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Abstract: We investigate the etching characteristics of environment-exposed LR-115 film (cellulose nitrate) solid
state nuclear track detector (SSNTD), which is commonly used for the detection of terrestrial ionizing radiation,
particularly in indoor and soil gas environments. The percentage-track density in exposed LR-115 detectors is
used as a proxy for bulk etching and examined under different etching conditions. Expectedly, results reveal that
the track density increases with temperatures and normality. Linear regression coefficients as well as multiple
linear regression coefficients are estimated.
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1 Introduction

Solid State Nuclear Track Detectors (SSNTDs) are widely used for detecting and measuring properties of fast-
moving charged particles, including alpha particles, fission fragments, and heavy ions, owing to their remarkable
sensitivity, durability, and affordability [1]. Among SSNTDs, polymeric detectors stand out due to their sensitiv-
ity, and among polymeric detectors, the cellulose nitrate polymer film, commonly known as LR-115 (type II), is
the most favoured for monitoring environmental radioactivity, especially in studies on radon and thoron concen-
tration [2H3]]. These detectors capture ionizing radiation by creating latent tracks, which can be uncovered via an
appropriate chemical etching process [[1]].

The etching process is vital for visualizing and analysing these tracks. Factors like etching time, temperature,
and the concentration of the etchant greatly influence track geometry, etch rate, and consequently, track density
measurements [1} |6l [7]. Therefore, a comprehensive understanding of etching characteristics is crucial for pre-
cise particle identification as well as dosimetric calculations. Although morphology of etch pits conveys details
about the energy and charge of the incident particle, it is the simpler quantity — track density — that is useful
for measurement of environmental radioactivity [8H10]. Several researchers have focused on optimizing etching
conditions to enhance the resolution and accuracy of the LR-115 detector response. For instance, Durrani and
Bull [1] provided foundational insights into track formation and etching mechanisms, while later studies have
explored variations in chemical etchants and etching protocols to improve track contrast and reduce background
noise [7, [11} [12]. These advancements also warrant corresponding investigations to corroborate the etching be-
haviour of LR-115 films under different controlled exposures and chemical conditions.

The present study focuses on examining the etching properties of exposed LR-115 film, particularly how
various etching parameters affect track revelation. It is usually the bulk etch rate of detectors that is measured
against etching parameters, but during use in the field, it is the track density that is directly measured and hence
its adoption in the present study. Such investigations are essential for enhancing the accuracy of SSNTD-derived
measurements, particularly in situations involving low-level radiation monitoring.
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2 Materials and method

In the present study, LR-115 type II SSNTD manufactured by DOSIRAD, France, with an active layer of 12 ym
and polyester base of thickness 100 ym was used. The water-bath used had a thermostat with control of 2°C. A
typical microscope (Labomed) with magnification 40x was used for counting and measurement of track proper-
ties. For etching, laboratory-grade NaOH was used. For radiation source, we used the ubiquitous environmental
radioactivity — the detectors were hung from threads for a period of 90 days, similar to the method of bare-mode
exposure for the measurement of indoor radon concentration 13} [14].

The primary objective of the study is to determine etching characteristics in terms of track densities observed in
the etched LR-115 film by varying etching duration, etchant concentration and etching temperature. Two etchant
concentrations were identified for the experiment, viz., 2N and 2.5N of NaOH; three temperature values were
identified, viz., 40°C, 50°C and 60°C, while the track densities were measured at four etching durations, viz.,
60, 70, 80 and 90 minutes. These values of the parameters were chosen keeping in mind the upper limits of
standard procedure of etching LR-115 films, which are 2.5N, 60°C and 90 minutes [10} [15,[16]. The raw values
of track density are not conducive for direct calculation as they are highly dependent on the exposure duration and
the concentration of alpha-emitting radon atoms in air. Therefore, with the assumed standard values of etching
parameters, we represent track density in percentage terms with respect to the track density obtained for 90 minutes
of etching at 60°C and 2.5N etchant solution.

The exposed detectors were selected randomly and placed into six groups labelled with a specific normality
value and temperature. Successive etching was carried out, keeping step with the time interval chosen for the
study. The etching process is carried out by placing a conical beaker with the etchant of a specific concentration
in the thermostatically controlled water bath at specific temperature. When the temperature of the etching solution
reaches equilibrium with the temperature of the water bath, the LR-115 films are introduced in the beaker so as
to completely submerge them in the etchant. At specified intervals, the LR-115 films are extracted from the water
bath and dried. The track densities in the etched films are then determined by manually counting the tracks with
the help of the microscope.

Linear regression as well as multiple linear regression were carried out to estimate a linear relationship be-
tween the response (or dependent) variable, viz., the track density, and three explanatory (or independent) vari-
ables — etchant normality, etchant temperature and etching time. The linear regression was done using the
scikit—-learn package [17], while the multiple regression was done using the R programming language [18].

