Downloaded from orbit.dtu.dk on: Jan 09, 2023

Development and characterization of radiochromic and radiofluorogenic solid state
polymer dosimeter material

Bernal Zamorano, Maria del Rocio

Publication date:
2018
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit

Citation (APA):
Bernal Zamorano, M. D. R. (2018). Development and characterization of radiochromic and radiofluorogenic solid
state polymer dosimeter material. DTU Nutech.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
 Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
 You may not further distribute the material or use it for any profit-making activity or commercial gain
 You may freely distribute the URL identifying the publication in the public portal
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Development and characterization of
radiochromic and radiofluorogenic solid state
polymer dosimeter material
PhD dissertation

María del Rocío Bernal-Zamorano

Center for Nuclear Technologies
Technical University of Denmark
January, 2018

Preface
The work described in this thesis was carried out at the Center for Nuclear Technologies
of the Technical University of Denmark (DTU Nutech) placed at Risø Campus (Røskilde),
under the supervision of Lars R. Lindvold as main supervisor, and Claus E. Andersen as
co-supervisor.

Acknowledgements
I would like to thank all the people who made this project possible. Lars René Lindvold,
thanks for sharing your extensive knowledge in chemistry and optics with me, for
sharing also your wonderful library, for being always available and for your support at
every moment. Claus E. Andersen, thanks for helping me with dosimetry concepts,
statistics and R-programming, for your good advices, and your support. Thanks to both
of you for your good guidance in these three years.
Thanks to Mark Bailey for reviewing the thesis, for doing the Monte Carlo simulation of
the gammacell, for helping me with interesting discussions, and for personal support.
Thanks to Mark Bailey, Arne Miller and Torben Esmann Mølholt for helping me with
irradiations and EPR measurements. Thanks to Fedor Zhuravlev, who introduced me to
the design of experiments method and helped me with its analysis.
Thanks to my fellow PhD student Nicolai H. Sanders, who developed the fluorescence
setup that was used in this project. Thanks to Grichar Valdés Santurio, who helped me
with Monte Carlo simulations. Thanks to the rest of the PhD office: Nikola Markovic,
Patrik Sibolt, Martin Autzen, Susanne Nørring Bekke, and also Jeppe Brage Christensen
and Christina Ankjærgaard who visit us often, for being a very good company.
Thanks to Bent Lauritzen, Jens-Peter Lynov, Pia Elhauge, Merete Holmegaard Larsen,
Nina Jensen, Finn Jørgensen and Claus Bang for their support; and to everyone in the
department for making my stay more pleasant.
Finally, I want to thank my friends for their support and for the good moments.
This thesis is dedicated to my parents and my sister Miriam, for their encouragement
and support.
Thank you. Tak. Gracias.
Rocío Bernal Zamorano, January 2018, Røskilde

