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Summary

Accidental exposure to ionizing radiation, in particular y-rays, can result from various sources:
equipment malfunction, leakage from radiation sources or even hostile action, involving radioactive
materials. While occupational exposure is well-regulated, the detection and assessment of
unintentional exposure remains a challenge due to the limitations of existing monitoring technologies,
which are often costly, complex or lack sensitivity.

In this work poly(vinyl alcohol)-iodide (PVA-I) gel colored indicators, sensitive within the 0.2 — 10
Gy range, are proposed as a simple, cost-effective, and portable solution to address the need of
immediate monitoring devices that could be distributed to the broad public in the case of nuclear
accidents or radiological pollution, which otherwise may cause irreversible harm to any living
organism.

Two types of film and three types of solution indicators were fabricated. The sensitivity of F2 (0.45
w% KI0Os3) films, according to the ~340 nm absorbance maximum of triiodide ions, was only 0.0429
Gy*. According to the ~490 nm absorbance maximum of PVA-triiodide complex, S2 (2 w% KI)
indicator samples had a sensitivity of 0.0058 Gy and S3 (5 w% KI) indicator samples had a
sensitivity of 0.0135 Gy*, which was comparable to a similar composition indicator sensitivity (0.010
Gy?), described in literature. However, additional experiments must be done to ensure a better
sensitivity to radiation and more resistance to ambient conditions, such as light, air and temperature.
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Santrauka

Atsitiktinis jonizuojanciosios spinduliuotés, ypa¢ gama spinduliy, poveikis gali kilti dél jvairiy
priezasCiy: jrangos gedimo, nuotekinés spinduliuotés i§ radiacijos Saltiniy ar net prieSisky veiksmy,
susijusiy su radioaktyviosiomis medziagomis. Nors profesiné apSvita yra grieztai reguliuojama,
atsitiktinés apSvitos aptikimas ir jvertinimas dar vis yra sudétingas procesas dél esamy radiacijos
stebésenos technologijy trukumy: jos daznai reikalauja brangiy komponenty, yra sudétingai
pagaminamos arba nepakankamai jautrios.

Siame darbe sitilomi spalvoti polivinilo alkoholio-jodido (PVA-I) gelio indikatoriai, jautriis 0.2 — 10
Gy intervale, kaip paprastas, pigus ir neSiojamas sprendimas, skirtas patenkinti skubios stebésenos
poreikius, kuris galéty biiti paplatintas visuomenei branduoliniy avarijy ar radiologinés tar$os atvejais
kaip apsauga nuo negrjZztamos radiacijos zalos.

Buvo paruosti dviejy tipy pléveliy ir trijy tipy tirpaly indikatoriai. F2 (0.45 w% KIOz) pléveliy
jautrumas, vertinant pagal laisvy trijodido jony ~340 nm absorbcijos maksimuma, sieké 0.0429 Gy™.
Vertinant pagal PVA-trijodido komplekso ~490 nm absorbcijos maksimuma, S2 (2 w% KI)
indikatoriaus jautrumas buvo 0.0058 Gy, 0 S3 (5 w% KI) indikatoriaus jautrumas — 0.0135 Gy,
kuris yra panasus j analogiskos sudéties indikatoriy, aprasyty literatiiroje, jautruma (0.010 Gy™?). Vis
délto butina atlikti papildomus eksperimentus, siekiant patobulinti indikatoriy jautruma
jonizuojanciajai spinduliuotei ir atsparumg aplinkos veiksniams (Sviesai, orui, temperatiirai).
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Introduction

Accidental irradiation, most often in the form of y-rays, may happen as a result of leakage from
various radiation sources, during quality assurance measurements of instruments such as particle
accelerators, computed tomography scanners or even — nuclear warfare. Thus, the detection of
incident exposure is relevant not only for radiation oncologists and medical physicists, but even in
the context of worldwide conflict, creating tension because of plausible disregard of nuclear safety.
Occupational exposure is regulated [1], however measurement and evaluation of accidental exposure,
rising from inadvertent or premeditated radioactive pollution or equipment failure, is problematic [2].
To address this matter, a large variety of radioactivity registration methods and devices can be
utilized, but many are either not sensitive enough, are quite complex or require expensive electronics
[3-5]. There is a lack of simple and relatively cheap individual indicators alerting about increased
radiation levels. A promising novel concept would be the application of colored detectors, that change
their optical properties depending on the absorbed dose. It is important that these indicators can be
affixed to the clothing of persons and alert about increased radioactivity in the surrounding
environment [6] [7]. For this purpose a promising PVA-iodide indicator is proposed in this work,
which changes its optical properties from a clear solution to a faint red color in the dose range of 0.2
— 10 Gy. This type of PVA-I gel offers advantages such as simplicity, portability and cost-
effectiveness. However, additional experiments must be done to ensure a better sensitivity to radiation
and more resistance to ambient conditions, such as light and temperature.

The aim of this work is to develop PVA based hydrogels, sensitive to occasional radiation exposure.
In order to implement this aim the following tasks should be fulfilled:

1. to develop polymer-based radiation indicators containing iodine;

2. to evaluate changes in the optical properties of fabricated radiation indicators, irradiated with
X-ray photons in the 0.2 Gy — 10 Gy dose range;

3. to assess the dose sensitivity of fabricated radiation indicators, according to the variations in
their optical properties after irradiation.
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1. Literature review
1.1. Incident radiation

Radiological pollution refers to an increase of natural radiation to harmful levels, caused by
anthropogenic activities. This process is differentiated into three categories. Firstly, continuous
radioactive contamination occurs because of mining, refining and utilizing radioactive materials.
Secondly, occasional radiological pollution is related with nuclear tests of experiments. An example
of this can be atmospheric nuclear tests from the mid 20" century [8]. Lastly, accidental radioactive
contamination is the most dangerous due to its unpredictability and is caused by nuclear infrastructure
failures, improper handling of radioactive materials or other unforeseeable catastrophic events. All of
these types of pollution can result in short and long-term damage of tissues, as cells get affected at
the molecular level [9]. However, radioactive contamination may cause irreparable harm, thus
radiological monitoring programs are required to ensure that public exposure does not exceed allowed
limits, which are usually delineated as an annual effective dose of 1 mSv [10]. Nevertheless, even
though monitoring of radiation levels is in effect, it is not immediate. Thus, the value and potential
of incident radiation indicators, rapidly changing their optical characteristics as a consequence of
radiation exposure, cannot be underestimated.

During major nuclear accidents (for example, Chernobyl and Fukushima accidents) the most
important radionuclides, that can pose harm to living individuals and the environment, are iodine-
131, cesium-134, cesium-137, ant strontium-90. Radiation properties of these radionuclides are
described in Table 1. Other radionuclides are also released, but they are either short-lived, short-
ranged, or emitted in too small amounts [11]. To understand the harm of radionuclides the effective
half-life measure is used to assess the time, during which half of radionuclides’ amount is eliminated
from the body via physical decay and biological excretion. Strontium-90 has quite a long effective
half-life, and it accumulates mostly in the bones by interchanging with calcium in hydroxyapatite
(Cao(PO4)s(OH)2) structure as a result of chemical similarities between these two elements [12].
Cesium-134 and 137 are also chemically similar to potassium; that is why the uptake of these
radioisotopes is quite high in humans and in plants [13], even reaching bioavailability of 80 % in
animals [14]. Although iodine has a short effective half-life, 10 — 30 % of it accumulates in the
thyroid, exposing it to beta particles [11].