A simple linear regression consists of a single response as well as a single explanatory variable and entails the
estimation of the coefficients of the linear equation (usually called the prediction equation) of the form [19],

y=Po+Bir+e (D)

where ¢ is the predicted value for a given value of the explanatory variable = (the cap over a variable indicates
predicted or estimated value); BO and Bl are respectively the intercept and slope of the linear relationship, and € is
the error (the unpredictable part of the data).

Multiple linear regression extends linear regression to accommodate multiple explanatory variables (21, 2, - - -
for a single response variable (y) and is mathematically expressed as [19],

y=Bo+ frx1 + Boxa + -+ Bray + &. )

The other symbols in the above equation have meanings similar to those used in equation (1).
We do realise that the results of this study have limited generality due to the limited range of variables consid-
ered; however, this study can pave the way for more detailed experimental setup and analysis.

3 Results and Discussions

The obtained experimental values of percentage track density are plotted as a function of etching time for different
values of etching temperature in the two subplots given in figure 1. Each subplot in the figure represents data
corresponding to a specific etchant normality — 2N and 2.5N. We have kept the y-axis of both the subplots the
same to facilitate comparison at the cost of some detail. Expectedly, track densities increase with time as well as
temperature. It is also seen that the general trend indicates higher slopes for higher temperatures. Track densities
are also higher for higher normality for a given etching time, thus indicating throughout a positive correlation
between track density and all three explanatory variables.
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Figure 1: Track density in LR-115 as a function of etching time for various etching temperatures for two
different normalities of etchant concentration. Solid lines of corresponding colour indicate linear-fit line.
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Figure 2: Track density in LR-115 as a function of etching temperature for different etching times for two
different normalities of etchant concentration. Solid lines of corresponding colour indicate linear-fit line.

To highlight the effect of etching temperature, we have replotted the data in figure 2, but with the temperature
on the z-axis. This is to visually show the effect of temperature on track density at various etching times.

To quantify the trend across the various variables, we have provided the values of linear regression in table 1,
along with corresponding goodness-of-fit parameters.

Table 2 provides the value of coefficients for the various explanatory variables obtained from a multiple re-
gression exercise carried out on the experimental data. The Sum of Squared Errors (SSE) for the regression is
found to be 1779.188 and the multiple R? value is 0.8719. We can see that the R? value of the multiple regression
is noticeably lesser than the R? value of direct linear regression (table 1), indicating that the generalization of the
fit to multiple variables reduces the goodness-of-fit observed in individual regressions.

Based on the coefficients given in table 2, the percentage track density (p) as a function of time of etching in
minutes (), the temperature in °C (6) and the normality of etchant (/V) can be written as E| (c.f., equation 2),

p=—250.38+ 1.05¢ + 1.416 + 61.29 V. 3)

Based on the value of coefficients obtained, we find that, in terms of numerical value (with the specific units
used here), the normality has the highest impact (as it has the highest value of slope, thus providing a large
increase in the value of dependent variable for a specified increase in its value), followed by temperature and then

IRounded to two decimal digits
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Normality Time Temperature Slope Intercept SSE r2
2 60 H* 0.65 -17.1 0.22  0.997
2 70 H* 0.93 -27.8 1.69  0.990
2 80 ** 0.99 -27.2 3.80 0.981
2 90 ok 1.53 -47.8 38.64 0.924
2.5 60 w3k 0.84 -16.5 0.86 0.994
2.5 70 ** 2.03 -55.6 9.38 0.989
2.5 80 ** 1.93 -36.4 9.95 0.987
2.5 90 H* 2.35 -41.6 1.04  0.999
2 * 40°C 0.26 -1.3 0.84 00975
2 * 50°C 0.27 -1.1 0.35 0991
2 * 60°C 0.80 -27.5 19.15 0.944
2.5 * 40°C 1.19 -54.9 394  0.994
2.5 * 50°C 1.70 -76.2 12.45 0.992
2.5 * 60°C 2.07 -85.6 92.47 0.959

* indicates all values of etching time variable, viz., 60, 70, 80 and 90 minutes.

** indicates all values of etching temperature variable, viz., 40°C, 50°C and 60°C.

Table 1: Coefficients of linear regression between normality—etching time and normality—temperature along with
goodness-of-fit statistics.

Coefficients Estimate  Std. Error p-value

Constant term (or intercept) -250.3835  24.6930 2.50 x 1079
Time (minutes) 1.05 0.1722 5.85 x 1076
Temperature (°C) 1.4077 0.2358 7.74 x 1076
Normality 61.2879 7.7011 1.260 x 107

Table 2: Coefficients of multiple linear regression for the response variable of track density and the three etching
parameters.

the time of etching. For example, equation (3) predicts that an increase in normality by AN would produce about
(60 AN)% more tracks compared to a Af increase in temperature.

It is hoped that the calculations and regression values provided here might prove useful in numerical simulation
exercises and facilitate comparison even under different etching conditions.

Conclusions

Experimental values of percentage track densities for the solid-state nuclear track detector LR-115 type II for
various etching conditions are presented. The observed trends are consistent with those reported in literature [[1, 18]
Linear and multiple linear regression coefficient values are estimated.
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