Abstract
Due to the complexity of external radiotherapy based on, e.g., LINAC, gamma knife and
particle therapy, it is important that the treatment plans and the actual absorbed dose
distribution received by the patient is in agreement. Radiochromic films, radiochromic
and polymerizing gels, and radiochromic solid state dosimeters have been developed
over the years for that purpose. However, 3D dosimetry is still not in use in the clinic.
This PhD-project proposes a novel method that potentially could lead to a polymerbased solid-state dosimeter suitable for use as 3D dose verification using optical
fluorescence tomography.
In this PhD project a radiochromic and radiofluorogenic solid state dosimeter was
developed. The radiation-sensitive component of the dosimeter is pararosaniline leuco
dye, originally used for its radiation-induced color change in the Risø B3 radiochromic
film. This material is well-known from high-dose (> 1kGy) dosimetry in radiation
sterilization of, e.g., disposable medical devices. In this PhD project, a solid-state
polymer material doped with this dye has been developed. The material has maintained
its radiochromic properties even at thickness 500 times thicker than the conventional
film dosimeter. This property has been achieved by the use of two biocompatible
monomers. The first one, poly(ethylene glycol) diacrylate (PEGDA), possesses two
important properties in this context, namely, tissue equivalence and ion-mobility. Ionmobility is very important as it facilitates mobility of the free radicals formed during
irradiation and their subsequent reaction with the radiochromic dye. The second
polymer, 2-hydroxyethyl methacrylate (HEMA), facilitates mechanical stability of the
dosimeter after it has been polymerized.
The fabrication process of the dosimeter is fast and easy. The radiochromic leuco-dye is
dissolved in PEGDA and HEMA together with a photoinitiator. Subsequently, the mixture
is photopolymerized using a 385 nm UV LED light source. The use of
photopolymerization makes it possible to control the process temporally and spatially.
The absorbance and fluorescence responses of this dosimeter were characterized using
a Co-60 gamma-source. Within clinical dose range (0-30 Gy) the material had linear
response of absorbance and fluorescence. The main contributing factors to the
dosimeter response were identified, mainly related to the effect of the photoinitiator,
the secondary polymer, and the photocuring process. The contribution from the dye and
from the matrix to the radiation response was determined by absorbance, fluorescence,
and EPR measurements.
This new solid state dosimeter does not need a container, it presents good optical and
mechanical properties, it is tissue equivalent, and it can be made in any shape. The
studies carried out along this PhD project have shown that this dosimeter is a potential
candidate for use in 3D dosimetry, but further investigation is required to increase the
fluorescence sensitivity to low doses (< 10 Gy).

Resumé (Danish abstract)
På grund af kompleksitets graden ved medicinsk strålebehandling baseret på eksterne
strålekilder som f.eks. LINAC, gammakniv og partikel terapi, er det vigtigt, at kunne
verificere, at den planlagte stråledosis er i overensstemmelse med den absorberede
stråledosis som patienten faktisk har modtaget under behandlingen. Der er i årenes løb
blevet udviklet en række metoder baseret på radiokrome film, radiokrome gel og
radiokrome polymere med henblik på at dække dette behov. Disse metoder har, indtil
videre, dog ikke vist sig at kunne anvendes i daglig klinisk 3D dosisverifikation.
I dette ph.d. projekt er der blevet gjort forsøg på at udvikle og karakterisere et nyt
radiokromt og radiofluorogent polymer materiale, der potentielt kan anvendes til 3D
dosisverifikation baseret på optisk fluorescens tomografi.
Det dosimeter materiale, der er udviklet i dette ph.d. projekt er baseret på et
pararosanilin leuco farvestof, der skifter farve ved bestråling med ioniserende stråling.
Farvestoffet er også kendt som Risø B3 i forbindelse med tyndfilm dosimetre til måling
af høje strålingsdoser (> 1 kGy) ved f.eks. sterilisering af medicinske eengangsartikler. I
dette ph.d. projekt er det lykkedes at fremstille et faststof polymer materiale doteret
med dette farvestof, hvor de radiokrome egenskaber kendt fra tyndfilms materialet er
bevaret ved en tykkelse som er 500 gange tykkere end film dosimetret. Dette er sket ved
at anvende to biokompatible polymer materialer. Det ene materiale, polyethylenglykol
diakrylat (PEGDA), der har to vigtige egenskaber i denne sammenhæng, nemlig
vævsækvivalens og ionmobilitet. Ionmobiliteten gør det muligt for de frie radikaler, der
dannes ved bestråling at reagere med den radiokrome farvestof, som giver dosimeter
responset. Det andet materiale, 2-hydroxyethyl methakrylat (HEMA), gør dosimetret
mekanisk stabilt efter polymerisering.
Fremstillingsmetoden for dette dosimeter materiale er hurtig og enkel. Det radiokrome
farvestof opløses i PEGDA og HEMA, der desuden er tilsat en fotoinitiator. Derefter
fotopolymeriseres blandingen med en 385 nm UV LED lyskilde. Brugen af
fotopolymerisering gør det muligt at styre polymeriseringsprocessen både i tid og sted.
Absorbans- og fluorescens respons fra polymer dosimeter ved bestråling med en Co-60
gammakilde er blevet karakteriseret. Inden for kliniske relevante doser 0-30 Gy har
materialet et lineært respons både i absorbans- og fluorescens signal. De primære
faktorer, der bidrager til dosimeter respons er blevet identificeret som fotoinitiator,
sekundær polymer og fotopolymeriserings processen. Bidraget til dosimeter respons fra
det radiokrome farvestof og primær polymer er blevet undersøgt ved måling af
absorbans, fluorescens og elektron paramagnetisk resonans (EPR) fra dosimeter.
Den nye faststof dosimeter kræver ikke en beholder og kan derfor støbes i vilkårlige
geometrier. Det er desuden vævsækvivalent og har gode optiske og mekaniske
egenskaber. Resultaterne fra dette ph.d. projektet indikerer, at materialet kunne være
en god kandidat som 3D dosimeter til medicinsk dosimetri såfremt dets fluorescens
egenskaber kan forbedres, især ved lave absorberede stråledoser (< 10 Gy).
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Three dimensional
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Cobolt-60
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1-chloro-4-propoxy-9H-thioxanthen-9-one

