BRAZILIAN JOURNAL
e e
s ~ RADIATION SCIENCES L1SBPR

BJRS 10-02A (2022) 01-17 .

Ethylene-vinyl acetate detector exposed to gamma
radiation and evaluated via principal component

regression

Oliveira®®* L.N., Nascimento?® E.O., Antonio® P.L., and Caldas® L.V.E

@ Instituto Federal de Educagdo, Ciéncia e Tecnologia de Goias — IFG, 74055-110, Goidnia - GO, Brazil
b Instituto de Pesquisas Energéticas e Nucleares — IPEN/CNEN, 05508-000, Sdo Paulo - SP, Brazil

lucas@ifg.edu.br

ABSTRACT

Ethylene-vinyl acetate (EVA) is the flexible plastic material commonly used in industries. The EVA samples, in
green, white and black colors were irradiated with absorbed doses of 0.01 kKGy up to 10.0 kGy using a *°Co
Gamma Cell-220 system, and the Fourier Transform Infrared (FTIR) spectrophotometry technique was used
for evaluating the samples. This work aimed to investigate EVA samples in measurements with gamma
radiation, analyzing the linearity through the Principal Component Regression (PCR) method and its
sensitivity. For sensitivity and linearity, the green samples showed the best results, followed by white and black
EVA samples. The PCR method inflated gradually the number of principal components, then reducing the
residuals between the measured and calculated values, consequently obtaining maximum linearity of 1.000 for
all of the EVA samples. In conclusion, the FTIR was adequate for the acquisition of absorbance spectra; the
linearity via PCR and sensitivity showed good results indicating that the EVA detectors can be useful in

radiation measurements.
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1. INTRODUCTION

Applications of ethylene-vinyl acetate (EVA) has been commonly evaluated in radiation physics
research such as in electron beam irradiations [1-5], UV measurements [6], and microwave
irradiation [7]. The gamma radiation is well known and has several applications in radiation dosimetry
[7-10]. In this way, after choosing the dosimetric system and its range for the irradiations, it is
necessary to evaluate it; the evaluation of EVA and other dosimeters can be done by the Fourier
Transform Infrared (FTIR) spectrophotometry technique [11,12]. EVA is a polymeric material which
presents characteristics such as high flexibility [13], and good shielding properties [14]; it is widely
used as rubber in various engineering structures; its chemical and physical properties are of interest
in several areas of science [15,16]. A characteristic of the EVA is that the values of the ratio of mass
energy absorption coefficients change with energy only slightly [17]; this fact is important in
dosimetry especially in calibrations at different energies, when the dosimeter used could be water
equivalent.

Typically, dosimeters employed in radiation measurements must have characteristics as to be
easily applied in medical physics; in this regard, a linear relation as a function of absorbed dose is
one of the most valuable features [18—22]. Linearity provides important information such as in which
regions the dosimeter can be used [23,24]; the sensitivity indicates ranges within the spectra where
the absorbance showed high dispersion to the absorbed doses [25-27]. In this way, mathematical
methods can be useful to find optimal regions with high linearity [28-31], so that the dosimeter can
be investigated in linear regions that previously could not be analyzed. One of these methods is the
Principal Component Regression (PCR) that provides a multidimensional relation for the input data
to the output, by minimizing the effects of redundant information through multicollinearity reduction
[32]. After centralizing the data and consequently reducing the dimensionality, the PCR method
applies linear regression; this PCR result is important for cases of dosimeters that are used in radiation
dosimetry. Information on the application of PCR in dosimetry can be found in the literature [33].

The objective of this work was to investigate gamma radiation in green, white, and black EVA
dosimeter samples for their sensitivity and linearity response, using the PCR method, and evaluated

with the FTIR spectrophotometry technique.
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2. MATERIALS AND METHODS

The EVA samples had dimensions of 0.5 x 0.5 x 0.1 cm?, in colors green, white and black. 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 ®®*Co 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 1 cm™! spectral resolution, and with an attached Attenuated
Total Reflection (ATR) equipament.

The linearity was evaluated using the Pearson correlation coefficient (R?). The sensitivity was set
as the linear coefficient from a simple linear regression that was fitted using the Ordinary Least
Squares Method (OLSM) between the absorbed doses and absorbance values for each wavenumber
in the spectra for all colors of EVA samples, respectively. Seeking to compare the EVA color samples,
the sensitivity was normalized between -1 and +1.

The PCR method combines all spectra from absorbance measurements into a single matrix, called
here as Xnm, Where n is the absorbed dose that varied discreetly from n = 1 up to 8, matching the
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, m is the spectral resolution index, from m = 1 up to 3600, that is equivalent to the range
from 400 cm™! to 4000 cm’!; more details about the algorithm and its applications can be found in the
literature [34]. In this work, X matrix was standardized by the mean-centering normalization and
adjusted by the standard deviation. The PCR was made with the possibility of adjusting eigenvector
quantities, in this case, called & (1 up to 8) which is the number of absorbed doses by the EVA samples.
The multivariate analysis was done in Matlab 2020a. The Mean Squared Error (MSE) was used to
calculate the prediction accuracy of the PCR method; this is a well-established error metric [35]. The
MSE is a function of the number of principal components (k); so, for each evaluated k, one
corresponding value to MSE was obtained. The residuals were calculated for the PCR subtracting the
measured and predicted values as a function of absorbed dose, associated with the number of principal
components (k), that in this work was modified in connection with the number of absorbed doses in

measurements (k=1 up to k= 8).
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3. RESULTS AND DISCUSSION

