense, there are two reasons for
these large uncertainties: (i) radial growth being a slow process, which
involves small variations over long etching time periods resulting in
large uncertainties and (ii) energy variability of the moderated 1–2 MeV
track forming alpha particles.

Figs. 4 and 5 show the ratios of diameters (𝐷𝐿∕𝐵) and surface
densities (𝜌𝐿∕𝐵), respectively, of the Lantrak (L) to Baryotrak (B) alpha
etch pits. Such ratios are defined through

𝐷𝐿∕𝐵 =
𝐷𝐿
𝐷𝐵

, (3)

𝜌𝐿∕𝐵 =
𝜌𝐿 , (4)

𝜌𝐵
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Fig. 3. Radial etch rates (𝑅𝑟) as function of the etching time for Baryotrak (red squares) and Lantrak (black dots) CR-39 detectors obtained at 70 ◦C for KOH ((a) and (d)), NaOH
((b) and (e)), and NaOH + ethyl alcohol ((c) and (f)) etching solutions.
Fig. 4. Alpha track diameter ratio (D𝐿∕𝐵) as function of the etching time for the three aqueous solutions at (a), (c), (e) 80 ◦C and (b), (d), (f) 70 ◦C.
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where 𝐷𝐿 and 𝐷𝐵 are the alpha track diameters, and 𝜌𝐿 and 𝜌𝐵 are the
lpha track densities, with L and B standing for Lantrak and Baryotrak,
espectively.

Fig. 4 clearly shows that the growth behavior of the alpha track
s consistently the same for both types of CR-39 detectors under six
ifferent etching conditions. This is in agreement with the different
esults obtained by Oliveira et al. [31] and also shows the precision
nd reliability of the experimental results, not indicating any significant
ifference when we compare the track diameter of both detectors for
ach etching time.

Fig. 5 shows an increase of 𝜌𝐿∕𝐵 , which is higher than unity, thereby
ndicating that the probability that the Lantrak receives alpha particles
uring the exposure was higher than that for to the Baryotrak. Due to
he positioning of the Lantrak and Baryotrak detectors, their exposure
eometries have been very similar, but not identical (see Figure 1 of
he Ref. [31]). This could have influenced the observed difference.
 a

4

Another relevant aspect about low-energy alpha particles is that
n the range of 1 to 2 MeV there is a particular interest in investiga-
ions involving boron, as neutron converters in boron source/CR-39
ets [3,32,37], or boron doped CR-39 [38]. The energy of the alpha
articles emitted in the 10B(n, 𝛼)7Li reaction is 1.47 MeV, which is
n the middle of the energy range studied in this work. The choice
f the best etching protocol will depend on the particularly intended
pplication. In the examples already mentioned, the etch pit densities
hould be related with the neutron fluence [3] or absorbance [32] dose.
n any case, etching/counting efficiency should be reproducible within
reasonably small range of temperatures. In this way, it is desirable

hat the diameter growth rate be as low as possible. If one expects the
tch density to be high (approaching the detector saturation), the tracks
hould also be as smaller as possible. This condition is better fulfilled
y the NaOH etching at 70 ◦C (Figs. 3-(b) and -(e)). On the other hand,
f low etch pit densities are expected, then larger etch pit diameters
re preferred. Among the tested conditions, the NaOH + ethyl alcohol
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Fig. 5. Alpha track density ratio (𝜌𝐿∕𝐵) as function of the etching time for the three aqueous solution at (a), (c), (e) 80 ◦C and (b), (d), (f) 70 ◦C.
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Fig. 6. Normalized absorbance spectra obtained from UV–Vis measurements for
non-irradiated, 𝛼-irradiated and 𝛼-irradiated/etched detectors.

olution at 80 ◦C produces larger etch pits (Fig. 1), with smaller growth
ates (Figs. 2-(c) and -(f)).

.2. UV–Vis and Raman spectroscopy

The study of the UV–Visible and Raman spectra are valuable in
erifying damage induced by irradiation of alpha particles in CR-
9 detectors. Measurements have been carried out using the same
antrak and Baryotrak CR-39 detectors corresponding to the last stage
f the etching process presented by Oliveira et al. [31], performed
sing NaOH, KOH, and NaOH + ethyl alcohol chemical solutions at
0 ◦ and 80 ◦C. In addition, detectors with and without 𝛼-irradiation,
ot submitted to any previous chemical etching treatment, have also
een employed in the measurements, called here non-irradiated and 𝛼-
rradiated detectors. The normalized results obtained using the UV–Vis
echnique are shown in Fig. 6.

Fig. 6 shows the normalized absorbance spectra from the non-
rradiated, 𝛼-irradiated and 𝛼-irradiated/etched Baryotrak (top) and
antrak (bottom) detectors. Results show that both detectors present
ncreased absorption on the short-wavelength side (lower than 400 nm)
 B

5

Table 1
Direct band-gap (Eg) values for Lantrak and Baryotrak detectors at
different conditions.