CQ

Camphorquinone

CT

Computed tomography

DMAEM

2-(Dimethylamino)ethyl methacrylate

DoE

Design of experiments

EDB

Ethyl 4-dimethylaminobenzoate

EPR

Electron Paramagnetic Resonance

FTIR

Fourier transform infrared

Gy

Gray. Unit of dose (J/kg)

HEMA

2-hydroxyethyl methacrylate

ITX

Isopropyl-9H-thioxanthen-9-one

LED

Light emitting diode

LINAC

Linear accelerator

MEHQ

Monomethyl ether hydroquinone

Mw

Molecular weight

Nd:YAG

Neodymium-doped yttrium aluminium garnet

PEGDA

Poly(ethylene glycol) diacrylate

QA

Quality assurance

TCPO

Bis(2,4,6-trichlorophenyl) oxalate

𝑇𝑔

Glass transition temperature

TPO

Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide

UV

Ultraviolet

Co

V

Volt. Unit to electric potential (J/C). Used to quantify the energy of e.g.
diagnostic x-rays devices (kV), radiotherapy photon beams (MV) or
radiotherapy electron beams (MeV, megaelectron volt)

W

Watt. Unit of power (J/s)

𝑍𝑒𝑓𝑓

Effective atomic number

𝜌

Mass density

𝜌𝑒𝑙

Electronic density

𝜇 ⁄𝜌

Mass attenuation coefficient (photons)

𝐿Δ /𝜌

Restricted mass stopping power (electrons)
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Chapter 1

Introduction
Cancer is still the leading cause of death globally. About 14.1 million of new cases per
year are estimated worldwide, from which 8.2 million people die (Ferlay et al., 2013).
Cancers are usually treated with a combination of techniques, such as surgery,
chemotherapy, and radiotherapy.
About 60% of people with cancer get radiotherapy, usually external beam radiotherapy,
which is predominantly based on the use of high-energy X-rays produced by a linear
accelerator (LINAC) to target the tumor from outside the body, rotating around the
patient. The purpose of delivering dose to the tumor may be curative by eliminating the
tumor or palliative by shrinking it for pain relief.
Accuracy and precision are crucial factors in radiotherapy: radiation must hit the tumor
while avoiding the healthy tissue that is next to it (accuracy) and this must occur over
and over again (precision). The treatment is usually divided into small doses (fractions)
to allow the healthy tissue to recover. To ensure that radiation targets just the tumor
and not the healthy tissue, and thereby minimize the incidence of severe side effects
arising from the irradiation of healthy tissue, individualized treatment plans and highprecision delivery techniques have been developed during the last decades.
Treatment planning is carried out by using a computed tomography (CT) scan of the
patient; radiation oncologists define empirically the planning target volume (PTV), and
commercial treatment planning systems are used to calculate the dose distribution in
the target tumor and in organs at risk. Regarding the LINAC, the beam is shaped to
conform to the specific three dimensional (3D) shape of the tumor by intensitymodulated radiation therapy (IMRT), delivering multiple beams of different intensities.
Imaging of the tumor during treatment is possible by image-guided radiotherapy (IGRT),
allowing making necessary adjustments in the beam guiding (Baskar et al., 2012).
The 3D dose distribution in the patient is determined by advanced computerized dose
calculation algorithms. However, due to the complexity of these dose distributions,
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experimental verification of the treatment plan is necessary (Low, 2015). A
measurement of the 3D distribution would ensure that the treatment is delivered as
intended. This demand is present both, for everyday patient safety, and for quality
assurance of clinical trials aiming to establish the benefits of new treatment modalities.
Here it is when the need for 3D dosimetry arises.

