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ABSTRACT

Dosimetric evaluation is indicated for material characterization seeking to identify possible
applications; still, proper preprocessing techniques are critical features of this process. This
work aimed to determine the linearity response of plastic samples irradiated with gamma
rays using the Fourier Transform Infrared (FTIR) measurements. The plastic samples were
analyzed using Derivatives and Principal Component Analysis (PCA) methods. They applied
linear and Principal Component Regression (PCR) methods to obtain linearity. The methods
obtained good results for linearity and also showed the evolution of each technique. In
conclusion, the results indicate that the applied methods can be useful in radiation physics

and for plastic samples as interesting potential radiation detectors.
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1. INTRODUCTION

Plastic dosimeters represent an important role in radiation applications [1-5]. They have been
used in a variety of applications, such as portal monitors [6], solar radiation[7], radiation attenuation
[8], cosmic radiation [9], UV radiation [10], thermal radiation [11] and gamma radiation [12—14].

The Fourier Transform Infrared (FTIR) reading technique has been used to measure the sample
surface absorbance in evaluating plastic detectors. The FTIR has been applied recently in several
areas [15-20].

One of the most desired dosimetric characteristics, whether for plastic or any other detector, is the
prevalence of linearity of response regarding the absorbed dose profiles. In several circumstances,
linearity response can be found directly from the raw data without preprocessing [21-25]. Although
the direct method cannot identify linear behavior, other methods can be used to transform the raw
data into a different metric space.

Consequently, there are several spectrum preprocessing methods such as higher-order derivatives
[26,27], Fast Fourier Transform (FFT) [28], Principal Component Analysis (PCA) method [29,30]
and the use of autoencoder in artificial neural network [31]. Onwards, linearity can be determined
through several methods, the most common being the ordinary Linear Regression (LR) method.
Nevertheless, other robust approaches are being applied, as the Principal Component Regression
(PCR) [32-36]. PCR can be understood with exactly two steps, the first is the application of the PCA
and soon after the regression which will provide the main components for a new explanatory variable
in the model [37]. More information on the application of PCR in dosimetry can be found in the
literature [38].

The objective of this work was to evaluate Polyethylene Terephthalate/F217 (PET) samples ex-
posed to gamma radiation as a linear radiation detector when exposed to gamma radiation. The FTIR
and its first and second derivatives were used as preprocessing techniques. After assessing linearity,

the LR was employed in the FTIR derivatives, and PCR was applied directly in the FTIR spectra.
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2. MATERIALS AND METHODS

Bottle plastic screw caps (white color) were used as sample detectors. The samples were com-
posed of a hollow cylindrical shape with a 14 mm radius, 0.05 mm thickness, and 28 mm height,
weigh of 3.1 g and polyethylene (F217). These samples were irradiated in triplicates, with absorbed
doses of 0.01 kGy, 0.05 kGy, 0.10 kGy, 0.25 kGy, 0.50 kGy, 1.0 kGy, 5.0 kGy and 10.0 kGy using a
80Co Gamma Cell-220 system (dose rate of 1.089 kGy/h at the Radiation Technology Center of
IPEN). Afterwards, the absorbance spectrum of each sample was acquired on a Fourier Transform
Infrared (FTIR) Spectrometer (Frontier/Perkin Elmer) from 400 cm™ to 4000 cm!, with a 1 cm’!
spectral resolution. The FTIR technique is non-destructive, fast, and presents an excellent spatial res-
olution in the plastic sample measurements.

The preprocessing was performed in the raw data composed by the broadband source interfero-
gram with a +/- 0.04 cm-1 (20) precision for each absorbed dose profile. Subsequently, applying the
Fast Fourier Transform (FFT), FTIR was generated and from that, the derivates in the frequency
(wavenumber) space were calculated seeking to assess high-order effects. After, the complex FFT
coefficients were explicitly obtained for peak regions, which provide localized information regarding
the approximate spectrum shape from the FTIR evaluations to find linearity estimatives.

The resulting FTIR spectrum for each peak went to numerical differentiation at the 1st, 2nd and
3 rd orders (D1, D2 and D3, respectively). The derivates obtained were useful in getting the shapes
of the spectrum and their linearity. Within the identified peak region, a linear regression was per-
formed at each fixed wavenumber. The absorbed doses were used as the regressor variables and the
corresponded absorbance value as the independent variable. The squared Pearson correlation coeffi-
cient, called linearity (R?) was determined.

The PCA method can reduce the whole FTIR dimension but it preserves the original information.
PCA analysis was used to obtain linearity through the application of the PCR method. The PCR
method consists of choosing the number of principal components (k= 1 up to k£ = 8) associated with
the variance of the absorbance and the absorbed doses matrix. The Mean Squared Error (MSE) was
used to calculate the PCR method prediction accuracy, given the choice of the best & value, then the

linear regression is performed. The multivariate analysis was applied in Matlab 2020a.
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3. RESULTS AND DISCUSSION

The absorbance versus wavenumber results for plastic samples irradiated with absorbed doses
from 0.01 kGy to 10.0 kGy (°Co source) are presented in: Fig. 1a) total, Fig. 1b) I, Fig. 1¢) II and
Fig. 1d) III regions, for FTIR spectra. The three regions were analyzed to guarantee the absorbance
value change visualization with the dose absorbance. The samples did not change their color
because of irradiation. For the Raw method data, it was impossible to find good linearity values, thus
requiring other methods and preprocessing for this objective. From these results, the vibrational mode

for C-H asymmetric and symmetrical stretching at 2915 and 2846 cm™! respectively can be inferred

too.
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Figure 1: Absorbance versus wavenumber, for plastic samples irradiated with
absorbed doses from 0.01 kGy to 10.0 kGy (°°Co source): a) total, b) I, ¢) Il and
d) 11l regions for FTIR spectra. The average of 3 samples was evaluated for each
curve, and the uncertainty obtained was lower than 1%.