Table 1. Most common radionuclides, posing health concerns, released during nuclear accidents [11]
Sr-90 I-131 Cs-134 Cs-137

Decay type B By By By

Maximal energy of
emitted particles 546 keV (100 %)
(abundance) [15]

B — 606 keV (89 %); | B - 658keV (70 %); | B — 512 keV (94 %);
Y —364keV (81%) | y-605keV (98%) | y—662keV (85 %)

Biological half-life 50 years 80 days 70 — 100 days 70 — 100 days
Physical half-life 28.8 years 8 days 2.1 years 30 years
Effective half-life 18 years 7 days 64 — 88 days 70 — 99 days

Accumulating

tissues Bones Thyroid Whole body Whole body
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Interestingly, the most dominant radionuclide that is released during nuclear accidents is ***Xe , with
11-10'8 Bg, 6.5-10'8 Bg and 12-10'8 Bq being released during Fukushima, Chernobyl and Windscale
Fire accidents correspondingly [11] [16]. However, 13Xe is less dangerous than bioaccumulated
radionuclides, as the biological half-life of 3*Xe is only 30 seconds, because less than 15 % of inhaled
radioxenon is absorbed and the energies emitted are quite small (101 keV for beta decay (99 %) and
81 keV for gamma decay (37 %)). The physical half-life of 133Xe is not that long as well (~5 days).
Chemically 13Xe is a noble gas, which is physiologically inert, since it has a full valence shell [17].
Tritium has a longer half-life (12.3 years) than xenon, but its relevancy is similar to radioxenon’s in
the sense that it releases low energy beta particles (18.6 keV (100 %)), that can travel only about 6
mm in air [11].

Another reason why the radionuclides in Table 1 are so dangerous is their ease of propagation and
persistence in the environment. For instance, as a consequence of cesium’s relatively low boiling
point of ~671 °C it is transferred to the atmosphere in a gaseous form firstly. Once airborne, it cools
down, condenses and forms particles that are soluble in water. These particles can be easily
transported large distances (more than 1000 km) by wind [18]. A simulation, illustrating the
dispersion of *’Cs in the environment, demonstrates the effective proliferation of this radionuclide
over vast distances and the contribution to soil and water contamination (Figure 1) [19] [20].
Similarly, especially volatile I has a boiling point of ~184 °C and proliferates easily in a gaseous
or aerosol form as well. It has been documented that the incidence of thyroid cancer after the
Chernobyl accident increased in population up to 500 km from the accident site [21]. Since the boiling
point of %Sr is ~1382 °C, it does not tend to form aerosols, but is prone to be transported via
particulate matter, alongside other substances, released during accidents [12]. However, the
proliferation of these radionuclides depends greatly not only on wind, but precipitation and migration
via soil, when they are deposited on land [22].

'3’Cs deposit in kBq m? 10 May 1986 21:22

o

:’% —

P

3

=z

e

=

3

30°W

10" 10" 10" 102

Figure 1. Simulation of Cs-137 distribution in the environment 2 weeks after the Chernobyl accident [20]
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1.2. Radiation interaction with matter

Radiation is divided into two main types: non-ionizing (ultrasound, MRI, etc.) and ionizing, which
can further be categorized into directly ionizing (charged particles, like alpha, electrons, ions,
hadrons, or neutrons) and indirectly ionizing (neutral particles, like X-rays, gamma rays) [23]. In
more detail, alpha particles are positively charged helium nuclei, containing two neutrons and two
protons, beta particles can be electrons and positrons, while X-rays and gamma rays are photons —
electromagnetic radiation [24]. Even though ionizing radiation can detrimentally affect living
organisms, leading to damage at the cellular level (activated cell death, DNA damage like
chromosome aberrations or mutations [25]), it has been used for both therapeutic and diagnostic
purposes as early as the start of the 20" century, allowing professionals to identify and treat various
malignancies [26].

In the case of external radiation exposure, indirectly ionizing radiation, like neutral X-rays or gamma
rays, are most dangerous, as they have high penetrability. In addition, higher energy photons require
dense materials like lead to be significantly attenuated. Charged particles (electrons, protons, alpha
particles or ions) interact with surrounding materials via Coulomb’s forces. 5 MeV electrons travel
~17.5 m [27], 5 MeV alpha particles travel ~4 cm in air [28]. The harm to biological tissues also
depends a lot on the type of irradiation. That is why different weighting factors are assigned to various
irradiations (Table 2).

Table 2. ICRP (2007) radiation weighting factors [29]

Radiation type Radiation weighting factor, wg

Photons and electrons 1

Protons 2

Alpha particles, heavy ions 20

Neutrons Continuous function, depending on neutron energy

The degree of interaction can be described by absorbed dose (D), which characterizes the quantity of
energy (E,) deposited per unit mass of matter (m) (Equation 1). Furthermore, equivalent dose (Hr)
adjusts absorbed dose, according to the nature of the ionizing radiation (wg) (Equation 2), and
effective dose (E) adjusts equivalent dose, according to the sensitivity of different tissues (wy)
(Equation 3) [29] [30].

p="lr D
m
Hp = Z wg - Dr g (2)
R
E = wyHy (3)
T

One of the main emphases of external accidental radiation exposure should be X-rays and gamma
rays due to their characteristics, like range in air and penetrability. Gamma rays generally have shorter
wavelengths than X-rays, but their energies overlap. The delineation between gamma rays and X-
rays is based on the origin of the electromagnetic waves, the former results from nuclear transitions
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and the latter results from transitions of electrons in atomic shells or because of slowing of charged
particles [31].

It is also important to understand the possible ways photons can interact with matter [28]. There is a
number of different photon interactions with matter processes, however in this work only three most
important processes will be analyzed (Figure 2):

photon

AVAAVAVAVA S

Photoelectric effect occurs when a photon hits an electron with an energy slightly higher than
the binding energy of the inner shell and is completely absorbed. This results in the electron
being ejected from the atomic structure. Owing to the vacancy of an electron in one of its
orbitals, most often the K shell, the atom is in an excited state. Usually this vacancy is filled
by an electron from a higher orbital. During this process a photon is emitted and its energy is
equal to the difference in the energies between the two orbital shells. If the emitted
fluorescence photon has a high enough energy, it can again ionize a bound electron, resulting
in an Auger electron. Both the primary and Auger electrons can deposit energy in matter as
well.

Compton scattering occurs when the incident photon interacts with a free electron from the
outer shell of an atom and removes an electron from its location. However, during this process
the incident photon transfers part of its energy to the electron. The remaining part of photon
energy is released in the form of a scattered photon.

The prerequisite of pair production is that the incident photon must have an energy greater
than 1.02 MeV, which equals to two electron rest mass energies. During this process the
incident photon interacts with the electric field of the nucleus, an electron and positron pair is
created. The positron interacts with an electron from another atom and annihilates, releasing
two photons of 0.511 MeV in almost opposite directions.

e-

3 e

photon %

- P JAVAVAVAN f\/\f\f;\’<
e e ®

e-

JAVAVAVAVAVASS =
incident / \ scattered
photon ""_‘a_‘ photon

(a) (b) (c)

Figure 2. Most significant photon interactions with matter for the scope of this work: photoelectric effect (a);

Compton scattering (b); pair production (c) [32]

The probability of these effects mostly depends on the energy of the incident photon and the atomic
number of the absorber. For instance, the photoelectric effect is dominant at lower photon energies
and higher atomic number of absorber (Figure 3).
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Figure 3. Relative dominance of main photon interactions with matter (adapted from [33])

The information on the indicated processes, also including their probability of interaction via
approximate proportionality to photon energy and atomic number of the absorber, is provided in Table
3.

Table 3. Summary of photon interactions with matter [34]

. . Variation with photon energy | Variation with atomic
Process Type of interaction (E) number (Z)
Photoelectric Bound electrons o« 1/E3 x 73
. Almost constant 10 — 100 keV; .
Compton scattering Free electrons « 1/E above 100 keV Almost independent of Z
Pair production Promoted by heavy nuclei | Rapid increase above 1.02 MeV xZ

1. 3. Radiation detectors and indicators

In this chapter the main radiation detectors and indicators will be discussed in terms of their
applicability for the assessment of incident photon exposure.

One promising type of radiation detectors are scintillators. These devices typically have high atomic
number elements in their composition, which secure their strong ability to interact with photons, as
the increasing density of the material is proportional to larger absorption of photons. Common
substances used in scintillation detectors include various iodide salts (sodium, cesium, etc.), doped
with tellurium, or various bromide salts, such as lanthanum or cerium bromide. Of course, the usage
of these different varieties of materials depends on the specific cases, as they have distinct
fluorescence photon emission wavelengths, light yield, energy resolution, and decay times. However,
one of the most important issues is the correct light sensor and scintillation crystal combination. It is
important, that the wavelength of the fluorescence photons the crystal emits fit with that of the light
sensor, because it is sensitive to a certain wavelength of light [35].