Figure 1 shows FTIR spectra, absorbance versus wavenumber, for EVA a) green, b) white and c)
black samples, irradiated with absorbed doses from 0.01 kGy to 10.0 kGy (°°Co source). The average
absorbance response from the triplicate measurement for each absorbed dose is shown, and the
uncertainty obtained through the relative standard deviation was lower than 1%. After performing an
inspection in Figure 1 it was possible to find regions with peak absorbance, in which the absorbed
dose was more significant. These EVA samples did not change their color with gamma radiation
exposure in the analyzed region. From these results the vibrational mode for C-H asymmetric and
symmetrical stretching at 2964 and 2862 c¢cm™! respectively can be inferred too. Other results and

applications of the vibrational mode can be found in the literature [36].
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Figure 1: FTIR spectra, absorbance versus wavenumber, for EVA samples: a)
Green, b) White and c) Black, irradiated with absorbed doses from 0.01 kGy to
10.0 kGy (°°Co source). The uncertainty obtained was lower than 1%.
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The results for the linearity versus wavenumber for EVA samples: a) green, b) white and ¢) black

are shown in Figures 2a, 2b and 2c, respectively. The maximum values for linearity (R?) were: 0.8839,

0.6422 and 0.5833 for green, white, and black EVA samples, for the wavenumbers 431 c¢m™,

2168 cm™ and 1561 cm!, respectively. From these results it can be inferred that the best EVA sample

color is the green one; and the linearity occurs in three different wavenumbers.
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Figure 2: Linearity versus wavenumber for EVA samples: a) Green,
b) White and c) Black. The uncertainty obtained was lower than 1%.

In Figures 3a, 3b and 3c is presented the normalized sensitivity versus wavenumber for EVA
samples for all colors. The maximum normalized sensitivities equal to the unit (1) were obtained for
the wavenumbers: 418 cm™!, 401 cm™ and 2161 cm™!, for green, white, and black samples, respec-
tively. The region between 400 cm™ and 450 cm™ may be associated with the best values for linearity

and normalized sensitivity for the green color; for other regions and sample colors this fact does not

occur.
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Figure 3: Normalized sensitivity versus wavenumber for EVA samples:
a) Green, b) White and c) Black. The uncertainty obtained was lower than 1%.

Predicted absorbed dose versus absorbed dose data are shown in Figure 4, for the PCR method,
for EVA samples of all colors. The R? obtained was 1.000 for the PCR method. It can be inferred
that these methods are a good alternative, in the applications that require assessing linearity response
in dosimetry, since the measurements from each kind of sample may be transformed in linear results.
Consequently, these methods can be associated with other characteristics from medical physics as:

reproducibility, fading, spatial resolution and others.
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Figure 4: Application of the PCR method: Predicted absorbed dose versus absorbed
dose for: Green, White and Black EVA samples. The uncertainty obtained was lower
than 1%.

Figure 5 shows the Mean-Squared Error (MSE) versus the number of principal components (k)
with PCR methods for green, white, and black EVA samples. As the number of principal components
increased, the MSE decreased for all EVA sample colors applying the PCR method. These results
occur because the predicted values are increasingly closer to the actual values. For the value of k=8,
all colors of the EVA samples reached zero MSE, thus corresponding to the efficiency of the method.
For the k = 7 component, the MSE values are: 0.1097, 0.1260 and 0.6265, for the green, white and

black colors, respectively. Thus, the sample that shows the lowest values for MSE is the green one.
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Figure 5: Mean-Squared Error (MSE) versus number of principal components (k) with
PCR methods for green, white and black EVA samples. The uncertainty obtained was
lower than 1%.

In Figure 6 are shown the residuals versus absorbed dose for: green, white and black EVA samples
respectively, for the number of principal components (k) of £ = 1, k = 4 and k = 8, using the PCR
method.
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Figure 6: Residuals versus absorbed dose for EVA samples: Green, White, Black, for the
number of principal components (k): k =1, k = 4 and k = 8. The uncertainty obtained was

lower than 1%.

Based on Figure 6, for £ = 1, it can be inferred that the residuals for low absorbed doses is
<-0.6217, but for the last two doses (5.0 kGy and 10.0 kGy), this residual value is quite high >2.1944
for all sample colors. In the k = 4 case, there is an alternation between the highest values of residuals
associated with colors up to the dose of 0.5 kGy, with the largest residual equal to -1.8484 for the
black EVA samples, after the biggest error for the last two doses (5.0 kGy and 10.0 kGy) are 0.8520
and 1.7199, for white and black sample colors, respectively. As the method will use all components
k =8, it has the smallest residual value for all components analyzed as < 0.4508, so the reduction
occurs for k£ = 8, showing the PCR method as the best to be applied in characterizing the linearity of

EVA samples of the colors tested in this work.
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4. CONCLUSION

After evaluating the EVA samples in three different colors and applying the PCR method, the
following conclusions were observed: i) as EVA samples were constituted as solid-state radiation
detectors, the FTIR technique proved to be suitable for measurements seeking to characterize the
linear response; ii) ranking simultaneously the results through linearity, sensitivity and MSE criteria,
the color that predominated with the best results was green, followed by white and black respectively;
ii1) the PCR method can be applied to assess linearity problems in dosimeters with a view to medical
physics. Therefore, EVA samples can be considered as a promising material available for

measurements of high doses of gamma radiation.
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