1.1.

3D Dosimetry

Radiation measurements are carried out by dosimeters. Point dosimeters, like ionization
chambers, thermoluminescent dosimeters (TLD), diodes, alanine and scintillators,
measure the absorbed dose in a single point, usually inside a water tank or a solid water
phantom while irradiated by the LINAC (figure 1.1a). They are mainly used for beam
calibration and quality assurance (QA).
In 2 dimensions (2D), GafChromic™ radiochromic film is widely used in the clinic for QA.
It is a polydiacetylene-based film in which radiation induces polymerization of the
diacetylene monomers, leading to a series of polyconjugated carbon double bonds and
therefore it is accompanied by a color change (ICRU, 2008). The green film darkens its
color with radiation and the absorbed dose is obtained by measuring the color change of
the film with an optical scanner. There are several GafChromic™ films with different
dose ranges and applications (Ashland, 2017)). GafChromic™EBT3 film (0.1 cGy – 10 Gy)
is used for IMRT treatment plan verification by placing it in different sections of a
phantom (figure 1.1b). Then, the 3D dose distribution in the phantom obtained by the
treatment planning system is compared to the film measurements (Borca et al., 2013).
However, this is not a real 3D measurement. Since absorbed dose distributions from
IMRT are complex, a full 3D measurement with high spatial resolution is required.

Figure 1.1: a) Varian TrueBream™ LINAC at DTU Nutech. b) GafChromic™ film inserted in
a thorax-like phantom (Supertech, 2017). Detail of an irradiated film (Wang et al., 2012).
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3D dosimetry systems are radiation sensitive volumes that change their chemical
properties with ionizing radiation. This response, quantifiable by a measurement
system, should be stable and reproducible. The dosimeter would be capable of
rendering a 3D dose profile from an external radiation treatment session by placing it in
lieu of the area targeted for treatment. Some 3D dosimetry systems that will be
following discussed are presented in table 1.1.
Table 1.1: 3D dosimetry systems.