The simple working mechanism of these detectors is shown in Figure 4. The interaction of the incident
photon with the scintillation crystals (inorganic, organic or gaseous nature) leads to the generation of
a number of visible light photons, that are directed to the photomultiplier tube, where they are
converted to electrons, and the signal is then multiplied in the dynode network due to an increasing
potential between electrodes. The intensity of the measured outgoing signal is proportional to the
energy of the incident photon [36].
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Figure 4. Example of a scintillation detector working mechanism [37]

These scintillation detectors are usually bulky, but recently portable devices, weighing ~200 g only,
were developed. A lutetium-yttrium oxyorthosilicate scintillation crystal with a custom readout
electronic circuit was designed. However, it still seems quite bulky, cumbersome and of troublesome
shape, which could limit it’s use also taking into account relatively expensive electronics and
uncomfortable donning on clothing [38].

Another type of incident photon radiation detector is based on semiconductors. Similar to materials
used in scintillation devices, semiconductor devices also contain high-density elements, such as
gallium, silicon, cadmium, telurium, etc. [39]. These detectors are advantageous due to their
robustness in harsh environments, like high temperatures and radiation flux [40]. The simple
mechanism of a semiconductor detector is associated with the band gap between the valence band,
from which electrons can be excited, and the conduction band, to which electrons can be excited. The
band gap in insulators is large (= 6 eV), while in metals it overlaps. When a semiconductor is doped,
for instance, with phosphorus or boron, it is possible to get n- or p-type material respectively. After
connecting these electron-rich (n-type) and electron-deficient (p-type) structures and applying an
external voltage (usually a reverse bias) to reach an equilibrium state, there will be no flow of charge
carriers in the boundary layer. Thus, when an incident photon hits this structure, the equilibrium will
be disturbed, more charge carriers will be created (because of photon interactions) and current will
be generated, which depends on the energy of the absorbed particles (Figure 5) [41].
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Figure 5. An example of a semiconductor working mechanism (adapted from [42])

Semiconductor devices are promising due to their small size and possible instant exposure assessment
(real time data acquisition). However, room temperature operating semiconductor detectors are quite
expensive since cadmium, zinc and telurium (CZT) devices require platinum or gold based electrical
contacts. Some semiconductor types such as germanium based detectors require liquid nitrogen
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cooling to achieve a reduced leakage current, otherwise a significant amount of noise can be registered
during operation [43]. Additionally, similar to scintillation detectors, semiconductors also require
electronics to read the generated charge, resulting in a bulkier portable gadget [44].

Two other typical detectors used for photon radiation measurements are optically stimulated
luminescent (OSL) and thermoluminescent (TLD) dosimeters. However, these two devices require
either external light or heat supply to extract radiation exposure data, meaning that other devices are
needed. Since these dosimeters are passive, they are not appropriate when assessing and evaluating
possible accidental radiation exposure to individuals [45].

Gas filled chambers would also have difficulty being used as portable incident radiation detectors, as
they require electrodes, between which a voltage is applied, and other electronic components.
Depending on the voltage, gas filled chambers are practically categorized into ionization chambers,
proportional region chambers and Geiger Miller counters. Additionally, ionization chambers require
large gas volumes to reach high incident particle detection efficiency and greater accuracy [46]. This
means that ionization chambers tend to be quite massive. Proportional region chambers require
expensive power supplies to keep a stable voltage for the accurate quantification of incident particle
energies [47]. Thus, due to expensive electronics, bulky design and necessity for calibration these
types of radiation detectors would be impractical as incident radiation detectors, given out to masses
of people.

One of the most promising type of dosimeter is chemical-based. Many different compositions are
utilized for this purpose. For instance, in Fricke gels radiation induces a color change as a result of
the conversion of ferrous (Fe?*) to ferric ions (Fe**) (Figure 6), while traditional polymer gels rely on
polymerization, induced by free radicals after water radiolysis, of monomers in the matrix. Some
polymer gels already have a polymer matrix, but rely on additives, such as dyes or other chemicals,
which can change color because of redox or bond cleavage reactions. The degree of oxidation,
decoloration or polymerization depends on absorbed dose [48]. Of course, there are some problems
with chemical dosimeters, especially atmospheric oxygen, which initiates conversion to ferric ions or
polymerization of monomers in the absence of ionizing radiation. However, the most common
solution for this is the addition of antioxidants or radical inhibitors, such as hydroquinone or various
phenols [49] [50]. The dose response of these types of gels can also depend on metal impurities, thus
chelators are added like xylenol orange [51]. However, the usual two major advantages of chemical
dosimeters are the manufacturing simplicity and the possibility to use relatively cheap radiation
sensitive materials. For example, a typical composition of a polymer gel is a gelling agent, monomer,
crosslinker and antioxidant. Recently there has been much research in nanoparticle usage in polymer
gels, which has been seen to increase the sensitivity of these gels by tens of times [52]. Of course,
there are some other disadvantages of chemical dosimeters, primarily being the possible reactivity
and toxicity of chemicals used, light sensitivity and limited reusability [53] [54].

Figure 6. An example of Fricke gel color change after irradiation [55]
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1.4. Typical high dose dosimetry

Various dosimeters can be utilized for radiation exposure measurement. However, most dosimeters
are of limitted applicability for the estimation of accidental radiation exposure. For instance,
thermoluminescence dosimeters (TLDs) are sensitive to <1 mGy dose [56], but in fact they are not
tissue equivalent. Tissue equivalency is important for more accurate representation of radiation
impact on biological matter [57], TLDs are passive detectors and require a specific readout procedure
(annealing at elevated temperatures [52]), which makes them impractical for accidental radiation
exposure detection.

Another important issue with many dosimeters is their sensitivity, as doses that are above 0.2 Gy can
result in chronic health-related issues [58] and 50 % lethal dose to population within 30 days of
exposure is around 4 Gy [59]. Dosimeters that are based on dyes (Figure 7) typically need large doses
to change their optical properties. These dosimeters are based on discolorization (disruption of the
conjugated system bonds via oxidation; cleavage of bonds). Authors of the article [60] have shown
that the color intensity of indigo carmine dye, having a molar concentration of ~3.4-10° M, was
reduced by half after irradiation with ~100 Gy dose, ~730 Gy dose was applied for reactive red 45
(Cm = 6.2:10° M) [61] and larger than 7 kGy dose — for reactive blue 19 (Cw ~ 8.0-10° M) [62].
The difference between the doses required to achieve the same discoloration percentage may be
associated with the strength and reactivity of the bonds that are most susceptible to oxidation [63].
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Figure 7. Dyes, which could be used in chemical dosimeters



However, there have been advances with chemical dosimeters that utilize dyes not only as
radiosensitive materials, but also as stabilizers. For instance, PRESAGE consists of a clear
polyurethane matrix, a radical initiator and radiosensitive materials. This type of dosimeter is still
light sensitive and needs to be stored in a dark environment. It has been shown that EBT and
PRESAGE films change their color due to exposure to UV-Vis light. The problem was reduced by
adding a yellow dye to the composition of EBT2 films, which increased its ambient light resistance
as a consequence of the dye’s propensity to absorb blue and violet light, which are the most energetic
in the visible light spectra [64] [65]. The sensitivity of these types of dosimeters was also inreased,
using azo dyes that have reactive and easily cleaved bonds (i.e. R1-N=N-R). Furthermore, azo dyes
also act as free radical initiators, further boosting the radiosensitivity. The considered radiochromic
plastic dosimeter, consisting of polyurethane matrix, leucomalachite green (as a leuco dye),
tetrabromomethane (as a radical initiator) and tartazine (as a yellow dye), significantly changed its
optical properties in the dose range of 0.2 — 3 Gy (Figure 8) [66].

0 10 20 50 80 100 150 200 300 0 10 20 50 80 100 150 200 300
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Figure 8. Modified polyurethane matrix (PRESAGE) dosimeter dose response to gamma irradiation from
0 — 300 cGy: without tartazine (a) and with tartazine (b) [66]

Another azo dye based dosimeter, consisting of poly(vinyl alcohol), silver nitrate nanoparticles (as a
radiosensitizer) and nitro blue tetrazolium (NBT) dye was stable under ambient light for up to 30
days, since NBT is yellow in color, which may increase light resistance. This dosimeter was sensitive
in the 0 — 20 mGy range, changing its color from yellow to dark brown (Figure 9). The reason for this
may be associated with the reduction of NBT dye to formazan, which also causes the formation of

hydrazine [67].