Detector condition Eg (eV)

Lantrak Baryotrak

non-irradiated 3.98 ± 0.03 3.87 ± 0.04
𝛼-irradiated 4.02 ± 0.03 3.98 ± 0.03

KOH - 70 ◦C 3.98 ± 0.03 4.02 ± 0.04
NaOH - 70 ◦C 4.06 ± 0.04 4.11 ± 0.05
NaOH+alcohol - 70 ◦C 4.07 ± 0.04 4.10 ± 0.04

KOH - 80 ◦C 4.04 ± 0.05 4.07 ± 0.05
NaOH - 80 ◦C 4.10 ± 0.05 4.11 ± 0.04
NaOH+alcohol - 80 ◦C 4.06 ± 0.05 4.12 ± 0.05

being transparent in the visible energy range. The absorption bands
in the range of 200–370 nm could be assigned to possible electronic
transitions of 𝑛 → 𝜋∗ and 𝜋 → 𝜋∗, related to unsaturated centers of the

olecules such as double bonds of C=C and C=O [39–41].
Table 1 shows the optical band-gap energy (Eg) values for each

etector calculated by using the Tauc equation [42].
The band-gap has been evaluated considering direct allowed tran-

itions. The direct band-gap energies for the Lantrak detectors are
.98 ± 0.03 eV for the non-irradiated detector and 4.02 ± 0.03 eV

for the 𝛼-irradiated one. Considering the uncertainties, the variation
between the direct band-gap energy values of the 𝛼-irradiated and that
of the non-irradiated detector does not show a significant difference,
thereby indicating that there is no pronounced variation of the band-
gap due to irradiation by low alpha particles fluency. In the case of
the Baryotrak detectors, the calculated band-gap is 3.87 ± 0.04 eV
for the non-irradiated, and 3.98 ± 0.03 eV for the 𝛼-irradiated de-
tector. Results revealed that the non-irradiated Baryotrak detector has
a lower band-gap value compared with the Lantrak one. In addi-
tion, results also show a small increase in the band-gap value for
both 𝛼-irradiated/etched detectors. The optical results suggest that the
Baryotrak and Lantrak CR-39 detectors have low sensitivity to the
potential structural modifications resulting from the exposure to low
fluency alpha particles irradiation and etching solutions at different
temperatures in the fundamental absorption edge.

Raman spectra measurements have been carried out using the non-
irradiated, 𝛼-irradiated and 𝛼-irradiated/etched CR-39 Lantrak and

aryotrak detectors in order to investigate structural modifications
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Fig. 7. Raman measurements for Lantrak and Baryotrak CR-39 detectors etched using KOH, NaOH and NaOH + ethyl alcohol at 80 ◦C and 70 ◦C compared with results obtained
with non-irradiated and 𝛼-irradiated detectors.
induced by the irradiation and also by applied chemical treatments.
The spectra from 𝛼-irradiated/etched detectors have been registered on
the exposed side of 𝛼-irradiation and inside the tracks images. Results
obtained with the Raman spectroscopy are illustrated on Fig. 7.

These spectra are used to evaluate the effects of the exposure to
alpha radiation and etching solutions on the polymeric chain of the
detectors. A strong contribution of fluorescence has been observed
mainly for the etched detectors, which has been removed from the
spectra applying the baseline correction. The observed prominent peaks
are identified in Fig. 7-(b). More intense Raman modes corresponds to
the anti-symmetric (2960 cm−1) and symmetric (2920 cm−1) vibrations
assigned to the CH2 group; the band located at 1741 cm−1 is assigned
to the stretching vibration from the C=O group, to C=C at 1650 cm−1.
The band relative to the C–O group stands at 1292 cm−1; in addition,
the symmetrical stretching vibration around 889 cm−1 is associated to
the C–O–C group. The band located at around 960 cm−1 corresponds
to the CH=CH out of plane deformation. The band located around
1455 cm−1 is assigned to the C–H bending mode [43–51]. All the
observed Raman bands attest the chemical structure of the CR-39
polymer on all detectors [52,53].

Furthermore, Fig. 7-(a,b) compares the Raman spectra from the non-
irradiated and 𝛼-irradiated Baryotrak and Lantrak detectors. Results
show variations in the CH2 band and a slight increase in the C=C band
for the irradiated Baryotrak detector compared to the non-irradiated
one. As pointed out by Yamauchi et al. and Pereira et al., the intensity
of the CH2 bands is directly correlated to the CH2 group density and
their intensity reduction reveals the loss of this group, suggesting the
breaking of the polymer chain [43,44]. Fig. 7-(c–f) compares the Raman
spectra from the 𝛼-irradiated and 𝛼-irradiated/etched detectors. Results
show that the intensity of the CH2 band is most affected in detectors
submitted to NaOH + ethyl alcohol chemical etching at 80 ◦C for the
Baryotrak detector. For the Lantrak, the decrease in the CH2 band
intensity has been more evident to detectors submitted to chemical
etching at 70 ◦C. In both cases, the damage to the structure is more
evident for detectors etched with NaOH + ethyl alcohol solution.