The first 3D dosimeters that were developed were radiochromic gels, polymer gels that
change color with radiation. In 1950, methylene blue and indo-phenol dyes contained in
gelatin or agar matrices were investigated (Day and Stein, 1950). A well-known
radiochromic gel is the Fricke gel, a ferrous sulfate dosimeter that oxidizes by effect of
radiation, changing the ionization state of ferrous ions (Fe2+) to ferric (Fe3+) in proportion
to the absorbed dose (Schreiner, 2004). Figure 1.2a shows Fricke gels based on polyvinyl
alcohol (PVA) irradiated with high-energy X-rays (d’Errico et al., 2017). The increase in
color intensity corresponds to the increase in absorbed dose. The figure also includes
the magnetic resonance imaging (MRI) maps used to determine the ferric ion
distribution. A major problem of Fricke gels is the diffusion of the ions, resulting in a
blurring image and therefore in a poor spatially-resolved dose distribution. Another
radiochromic gel dosimeter (RGD) is the one based on malachite green (MG) leuco dye,
contained in an aqueous gelatin matrix. The leuco dye is oxidized by free radicals
produced upon irradiation, leading to a color change (Vandecasteele and De Deene,
2013).
Alongside, another type of gel dosimeters was developed: polymerizing gels (Baldock et
al., 2010), in which radiation induces a chain polymerization converting them into solids.
They are usually formed by an aqueous gelatin base, a monomer, a crosslinker, and an
antioxidant compound since oxygen inhibits polymerization by scavenging the radicals
form after irradiation. They can be grouped according to their monomer into
polyacrylamide gelatin (PAG) gels and methacrylic acid gelatin (MAG) gels (Watanabe et
al., 2017). Other versions have been developed, such as the VIPAR gel, with Nvinylpyrrolidone (NVP) as monomer; and the PABIG gel, with poly(ethylene glycol)
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diacrylate (PEGDA, Mw = 700 g/mol). The last one is shown in figure 1.2b after 10 Gy
irradiation with a 192Ir brachytherapy source. The opaque region in the middle is due to
radiation-induced polymerization (Sobotka et al., 2012).

Figure 1.2: a) Radiochromic Fricke gels, based on PVA, with their correspondent MRI
maps, irradiated with high-energy X-rays to increasing doses (d’Errico et al., 2017). b)
Polymerizing PABIG gel, based on PEGDA, showing opaque polymerized region in the
middle due to 192Ir brachytherapy source irradiation to 10 Gy (Sobotka et al., 2012).

A dosimetry system comprises not only the dosimeter itself, with its correspondent
storage conditions and calibration, but also the measurement process (instrument and
procedure). The measurement technique for gels was traditionally MRI but due to its
high cost it is mostly dedicated to patients, so an alternative read-out based on optical
methods started to be used: optical computed tomography (OCT). Therefore, the dose
would be obtained by measuring the change in the optical properties of the dosimeters
after irradiation. In polymerizing gels, the transparent unirradiated gel becomes opaque
when it solidifies due to radiation, and this transparency can be quantified by measuring
the scattered light. In radiochromic gels, the color change is quantified by measuring the
optical density or absorbance.

Gel dosimeters can present problems such as blurring of images, diffusion of the dose
response inside the gel, and the need of a container that adds artifacts into the readout. These may be solved by using a solid state dosimeter instead. Already in 1961, a
solid in-phantom dosimeter with the form of a human head and neck was presented
(Potsaid and Irie, 1961). This model, shown in figure 1.3, acts as both phantom and
dosimeter. The system, containing methyl yellow dye in a paraffin-wax matrix with
chloroform and bromoform, is converted from yellow to red when it is irradiated (see
dark area in the section of the model in figure 1.3). The color change is proportional to
the absorbed dose.
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Figure 1.3: In-phantom dosimeter representing head and neck, irradiated with a proton
beam (notice the Bragg peak) (Potsaid and Irie, 1961).

However, it was not until 2003 that the first commercially available solid state
dosimeter, Presage™, was introduced. It can be made in any shape, like the rodentmorphic dosimeter shown in figure 1.4a (Bache et al., 2015). Its dose response is due to
the color change of the malachite green (MG) leuco dye, contained in a polyurethane
matrix. Since then, many studies have been carried out (Khezerloo et al., 2017) and new
versions have been developed (Høye et al., 2015).
Although this dosimeter does not have the limitations of gels, the read-out is very time
consuming, which hinders its routine use in the clinic. The solid dosimeter is placed in an
aquarium filled with a refractive index matching fluid to avoid refraction at the
dosimeter surface. Then, it is scanned in different slices and for different directions in
each slice while it rotates. The conventional scanner was the OCTOPUS™, whose scan
and image reconstruction required a time of several hours (Sakhalkar et al., 2009). New
designs have been developed since then, like the in-house DLOS (Duke Large-Field
Optical-CT System) (figure 1.4b) (Thomas et al., 2011) or the commercially available
VISTA™ optical CT scanner (Modus QA, 2017), decreasing the overall time to less than 1
hour. However, 3D dosimetry is still not used in the clinic.