0 mGy 2 mGy 4 mGy 10 mGy 20 mGy

Figure 9. Change in the optical characteristics of PVA films, doped with NBT dye [67]

In another experiment PVA was mixed with NBT dye and different nanoparticles (silver and
copper(Il)). The produced films were irradiated to doses in the range of 0 — 2.6 mGy. It was observed
that the addition of silver and copper(ll) nanoparticles leads to film color changes even at low
irradiation doses, which indicates radiation sensitivity enhancement of irradiated films (Figure 10).
Nanoparticles of high atomic number enhance dose sensitivity due to their substantial electron
density. It has been seen that such metal nano particle additives can increase radiosensitivity tens of
times [52]. The method of action is mostly associated with the higher probability of photoelectric
effect, as it increases quickly with the increasing atomic number of the element (Table 3). Thus, as a
result of the higher probability of the photoelectric effect, the possibility of primary and Auger
electron generation increases, both of which contribute to dose enhancement [68] [69].
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Figure 10. Change in the optical characteristics of PVA-NBT films (adapted from [69])

Another article prepared PVA/NBT films without nanoparticles and irradiated with gamma photons
in the dose range of 8 — 96 mGy (Figure 11). It was observed that the color changes were more
significant in samples with a higher concentration of the NBT dye, since the color of the films turned
brown. This indicates the formation of formazan in the samples, even at low gamma ray doses [70].

0 mGy 8 mGy 25 mGy 55 mGy 96 mGy
0.02g Conc.

Figure 11. Change in the optical properties of PVA/NBT films, containing differing quantities of NBT dye
[70]

Another type of dye that can be added to polymers to indicate the color changes due to photon
irradiation is toluidine blue, which is sensitive to UV radiation. It has been observed that a poloxamer

407 hydrogel, containing toluidine blue dye, was bleached when exposed to UV light (Figure 12)
[71].

Samples Irradiated with 0.5 J/cm? of UV Radiation
Non-Irradiated

Samples

UVA uvB uvc

Figure 12. UV light bleaching of Poloxamer 407 hydrogel, doped with toluidine blue (adapted from [71])
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The mechanism of action is related to radical induced oxidation of an intramolecular imine, after
which the delocalized system is disturbed, leading to bleaching (Figure 13) [71]. Even though the
investigated hydrogel was mostly sensitive to UVB light, theoretically it could be adapted as a gamma
radiation indicator, as the interaction mechanism is associated with the induced water radiolysis,
during which various oxidative species, such as hydrogen and hydroxyl free radicals, hydrogen
peroxide and electrons can be formed [72].

Figure 13. Toluidine blue fading reaction [71]

Another type of dosimeter that can alert about gamma radiation exposure is redox reaction based.
However, they need high irradiation doses to yield a change in the optical properties. For instance,
even though manganese compounds exhibit several colors, starting from pale shades of Mn(ll) to
black (MnO2) and to bright hues (Figure 14) [73], kGy range doses are required to facilitate oxidation
or reduction to MnO; [74] [75].

+2

Figure 14. Different colors of manganese compounds at various oxidation states [76]

There have been advances in the redox based reaction dosimeter field recently: fabrication of a novel
and reusable colored indicator was proposed, which was sensitive to irradiation doses in the interval
of 2 — 8 Gy and was produced without using hazardous chemicals, composing of poly(vinyl alcohol)
matrix, iodide and silica nanoparticles [77]. The annealed dosimeter had a white color, which changed
to a pale wine red after irradiation, indicating the dependency on the irradiation dose (Figure 15) [78].
The UV-Vis absorption peak, observed at 495 nm, was assigned to the PVA-iodide complex [79].
Researchers also inferred that by attaching silica nanoparticles to the helical structure of PVA an
intensification of water radiolysis product generation may be achieved due to charge separation, since
pure silicon’s atomic structure is an effective semiconductor [77]. The reusability of this dosimeter
was also tested by applying irradiation in fractions (8 Gy, 4 Gy and 2 Gy) to reach a total dose of 24
Gy and annealing the indicators after each fraction at 40 °C for 3 hours. After the irradiation in total
with 24 Gy and the final annealing, the color stability was quite good over a 12 day observation period
[78].
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Figure 15. Color changes of PVA, iodide and silica nanoparticle containing indicator after irradiation to
different doses [78]

It has been also found that sensitivity of this detector type can be increased by adding some cross-
linkers to the initial composition of the indicator. The authors of the article [80] added the cross-linker
glutaraldehyde to PVA-iodide indicator, and irradiated with doses in the range of 0 — 10 Gy (Figure
16). The UV-Vis absorbance peak at 358 nm was analyzed, which was assigned to the presence of
free iodide (I3) ions, not bounded to PVA. The sensitivity of PVA-iodine containing radiation
indicator was increased by 2.5 times after adding glutaraldehyde as a cross-linker to the composition.
It was also found, that these indicators are reusable for at least three times (more than three irradiation
and annealing cycles were not performed) [81].
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Figure 16. Color changes of PVA-iodide gel, containing glutaraldehyde as a cross-linker after irradiation to
different doses [80]

It should be noted that auto-oxidation usually occurs in chemical dosimeters and the PVA-iodide
indicators are prone to it as well. The increased stability of these detectors is possible by using free
radical scavengers. In a recent study [82] DMSO (dimethyl sulfoxide) was utilized as a stabilizing
agent indicating the stability growth with the increased DMSO concentration. Consequently, the
radiation sensitivity of the indicator decreased: adding 0.5 M and 1 M of DMSO to the indicators
composition led to sensitivity reduction by ~10 % and 18 % respectively. The efforts to adjust the
amount of DMSO additive considering the sensitivity-stability relationship led to the conclusion that
0.5 M of DMSO would be optimal [83].
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1.5. Poly(vinyl alcohol) and iodide based chemical dosimeter

Considering the recent advancements in PVA-iodide gels, in this section the radiochemistry of the
constituents of this dosimeter type will be briefly explained.

lodine (I2) is a chemical element and can be found in nature, especially in marine life, in the form of
various salts. At room temperature iodine is a dark-purple crystal, which sublimes to a purple vapor.
lodine has a low solubility in water, but it increases, if there are iodide ions (I") in solution. As a
result, water-soluble triiodie ions (I3) form. However, many more reactions occur between iodine
and water as it can be retrieved from the data provided in Table 4 [84].

Table 4. Main reactions, associated with iodine dissolution in water [84]

Reaction Reaction type

I, + H,0 & HOl + H* + I~ Hydrolysis

HOI & 01~ + H* Dissociation

HOI + H* & H,0I" Protonation
L+I"el; Complexation

3HOI & 1035 + 21~ + 3H* Disproportionation
T+, el Pentaiodide production
213 & 17 Dimerization

OI” +17 + H,0 & HI,0™ + OH™ Disproportionation
HI,0” & [0~ + H* Dissociation

Several UV-Vis absorption (A1) bands are observed for aqueous iodine-iodide solutions. A,,,,, of ~192
nm and ~226 nm peaks represent iodide ions. It is assumed that the absorbance peaks at A,,,,, 0f ~290
nm and ~360 nm is related to the presence of triiodide ions in the solution (Figure 17). Molecular
iodine has a peak at 4,,,,, of ~270 nm and solvated iodine molecules — at ~460 nm [85] [86].
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Figure 17. Absorption spectra of iodide, triiodide, and iodine radical anions in acetonitrile [84]
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The interaction of iodide species with PVA has also been thoroughly studied. It was suggested that
polyiodide ions may penetrate into the interior of the helical PVA molecule aggregates (Figure 18).