The obtained results from Lantrak and Baryotrak detectors reveal
some change in the material structure induced by alpha particles
irradiation, mainly for the Baryotrak detectors. In addition, results

show that the CH2 band intensity is affected by the chemical etching

6

solution and etching temperature. Based on this, an important point
to be mentioned is the fact that the etching time has been different for
each chemical solution, i.e., 700 min for the KOH solution, 750 min for
the NaOH, and 1200 min for the NaOH + ethyl alcohol solution [31].
For the Baryotrak detectors etched at 80 ◦C, those submitted to the
KOH chemical solution present a higher intensity for the CH2 bands,
indicating a lower degradation. On the other hand, the detector etched
with NaOH + ethyl alcohol solution showed the greatest degradation.
For the Baryotrak detectors, it is more perceptible that the damage
is directly related to the etching time, where a higher etching time
induces more damage in the polymer molecular structure. Based on the
CH2 band intensity, a significant damage is observed for the Lantrak
detectors etched at 70 ◦C using the NaOH + ethyl alcohol solution.
Negligible damage has been observed in the Lantrak detectors etched
with the NaOH chemical solution at 70 ◦C.

The observed results suggest that the structural modifications can
be potentially related to cross-linking and main chain scissions effects
depends on the etching solution, temperature and etching time.

4. Conclusions

This work has provided a deeper look into the experimental data
by Oliveira et al. [31], based on chemical etching studies using CR-39
track detectors bombarded with low energy alpha particles. Valuable
new analysis and worthy new results have been obtained. In addi-
tion, new measurements and analysis with UV–Visible and Raman
spectroscopy shed light on the possible mechanisms underlying the
efficiency variations.

The response of the CR-39 detectors to 1–2 MeV energy alpha
particles has been characterized by in-depth quantitative analysis of the
alpha etch pit diameter ratio (D𝑟) and radial etch rates (R𝑟) for three dif-
ferent chemical etching solutions at two temperatures. The ratio plots
of both alpha track diameters (𝐷𝐿∕𝐵) and surface alpha track densities
(𝜌𝐿∕𝐵) were proved to be important in verifying the consistency of the
results obtained for the analyzed conditions. An invariable behavior for
the six different analyzed chemical etching conditions (three solutions
at two different temperatures) has been observed. These results are in
full agreement with the conclusions by Oliveira et al. [31], evidencing
the accuracy and trustworthiness of the experimental data. This is a
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remarkable fact, since measurements with NDT detectors are known
to be difficult to reproduce, due to the environmental parameters
(temperature control, solution evaporation during development, and
even the uniform exposure of detectors). In the analysis of the density
ratio (𝜌𝐿∕𝐵), some variations have been observed, probably due to the
fact that the Lantrak and Baryotrak CR-39 detectors have not been
exposed to exactly the same geometry (see Figure 1 of Ref. [31]).
Moreover, the effect of the addition of the ethyl alcohol to the NaOH
etching solution potentiates the chemical etching, thereby accelerating
the growth of etch pit diameters, here evaluated from the radial alpha
track growth, D𝑟. Therefore, the Baryotrak detector is more sensitive to
he addition of the alcohol to the solution, but it has a lower detection
fficiency, as compared to the Lantrak one.

In addition to the exploratory analysis of the data by Oliveira
t al. [31], we have proceeded to the new UV–Vis and a Raman
pectroscopy measurements for the non-irradiated, 𝛼-irradiated and 𝛼-
rradiated/etched Lantrak and Baryotrak detectors (KOH, NaOH and
aOH + ethyl alcohol solutions at 70 and 80 ◦C). The direct band-gap
nergies have been determined for all Lantrak and Baryotrak detectors
howing only small modifications for detectors subjected to different
tching conditions. In addition, the Raman obtained results reveal that
he CH2 band intensity depends on the etching time, as observed by
ereira et al. [43], and the effect of the etching temperature depends
n the detector type. Additionally, in some cases a small increase in
he C=C band has been noted. The observed modifications suggest that
ross-linking and main chain scissions affects the Lantrak and Baryotrak
tructure.

The good detection efficiency of the Lantrak detector, as obtained
y using different solutions and temperatures, as already mentioned
y Oliveira et al. [31], has been confirmed in the quantitative analysis
erformed in our work. These measurements have been essential to elu-
idate the problem of the intrinsic detection efficiency of both Lantrak
nd Baryotrak CR-39 detectors, as noted by Ref. [31]. Furthermore, it
ay even serve as a protocol for use of these track detectors in their

nown applications. In perspective, our results could be useful to the
etection of low energy neutrons through the neutron-alpha 10B(n, 𝛼)7
i reaction, which is significant in nuclear safety.
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