Figure 1.4: a) Rodent-morphic Presage™ made by using 3D printed molds derived from
rat CT data (Bache et al., 2015). b) DLOS optical CT scanner (Thomas et al., 2011).
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A simpler, in-situ, and faster measurement process with higher spatial resolution is
needed to facilitate the use of 3D dosimetry in the clinic. This can be achieved by using
optical fluorescence tomography (OFT), which obtains a complete 2D image in one go by
using a black and white charged-coupled device (CCD) camera. Besides accelerating the
scanning speed, this technique facilitates the detection of small signals and the
equipment is simpler. A radiofluorogenic dosimeter gel (RFG) based on maleimidopyrene (MPy) dye, which becomes fluorescent when co-polymerized with tertiary-butyl
acrylate (TBA) by effect of radiation, has been studied so far with this technique for
high-energy particle radiotherapy applications (figure 1.5) (Warman et al., 2013).

Figure 1.5: Radiofluorogenic gel (40 x 40 mm2, 50 mm long) exposed to 80 MeV proton
beams attenuated by 22, 32 and 42 mm thick polystyrene plates used to slow down and
stop the protons at different depths (different Bragg peaks) (Warman et al., 2013).
Optical fluorescence tomography is the technique thought for the measurement of the
3D solid state dosimeter presented in this thesis. The equipment is developed in a
parallel PhD project (Sanders, 2017) and the readout only takes 1.5 min/cm.

1.1.1. Characteristics of a good 3D dosimetry system
In order to design a new and more effective 3D dosimetry system that could be practical
for use in the clinic, the following characteristics were regarded as highly desirable:








Solid state, easy to handle.
Water equivalent, and therefore tissue equivalent.
Fast, easy and controllable manufacturing.
Radiation-induced response linear with dose.
Stable radiation-induced response.
Radiation-induced response independent of environmental influence factors,
such as temperature, humidity, light, dose rate, and energy.
Fast, easy and highly spatially-resolved measurement.
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1.1.2. The concepts of our 3D dosimeter
The new 3D dosimetry system that we are developing comprises the following
characteristics (presented in table 1.1 for other 3D dosimetry systems):





State: solid.
Response: radiofluorogenic and radiochromic.
Measurement: fluorescence of pararosaniline dye.
Readout: optical fluorescence tomography (OFT).

In this thesis, a dosimeter is developed, which is based on the following concepts:








A leuco dye capable of forming a stable dye after exposure to ionizing radiation.
This dye is fluorescent when embedded in a solid state matrix. It responds to
radiation by increasing color intensity (magenta) and fluorescence.
A light curable hydrophilic polymer capable of facilitating the reaction of the
leuco dye. Water equivalent.
A secondary polymer providing mechanical stability to the first polymer.
Preferably also hydrophilic.
A hydrogen donor compound to abstract the nitrile group leaving from the leuco
dye when is transformed to the dye, and thus avoiding reaction reversibility.
An organic polar solvent with high dielectric constant to promote the reaction.
A photoinitiator to solidify the matrix by a photocuring process, which allows a
better polymerization control and the possibility of 3D printing.

The theory behind these concepts will be explained in the following chapters of the
introduction.

1.2.