Aggregates

Syndiotactic
PVA regions

=LY
@ lodine atom

Figure 18. The aggregate model of PVA and iodine complexation [87]

The primary interaction mechanism in a PVA-iodide indicator is related to the oxidation of iodide
ions to triiodide or pentaiodide (Figure 19) [88]. The relatively high atomic number of iodine (Z =
53) should be highlighted. It can be inferred that the photoelectric effect and pair production
interaction cross-section with gamma rays should be also relatively high.
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Figure 19. Plausible gamma radiation and iodide species interactions [88]

The enhancement of the yield of polyiodide anions is possible with the utilization of electron
scavengers. Even though the reaction kinematics are not entirely understood, it was theoretically
assumed that electron scavengers, such as potassium iodate (KIOs), can interact with electrons
creating other reactive species that can oxidize iodide further to polyiodide (Figure 20) [88] [89].
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Figure 20. lodide and reactive species interaction [90]

These polyiodide anions can be complexed by PVA segments. This complexation occurs more readily
in amorphous parts of the matrix, even when the concentration of polyiodide anions is quite low, that
is why the usage of syndiotactic PVA is more optimal in this case. For this reason, plasticizers, like
boronic acid, are used to lower the crystallinity of the PVA matrix.
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On the other hand, PVA consists of many hydroxyl groups on the polymer backbone, that can be
utilized for chemical modification or even cross-linking [89] [91]. An example of PVA structural
changes due to the addition of borax cross-linker is shown in Figure 21 [92]. It has also been observed
that PVA-iodide complex has a blue color in the amorphous regions of the PVA matrix, but in high
crystallinity regions color can vary from purple to red [93].
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Figure 21. Boronic acid and PVA interlinking mechanism [92]

The authors of the study [91] investigated the diffusion of iodine and potassium iodide solution into
a hydrated PVA film. It was observed that the thickness of the hydrated PVA films does not
significantly affect the diffusion of iodide ions. It was inferred that iodide ions may be transported
via water inside the PVA matrix, as the UV-Vis absorbance of the PVA film samples immediately
changed after the injection of iodine and potassium iodide solution. It was also shown that the higher
the annealing temperature of PVA was applied, the lower the water permeability and absorption in
the matrix was observed. This may indicate molecular structure changes in the PVA matrix related to
the creation of stronger intramolecular bonds between the PVA segments, leading to the free space
reduction, which can be occupied by water, thus decreasing the degree of PVA hydration. Decreased
PVA hydration leads to worse complexation reactions between polyiodide ions and the PVA
backbone because of the hindered mobility of polyiodide ions in the matrix itself. However, some
complexation is still possible, as in the dry PVA films there is still up to 5 w% of free water remaining
that cannot be completely removed under low temperature heat conditions.

To conclude, the main aim of this work is to address the need of immediate monitoring devices
(indicators) that could be easily and cheaply manufactured and distributed to the broad public in the
case of nuclear accidents or radiological pollution, which otherwise may cause irreversible harm to
any living organism. Even though there are numerous advanced radiation detection technologies and
equipment, most of them are either expensive, not sensitive enough, or are not able to provide quick
and easily understandable information regarding environmental contamination, such as color
changing indicators.
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The aim of this work was to develop a PVA based hydrogel, sensitive to low dose (<10 Gy) photon
irradiation.

The following tasks were set to implement this aim:

1. to develop polymer-based radiation indicators containing iodine;

2. to evaluate changes in the optical properties of fabricated radiation indicators, irradiated with
X-ray photons in the 0.2 Gy — 10 Gy dose range;

3. to assess the dose sensitivity of fabricated radiation indicators, according to the variations in
their optical properties after irradiation.
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2. Materials and methods

Two types of experimental samples (solid films and liquid state samples) of PVA based radiation
indicators, containing different concentrations of potassium iodate (KIO3), potassium iodide (KI),
sodium tetraborate (Naz[B2Os(OH)4]-8H-0), and glycerol (C3sHgO3) were fabricated. Composition of
the prepared films and solutions are provided in Table 5.

Table 5. Chemical composition of experimental samples

Experimental | H:O, KIOs, | KI, Naz[B+Os(OH)4]-8H20, | C3Hs0s3, o . °
samples W% W% W% W% W% PVA(20 % solution), w%
) F1 | - 5 20 04 1 73.60
Films
F2
20 0.45 2 0.08 0.5 76.97
S1
Solutions | S2 | 20 - 2 0.08 0.5 77.42
S3 | 20 - 5 0.08 0.5 74.42

Potassium iodide (KI, purity >99.5 %), potassium iodate (KIOs3, purity >99.5 %), sodium tetraborate
(Naz[B4Os(OH)4]-8H-0, purity >99.5 %), and glycerol (C3HgO3, purity ~96 %) were purchased from
Eurochemicals GmbH, Nordgorn, Germany, for fabrication of the experimental samples, as well as
polyvinyl alcohol ((C2H4O)n, My ~125000 MOWIOL® 20-98 MW) was purchased from Sigma-
Aldrich Chemie GmbH, Germany, analytic-grade water for laboratory use (H20) was purchased from
Chempur Piekary Slaskie, Poland. Standard PMMA UV-Vis cuvettes (Sigma-Aldrich Chemie
GmbH, Germany) were used for filling of experimental solutions.

2.1.  Preparation of samples — radiation indicators

Experimental films. A 20 % water solution of PVA was used for preparation of the experimental
samples. It was prepared in a beaker, mixing 20 g of PVA powder with 80 g of distilled water under
continuous stirring at elevated temperature of 70 °C for approximately 60 minutes in a Steinberg
Systems (Berlin, Germany) SBS-MR-1600/1T PRO magnetic stirrer until a homogeneous solution
was achieved.

For the preparation of the F1 (5 w% KIOs3) film solution a mixture of 6 g of potassium iodide, 1.50 g
of potassium iodate and 0.12 g of sodium tetraborate were ground in a mortar with a pestle to powder.
The powder was added to a beaker with 22.08 grams of 20 % stock PVA solution and 0.30 g of
glycerol dissolved at 40 °C. The total mass of the prepared film solution was ~30 g. The beaker with
the prepared PVA stock solution and glycerol was wrapped with aluminum foil to minimize
interaction with ambient light and air. Glycerol additive was used to increase the malleability,
flexibility, and viscosity of the polymer gels [94]. The solution was mixed under continuous stirring
until homogeneity was achieved. The prepared solution was immediately poured into 60 x 15 mm
Petri dishes (Figure 22) and left to dry for 12 h at 40 °C, while ensuring a dark environment. 10 g of
prepared solution was used for fabrication of each film sample, that were ~1 mm thick after drying.
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Figure 22. Photographs of the dried pure PVA films (a,b) and F1 film (c) in Petri dishes

F2 (0.45 w% KIO3) films were prepared from 1.000 g of potassium iodide, 0.225 g of potassium
iodate, 0.040 g of sodium tetraborate, and 0.250 g of glycerol dissolved in 10 g of distilled water at
room temperature. Prepared salt solution was slowly poured into 38.485 g of 20 % PV A stock solution
at 40 °C. The total mass of the prepared solution was approximately 50 g. The beaker with the film
solution was wrapped with aluminum foil. The solution was continuously mixed at a constant RPM
until a homogeneous solution was prepared (approximately 30 minutes). The mixed solution was
poured into 60 x 15 mm Petri dishes and left to dry for 12 h at 40 °C, while ensuring a dark
environment. 7 g of the prepared solution was used to form ~0.8 mm thick films after drying. Color
changes of the experimental solutions were observed almost immediately after their fabrication
(Figure 23).

Riran.

(@)

Figure 23. Photographs of F2 (0.45 w% KIOs) film solution 15 minutes post preparation (a); 2 hours post
preparation (b); after drying (c)

Experimental solutions. The preparation procedure of the S1 (0.45 w% K10Os3) indicator solution was
identical to that of F2 (0.45 w% KI10O3) film solution. To form the liquid indicator, 3.5 g of the prepared
solution was poured into 12.5 x 12.5 x 45 mm PMMA cuvettes (1.25 mm wall thickness), ensuring a
dark environment during their storage. The cuvettes were also covered with Parafilm to avoid
excessive interaction with air (Figure 24).
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Figure 24. From left to right: pure PVA solution; S1 (0.45 w% KIQ3) solution 5 minutes post preparation;
S1 (0.45 w% KI10s) solution 15 minutes post preparation

The preparation procedure of the S2 (2 w% KI) indicator solution (Figure 25) was identical to the S1
(0.45 w% KI10s) indicator solution, but without adding potassium iodate to the composition. 1.00 g
of potassium iodide, 0.04 g of sodium tetraborate, and 0.25 g of glycerol dissolved in 10 g of distilled
water at room temperature were used to prepare the salt solution, which was slowly poured into 38.71
g of 20 % PVA stock solution at 40 °C and mixed. The total mass of the prepared film solution was
approximately 50 g.