Results about imaginary versus real parts of the Fourier transform (coefficients) of spectra are
shown on the left side in Fig 2, and to the right side the FFT amplitude versus wavenumber is shown
for all absorbed doses for plastic samples. Based on the coefficients, it is possible to build the plastic
sample Fourier spectrum function. Another detail is the right side of each figure; it describes the
coefficient real part, and all the results indicate that Gaussian distributions could explain the spectra.
Although the previous results are significant (left side for Fig.2), the FFT amplitudes obtained showed
peaks with high amplitude, and it is possible even to observe the variation of the absorbed doses.
However, for the FFT amplitude, few wavenumbers are needed to obtain it. Since the analyzed spec-
trum (Fig. 1) has ups and downs in a minimal range of wavenumbers, the amplitudes tended to zero.
Because of this scenario, the application for the approximation of spectra was not suitable for this

work in linearity applications to plastic samples.
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Figure 2: On the left side: Imaginary versus real parts of the Fourier transform (coefficients) of
spectra. On the right side: FFT amplitude versus wavenumber for all absorbed doses.

The absorbance derivative results versus absorbance to the left side and absorbance versus wave-

number to the right side are presented at: Fig. 3a) I, Fig. 3b) II and Fig. 3c) III regions for plastic

samples, and for 0.01 kGy absorbed dose. For all the analyzed regions it was possible to infer that for

D1, the negative values of the derivative provided negative absorbance values. This is associated with

a discrete function, which is already discarded in radiation dosimetry, because for a detector the func-

tion of its readings must be proportional to the absorbed doses, while the D2 and D3 both provided

positive values for absorbance, but then positive functions. Based on this positive function growth, it

was possible to obtain values for linearity > 0.7515 and > 0.5857, respectively, for D2 and D3.
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Figure 3: Derivate of the absorbance versus absorbance to the left side, and absorb-
ance versus wavenumber to the right side: a) I, b) Il and c) III regions for plastic
samples, and all absorbed doses. The uncertainty obtained was lower than 1%.

Figures 4a, 4b and 4c present the absorbance versus linearity results for plastic samples and with
D2, D3, D1, FFT and Raw preprocessing in ascending order: I, II and III regions for 0.01 kGy, 0.25
kGy and 10.0 kGy, respectively. The three absorbed doses (0.01 kGy, 0.25 kGy, and 10.0 kGy), with
the three regions under study, were chosen to verify that the methods can be applied to all values of
absorbed doses and regions. For all regions, the highest values of linearity were: D2 > D3 > DI >
FFT > Raw. So far, linearity values were obtained with preprocessing and linear methods that are

quick to perform.
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Figure 4: Absorbance versus linearity for plastic samples, and with D2, D3, D1, FFT
and Raw preprocessing in ascending order: a) I, b) Il and c) 11l regions for 0.01 kGy,
0.25 kGy and 10.0 kGYy, respectively. The uncertainty obtained was lower than 1%.

Figure 5 presents the application of the PCR method: Predicted absorbed dose versus absorbed
dose, for: I, II and III regions. The results of the PCR method are the maximum values for linearity,
1.000 for all regions. This result demonstrates that the PCR method is more robust than the linear
method, and the preprocessing via PCA kept the information pertinent to the evaluated plastic detec-

tor.
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Figure 5: Application of the PCR method: Predicted absorbed dose versus absorbed dose; for: I, II
and 11l regions. The uncertainty obtained was lower than 1%.

The Mean-Squared Error (MSE) results versus the number of principal components for the PCR
method are shown in Fig. 6. For all regions, the MSE values decrease with the increase in k values.

In this work, the chosen value of k£ was 8 to obtain a zero value for the MSE.
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Figure 6: Mean-Squared Error (MSE) versus number of principal components (k) for PCR method
and all regions. The uncertainty obtained was lower than 1%.

Table 1 shows the linearity comparison of six preprocessing methods in ascending order: Raw,
FFT, D1, D3, D2 and PCA, associated with linear and PCR methods and for all regions. The highest
values of linearity were for all regions: PCA > D2 > D3 > D1 > FFT > Raw pre-processing. The
addition of PCA and PCR methods indicates that they are more robust compared to the other methods.

However, they need more time to be carried out in comparison to the other methods.
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Table 1: Linearity comparison of six preprocessing methods in ascending order: Raw,

FFT, D1, D3, D2 and PCA, associated with linear and PCR methods and for all regions.

Linearity (R?)

Method Pre-processing I region IT region I1I region
Linear Raw -0.0744 -0.0766 -0.1058
Linear FFT -0.0187 0.0000 0.0000
Linear DI 0.0439 0.1727 0.4330
Linear D3 0.5857 0.6228 0.6536
Linear D2 0.8008 0.7515 0.8065

PCR PCA 1.0000 1.0000 1.0000

4. CONCLUSION

In this work, from the information obtained about the investigation of plastic detectors with line-
arity values, data preprocessing and FTIR measurements, it can be concluded that: i) the FTIR tech-
nique was adequate in the application of the evaluation of solid-state detectors such as plastic samples;
i1) preprocessing methods can be used to obtain linearity in irradiated plastic samples; iii) for linearity,
the PCR method showed better results than the linear model in all regions of the spectra.

In conclusion, dosimetric characteristics are useful for the radiation dosimetry area, such as line-

arity, and plastic samples are a potential radiation detector.
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