Figure 25. From left to right: pure PVA solution and S2 (2 w% KI) solution 7 days after preparation

The preparation procedure of the S3 (5 w% KI) indicator solution (Figure 26) was identical to the S2
(2 w% KI) indicator solution, only the mass of potassium iodide was increased to 2.50 g and the
prepared salt solution was poured into 37.21 g of 20 % PVA stock solution at 40 °C. The total mass
of the prepared film solution was also approximately 50 g.
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Figure 26. From left to right: pure PVA solution and S3 (5 w% KI) solution 7 days after preparation
2.2.  Irradiation of samples
Prior to irradiation, the experimental F2 films were cut into (1.75 x 1.75) cm? squares.

Irradiation of experimental samples (film squares and cuvettes with experimental solutions) with 6
MeV X-ray photons was performed in linear accelerator Clinac DMX (Varian Medical Systems, Inc.,
USA) at the Oncology Institute of the Lithuanian University of Health Sciences (Figure 27). The dose
rate of 600 MU/min was used for irradiation of samples with the doses from the interval of 0.2 — 10
Gy. The source-to-surface distance (SSD) was kept at 100 cm for all irradiations, while the gantry
angle of 180° and field size of 30 x 30 cm? was used. The dose delivered to the films was verified
with 0.6 cm? sensitive volume PTW (Freiburg, Germany) Farmer TM30013 ionization chamber

Figure 27. Irradiation geometry of experimental films

Irradiation of F1 films was not performed at all, since highly inhomogeneous structure of films was
obtained due to the incompatibility of the relatively large concentration of potassium iodate with
potassium iodide.
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2.3.  Analytical techniques and characterization of the experimental samples

UV-Vis spectroscopy method is based on the electronic transitions in the material when UV-Vis beam
crosses it. This method can be used to study transition metal complexes (due to d and f electrons),
unsaturated conjugated organic compounds, and organic compounds, containing heteroatoms
(oxygen, nitrogen, iodine, etc.). Usually near-UV region (200 — 370 nm) and the visible region (380
— 700 nm) are used [95] and the light intensity change after crossing the material follows the Beer-
Lambert law (Equation 4).

=1, 1075 (4)

where | is the transmitted intensity, a.u.; lo is the incident intensity, a.u.; € is the extinction coefficient
(molar absorptivity, color intensity), L/(mol-cm); ¢ — solution concentration, M; | — path length of the
cuvette, cm.

Optical density (absorbance A) is equal to the base-10 logarithm of the ratio of the initial light
intensity (lo) to the light intensity after passing through the sample (1) (Equation 5) [96].

Iy
a=1g(7) ®)
If the extinction coefficient is very low, electronic transitions do not occur — only forbidden transitions
take place (Equation 6) [97].

A=¢ecl=> _4 (6)
=egcl = g_cl'

Absorbance can be converted to transmission (T) by using the relationship in Equation 7 [95].

Pre-irradiation and post-irradiation analysis of the optical properties of the experimental films and
solutions was performed using spectrometer Ocean Optics with USB4000 (Ocean Optics, Inc.,
Dunedin, FI, USA) with a light source HL-2000-LL by Ocean Insight (Figure 28). Ocean View
spectroscopy software (version 1.6.7 by Ocean Optics) was used for the result analysis [98]. Changes
of the optical properties were evaluated using common methodology [99]. The calibration of the
spectrometer was performed in air, whereas the UV-Vis spectra of the PMMA cuvette filled with
water was used for the reference data. The sensitivity of the films and solutions was attained analyzing
the UV-Vis spectra, and was based on the dose response curve to absorbance measured at
characteristic wavelengths.

Figure 28. Fiber optic spectrometer Ocean Optics (left) and light source HL-2000-LL (Ocean Insight) (right)
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3. Results and discussion
3.1. Characterization of experimental films — radiation exposure indicators

The intension for preparing F1 (5 w% KIO3) film type indicators was to ensure that the maximum
possible amount of additives would dissolve in the 20 % PVA stock solution. The solubility of
potassium iodate is only ~6.5 % [100], sodium tetraborate ~3.7 % [101], while potassium iodide has
a quite large solubility ~58.9 % [102]. Three obstacles were identified performing this experiment:
1) as soon as potassium iodide and potassium iodate were mixed with PVA, the red PVA-triiodide
complex was formed because of oxidizing potassium iodide to polyiodide species by potassium
iodate; 2) due to the large amount of sodium tetraborate and insufficient mixing speed, hardened
sections of the cross-linked PVA-borate structures were formed, preventing homogeneity; 3) the
water amount in the 30 g of 20 % PVA solution of F1 (5 w% KIO3) was ~14.7 g, while the amount
of water needed to dissolve 6 g of potassium iodide is ~4.2 g, 1.5 g of potassium iodate ~21.6 g and
0.12 g of sodium tetraborate ~3.1 g, making request for ~28.9 g of water in total. Theoretically these
salts should also be dissolved by glycerol and especially the PVA itself, as it comprises of a lot of
acetyl- and hydroxyl (polar) groups. Even though the dissolution process was quite complicated, no
undissolved salts were visually seen. Further investigation of this film’s radiation sensitivity related
to color changes upon irradiation was impossible due to very intense dark red color of the solution
(Figure 22 (c)). The most important take away from this experiment was that too large of an amount
of potassium iodate cannot act as a sensitizer, but rather it interacts with potassium iodide as an
oxidizer. It was also found that the concentration of sodium tetraborate should be reduced as the cross-
linked PVA-borate structure became too difficult to manage. Lastly, the amount of 1 w% of glycerol
in the solution is too high since it decelerates drying of the films.

Preparation and investigation of F2 (0.45 w% KIO3) films was performed with the intention to ensure
the applicability of PVA-iodide films containing potassium iodate as a sensitizer for the indication of
radiation exposure. The most important challenge related with this experiment was associated with
the quick cross-linking of the prepared potassium iodide, potassium iodate, glycerol and sodium
tetraborate solution (the salt solution) with the PVA matrix in the stock solution. The problem was
alleviated by adding the prepared salt solution in small portions and ensuring sufficient mixing of the
PVA solution. Another well known problem was related to the slow yellowing of the salt solution as
a result of the potassium iodate interaction with potassium iodide to form various iodide species. It
was found that the produced film solution initially was colorless, but started to turn lightly pinkish
within 15 minutes following the sample preparation and became red after a few hours (Figure 23).
The main takeaway from this experiment was that potassium iodate is seemingly incompatible in
these types of PVA gels as a consequence of its highly oxidative nature.

Since water content plays a crucial role for the properties of PVA based films, swelling-deswelling
behaviour of pure 20 % PVA films was compared with that of F2 (0.45 w% KI10O3) films (Table 6). It
is important to note that PVA_1 and PVA _2 films were not completely dry in this experiment. Since
a lesser amount of PVA was used to form F2 (0.45 w% KIOs3) films, a larger percentage amount of
water was evaporated during the drying process, because less water was coordinated and hydrogen
bonded to a smaller amount of PVA [91]. Another important finding was that the red color, most
likely formed due to PVA-triiodide complexation, disappeared following water evaporation. Red
color incrementally changed to yellow in dried F1 (5 w% KIO3) and F2 (0.45 w% KIOs3) films
probably because of potassium iodate oxidation of potassium iodide to iodide species (Figure 23).
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The later findings led to suggest that larger amount of water is required in order to form the red PVA-
triiodide complex [91].

Table 6. Swelling and deswelling of pure 20 % PVA matrix and F2 films

Type of film | Mass of film | Mass of film, Evaporated Initial water content Percentage of
solution, g g mass, g in film solution, g evaporated water, %
PVA_1 1.85 5.15 92.0
PVA_2 1.84 5.16 92.1
PVA_3 1.64 5.36 95.7
PVA_4 1.62 5.38 >0 96.1
PVA_5 1.62 5.38 96.1
PVA_6 7 1.65 5.35 95.5
F2_1 14 5.6 98.0
F2_2 14 5.6 98.0
F2_3 1.46 5.54 571 97.0
F2_4 1.42 5.58 97.7
F2_5 1.44 5.56 97.3

The feasibility of fabricated iodine containing PVA films to serve as radiation exposure indicators
was assessed, analyzing F2 (0.45 w% KIOz3) films irradiated to different X-ray doses in a linear
accelerator. Since the dried films were already yellow, indicating possible presence of different iodide
species in the film, color changes of these films after irradiation were expected. However, no
significant color changes were found when inspecting irradiated films visually (Figure 29).

0.2 Gy 0.5 Gy 1 Gy 2 Gy 5Gy 10 Gy
Figure 29. Photographs of F2 (0.45 w% KIQ3) films, irradiated to different doses

The UV-Vis spectroscopy may provide some information regarding color changes of the objects that
cannot be identified by visual inspection of samples. It is known, that pure PVA has absorbance peaks
at 280 nm and 335 nm [103], iodate ions (103°) have an absorbance peak at ~180 nm, iodine (I2) has
an absorbance peak of ~203 nm, and triiodide ions (I3") have absorbance peaks of ~288 nm and ~350
nm [104]. In the study, which investigated PVA and potassium iodide films, an absorbance maximum
of ~255 nm was observed, intensity of which was increasing with the increased concentration of Kl
in the films [105]. Lastly, the PVA-triiodide absorbance peak is at ~490 nm [89] [106].

Prior to starting analyzing the UV-Vis spectra of experimental F2 (0.45 w% KI1O3) films and of pure
PVA (Figure 30), it is to state that there was no possibility to identify peak locations of iodate ions
(103Y) and iodine (I2) if any, due to the limited wavelength range of the available spectrometer.

Analysis of the obtained UV-Vis spectra revealed that the absorption properties of pure PVA
indicated slightly increasing tendency with the increasing dose, which could be followed by observing
absorption peaks at ~280 nm and ~335 nm. This minimal increase of absorption can be attributed to
possible polymer structure changes upon irradiation. On the contrary, UV-Vis light absorption by
PVA containing films 0.45% of KIOs (F2 film) is higher as compared to pure PVA and increases
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more significant upon irradiation. Due to the small amounts of different species, a high UV-Vis
absorption in the broad wavelength range of ~280 nm to 420 nm is observed indicating
restructurization of polymer matrix due to additives and due to irradiation. The characteristic peak at
~490 nm related to the PVA-triiodide complex was also not visible.
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Figure 30. Absorbance UV-Vis spectra of PVA and F2 (0.45 % KIOs) films
3.2.  Characterization of liquid radiation indicators

The intention for preparation of S1 (0.45 w% KIO3) indicator solution was verification of the water
importance for the formation of the PVA-triiodide complex. The S1 (0.45 w% KIQO3) indicator
solution behaved similarly to F1 (5 w% KIO3) and F2 (0.45 w% KIOs3) films: initial solution was
colorless, but started to redden, even in a completely dark environment (Figure 24). The red color
became more intense within the next few days (Figure 31) and did not disappear during long term
storage or after irradiation. The takeaway from this experiment was similar as in the case of F1 (5
w% KIOs3) and F2 (0.45 w% KIO3) films — due to the highly oxidative nature of potassium iodate, it
is seemingly incompatible in these types of PVA indicator solutions.

Figure 31. Photographs of pure PVA solution and S1 (0.45 w% KIQO3) solution 2 hours post preparation (a);
pure PVA solution and S1 (0.45 w% KIQ3) solution 7 days post preparation (b)
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The intention for fabrication of S2 (2 w% KI) indicator solution was verification of the negative effect
of potassium iodate on the auto-formation of PVA-triiodide complex. It was observed that the salt
solution started to become slightly yellow before adding it to the PVA matrix. This may be because
of the auto-oxidation of potassium iodide, as a consequence of interacting with light and air. This
process may be mitigated by adding the salt solution to the PVA matrix as fast as possible, while also
trying to maintain a dark environment. It was found that the prepared S2 (2 w% KI) indicator solution
was colorless even 7 days after preparation (Figure 25). It did not turn red or even yellow. This
behavior can be related to the viscosity of the PVA matrix solution and proper Parafilm sealing of the
filled cuvettes, that prevent interaction of the excess air with the potassium iodide in the experimental
solution.

The intention for fabrication of S3 (5 w% KI) indicator solution was radiation sensitivity
enhancement of the solution. To mitigate the yellowing of the salt solution, at first sodium tetraborate
and glycerol were dissolved in water at room temperature and the beaker was covered with aluminum
foil to avoid ambient light. Only afterwards was the potassium iodide dissolved at room temperature
and the prepared salt solution was immediately poured into the 20 % PV A matrix solution. The beaker
with the prepared solution was covered with aluminum foil as well. Unlike the S2 (2 w% KI) indicator
solution, the initially colorless S3 (5 w% KI) indicator solution turned slightly red within 7 days after
preparation (Figure 26). This process may be mitigated by adding radical scavengers such as DMSO,
as it was proposed in the literature review [83]. It would also be possible to reduce coloring of the
solution by varying concentration of potassium iodide, which might be between 2 w% and 5 w%. The
sensitivity of this liquid radiation indicator could also be increased utilizing sensitizers like high
atomic number salts (for instance, silver nitrate) [94].

Optical properties of experimental samples were investigated analyzing UV-Vis spectra of the
indicator solutions. Figure 32 shows UV-Vis transmittance spectra of PVA and S1 (0.45 w% KIlO3)
indicator solutions. It was found, that PVA absorbs light in the ~250 — 340 nm wavelength range like
expected. However, analyzing UV-Vis transmittance in S1 indicator 2 hours after sample preparation
(S1; 2 h), very distinct PVA-triiodide peak ~490 nm was observed, which indicates that potassium
iodate present in the solution oxidized potassium iodide to triiodide species and the PVA-triiodide
complex was formed. It was impossible to identify any spectral peaks in S1 (0.45 w% K10O3) solution
7 days after preparation (S1; 7 d), because of the intense dark red color.
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Figure 32. UV-Vis transmission spectra of PVA and S1 (0.45 w% KIQ3) indicator solutions, where 0 Gy
(S1; 2h) indicates S1 solution spectrum 2 h after preparation and 0 Gy (S1; 7 d) — 7 days after preparation
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Due to the initial deep red color of samples before irradiation, it was not possible to distinguish any
color changes of irradiated samples visually as well (Figure 33).

* $ 9 %

0.2 Gy 0.5 Gy 1Gy 2 Gy 5Gy 10 Gy

Figure 33. Photograph of color of S1 (0.45 w% KIOs3) indicator solution after irradiation to different doses

Characteristic UV-Vis absorption/transmission peak related to PVA-triiodide complex can be seen in
Figure 34 for S2 (2 w% KI) and S3 (5 w% KI) indicator solutions after their irradiation to 10 Gy
dose. The corresponding peak at ~490 nm can be seen more easily in the transmission spectra, where
~10 % intensity decrease for the S2 (2 w% KI) and ~30 % intensity decrease for the S3 (5 w% KI)
can be observed after irradiation of samples.
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Figure 34. UV-Vis absorption (a) and UV-Vis transmission (b) spectra of initial not irradiated and irradiated
to 10 Gy dose S2 (2 w% KIl) and S3 (5 w% KI) indicator solutions
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Figure 35 shows relevant UV-Vis transmission fragments of S2 (2 w% KI) indicator solutions after
irradiation of samples to various doses (a) and repeated irradiation with the same doses (b).
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Figure 35. Fragments of UV-Vis transmission spectra of S2 (2 w% KI) solution after the first round of
irradiation (a), and after the second round (b) of sample irradiation with the same doses

It should be noted that S2 (2 w% KI) indicator solutions were quite insensitive to ambient light and
air conditions during irradiation and UV-Vis analysis procedures, as there was no PVA-triiodide
related peak in the transmission spectra even 7 days after sample preparation. After the first irradiation
round of the S2 (2 w% KI) indicator solutions, they became clear after an additional week in dark
storage. After the second irradiation round with the same doses some more significant visual color
changes were observed (Figure 36).
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Figure 36. Photographs of the color changes of S2 (2 w% KI) indicator solutions after first irradiation cycle
(a) and after second irradiation cycle (b)
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UV-Vis transmission spectra of S3 (5 w% KI) indicator solution is shown in Figure 37, which
indicates the higher dose sensitivity of S3 samples compared with S2 (2 w% KI) indicator solutions.
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Figure 37. UV-Vis transmission spectra of S3 (5 w% KI) indicator solution samples

However, the auto-oxidation of potassium iodide to polyiodide species contributes to dose related
reduction of transmission intensity, which could be observed at the characteristic PVA-triiodide
complex peak at ~490 nm wavelength. This can be observed also in Figure 38, which shows
photographs of S3 solutions irradiated to different doses, where the initial not irradiated solution (left

most) was already reddish, indicating increased instability, most likely attributed to the increased
potassium iodide concentration in the solution.

0 Gy 0.2 Gy 0.5 Gy 1 Gy 2 Gy 5 Gy 10 Gy

Figure 38. Photograph of color changes of S3 (5 w% KI) indicator solution samples

This feature may be utilized searching for the most favorable potassium iodide concentration,

corresponding to the highest radiation sensitivity, while remaining stable after minimal exposure to
ambient light.

Obtained UV-Vis absorbance spectra of irradiated S3 (5 w% KI) radiation indicators were very
similar to those provided by other authors for similarly composed samples [89]. Comparison of UV-
Vis absorbance spectra fragments with indicated absorbance peak at ~490 nm related to the formed
PVA-triiodide complex for both indicators is provided in Figure 39.
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Figure 39. Comparison of the UV-Vis absorption spectra fragments: irradiated S3 indicator solution (a) and
irradiated PVA + Gellan Gum + KI + Fructose gel (b) [89]

Since evaluation of occasional exposure indicated by radiation indicators may be postponed due to
field conditions, follow up of their optical properties was performed, comparing UV-Vis spectra of
S1 (0.45 w% Kl103), S2 (2 w% KI) and S3 (5 w% KI) indicator solutions immediately after irradiation
and one month after irradiation (Figure 40). It is to note that all samples before and after irradiation
were were kept in a dark and dry environment.

Analysis of the spectra led to the conclusion that irradiated S1 (0.45 w% KI103) samples were oxidized
even further, as the transmission started to increase at a longer wavelength. This may be explained
due to the oxidation of potassium iodide to a larger variety or concentration of iodide species, for
instance, pentaiodide (I5). Furthermore, PVA-pentaiodide absorbance maximum is at 645 nm versus
the 490 nm absorbance maximum, corresponding to the PVA-triiodide complex [91] [107].

As for the S2 (2 w% K1) samples, it can be seen that after one month some transmission increase was
observed, especially at ~490 nm, which corresponds to PVA-triiodide characteristic peak. This is in
line with the previous results, where the red color of the samples diminished with time due to the
reductive capabilities of the polyiodide ions to iodide ions [89].

At 5 w% potassium iodide concentration in indicator solution S3, sample oxidization proceeded
further as significantly higher PVA-triiodide complex absorption peak at ~490 nm was observed after
one month.
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Figure 40. UV-Vis transmission spectra of S1, S2 and S3 indicator solution samples: immediately after
irradiation (a) and one month after irradiation (b)

3.3.  Sensitivity of the developed radiation indicators

Radiation sensitivity of irradiated samples was evaluated as a slope of the dose response curve to the
optical properties changes of samples.

Performed investigation revealed that radiation sensitivity of the produced F2 (0.45 % KIOs3) films is
relatively low (0.0429 Gy™) (Figure 41). It is to suggest that the composition of the PV A-iodine based
experimental films needs to be adjusted for better color changes and higher radiation sensitivity prior
to exploring them as radiation exposure indicators.
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Figure 41. Dose response curve to UV-Vis absorbance changes (at ~340 nm) of F2 (0.45 w% KIQ3) film
samples
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Radiation sensitivity of S1 samples was not evaluated because of their color changes to deep red
almost immediately after preparation. It was also impossible to distinguish optical changes after
sample irradiation with different doses (Figure 33). Dose response curves to UV-Vis absorbance
changes for the S2 (2 w% KI) and S3 (5 w% KI) indicator solutions are shown in Figure 42. Obtained
sensitivity values were detectable, however very small: 0.0058 Gy and 0.0135 Gy for S2 and S3
correspondingly.
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Figure 42. Dose response curves to UV-Vis absorbance changes (at ~490 nm) of S2 (2 w% KI) and S3 (5
w% KI) indicator samples

It is to point out, radiation sensitivity of S3 (0.0135 Gy*) was similar to that provided by other authors
(0.010 Gy™Y) [89] as it can be retrieved from Figure 39b.
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Conclusions

Promising PVA-iodide based radiation exposure indicators are proposed in this work, that change
their optical properties from a clear solution to a faint red color in the dose range of 0 — 10 Gy. Gels
of this PVA-I type offers advantages such as simplicity, portability and cost-effectiveness. However,
additional experiments must be performed to ensure a better sensitivity to radiation and more
resistance to ambient conditions, such as light and temperature.

1. Two batches of films and three batches of indicator solutions, containing different concentrations
of potassium iodate, potassium iodide, sodium tetraborate, glycerol and 20 % PVA, were
prepared. The purpose of F1 films, which had very high concentrations of the salts (5 w%
potassium iodate, 20 w% potassium iodide, 0.4 w% sodium tetraborate, 1 w% glycerol), was to
ensure that the maximum possible amounts of chemicals would dissolve in the 20 % PVA stock
solution. The salts ostensibly dissolved, but the resulting films were inhomogeneous due to
problematic mixing. F2 films had a lower concentration of salts (0.45 w% potassium iodate, 2
w% potassium iodide, 0.08 w% sodium tetraborate, 0.5 w% glycerol), but this time it was
concluded that potassium iodate is seemingly incompatible in these types of PVA gels due to its
highly oxidative nature. The same conclusion was reached with S1 indicator solution, which had
the same salt amount. S2 indicator solution, which had the same salt amount as F2 films and S1
indicator solution, but without potassium iodate, was the most stable of the experiments (no color
change due to ambient conditions), but was not as sensitive. S3 indicator solution, which had a
similar composition to S2 indicator solution, but more potassium iodide (5 w% versus 2 w%),
was the most sensitive of the experiments, but not as stable (PVA-triiodide complex formed
without irradiation).

2. F1filmswere unirradiated, because of their inhomogeneity. F2 films a few hours after preparation
turned red and after drying — yellow, but the color after irradiation did not seem to significantly
change. S1 solution also a few hours after preparation turned red and after a few days — dark red;
the color after irradiation did not seem to significantly change as well. S2 solution was colorless
and only changed color to a pale red, when irradiated with 5 Gy and 10 Gy. S3 solution turned a
slight red in the 7 days post preparation, but the color change after irradiation increased with dose,
most distinctly seen with 5 Gy and 10 Gy dose samples. The PVA-triiodide peak at ~490 nm was
present in the UV-Vis transmission spectra of S1 — S3 solutions. When a follow up after one
month post irradiation of the indicator optical properties was performed, S1 samples were
oxidized even further, S2 samples had a reduction in the PVA-triiodide peak (due to reductive
properties of iodide species) and S3 samples were oxidized even further (higher absorbance at
PVA-triiodide peak).

3. The dosimetric sensitivity was not done for F1 films, because of their inhomogeneity. The
sensitivity of F2 films, according to the ~340 nm absorbance maximum of triiodide ions, was only
0.0429 Gy. According to the ~490 nm absorbance maximum of PVA-triiodide complex, S2
indicator samples had a sensitivity of 0.0058 Gy and S3 indicator samples had a sensitivity of
0.0135 Gy'!, which was comparable to a similar composition indicator sensitivity (0.010 Gy™),
described in literature.
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