Interaction of radiation with matter

In this chapter, a brief introduction of the processes that occur when radiation interacts
with matter is given. First, it is necessary to classify radiation into two categories:
ionizing and non-ionizing. Ionizing radiation imparts to materials through which it
passes, more than the energy needed to cause a valence electron to escape an atom or
molecule, which is of the order of a few eV. It comprises charged particles (usually
electrons, protons, alpha particles and heavy ions) and uncharged particles (UV photons,
X-rays, and gamma rays; and neutrons). The most frequent range of energies used in
radiotherapy is 10 keV – 25 MeV for electrons and photons, up to 100 MeV for neutrons,
up to 300 MeV for protons and up to 400 MeV/𝑚𝑢 for heavy ions (𝑚𝑢 is the atomic
mass unit). Non-ionizing radiation comprises radiofrequency, microwave, infrared
radiation, visible light, and it is insufficiently energetic to ionize matter (Andreo et al.,
2017).
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1.2.1. Ionizing radiation
Ionizing radiation interacts with matter depending on its nature: directly ionizing
radiation (charged particles) and indirectly ionizing radiation (uncharged particles).
Charged particles interact with nearly every atom along its path, depositing their energy
in the medium through direct Coulomb-force interactions with the nearby atoms and
losing their energy gradually. These Coulomb-force interactions are characterized in
terms of the relative sizes of the impact parameter and the atomic radius into soft and
hard collision, and bremsstrahlung radiation (Andreo et al., 2017).
Uncharged particles, by contrast, may pass through matter with no interactions at all.
They deposit their energy by a two-step process: first they transfer their energy to
charged particles, and then these charged particles will deliver their energy to matter as
previously mentioned (Knoll, 2010). Figure 1.6 shows the interaction of photons (either
X-rays or gamma rays) with matter (photoelectric effect, Compton effect and pair
production). Figure 1.7 shows the regions in which each photon interaction
predominates, depending on the incident photon energy (ℎ𝜈) and the absorber material
atomic number (𝑍).

Figure 1.6: Photon interactions (Beierholm, 2011).

Figure 1.7: Regions of predominance (Attix, 1986).
In the case of radiotherapy (X-rays ~0.5 MeV upward, and 60Co 1.17 MeV and 1.33
MeV), the dominant interaction is the Compton effect, which involves the interaction of
photons with loosely bound electrons. Photons transfer some of their energy to
electrons and the rest is emitted as scattered photons. Then, these electrons transfer
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energy to the medium. Therefore, the absorbed dose to a medium is entirely delivered
by electrons. These electrons are responsible for most of the biological damage.
Ionization of molecules can lead to radiolysis (breaking chemical bonds) and formation
of free radicals (atom, molecule or ion with an unpaired valence electron). These free
radicals may then react producing chemical changes in the material. In dosimetry these
chemical changes are used to determine the absorbed dose in the material.

1.2.1.1. Absorbed dose in the medium
Some of the most relevant radiation quantities in the interaction of ionizing radiation
with matter are the following (Andreo et al., 2017):
 Absorbed dose (𝐷) is the mean energy 𝑑𝜀̅ imparted to a mass 𝑑𝑚 by ionizing
radiation. It is expressed by equation 1.1 and its unit is the gray (𝐺𝑦).
𝐷 =

𝑑𝜀̅
(1.1)
𝑑𝑚

 Fluence (𝛷) is the number of particles or photons 𝑑𝑁 crossing a sphere of crosssectional area 𝑑𝑎. The energy fluence (𝛹) is the incident radiant energy on the
sphere. They are respectively expressed by equations 1.2 and 1.3. The expressions
corresponding to a monoenergetic beam are extended to a beam with a spectrum
of energies (expressions with respect to energy, 𝐸). For a monoenergetic beam,
𝛹 = 𝛷𝐸, where 𝐸 is the energy of the beam.
Φ=

Ψ=

𝑑𝑁
𝑑Φ
(𝐸) (1.2)
→ Φ𝐸 (𝐸) =
𝑑𝑎
𝑑𝐸

𝑑𝐸
𝑑Ψ
𝑑Φ
(𝐸) =
(𝐸)𝐸 (1.3)
→ Ψ𝐸 (𝐸) =
𝑑𝑎
𝑑𝐸
𝑑𝐸

 Kinetic energy released per unit mass (Kerma, 𝐾) is the mean kinetic energy
transferred from uncharged particles to charged particles 𝑑𝐸𝑡𝑟 in a mass 𝑑𝑚. The
unit is 𝐽 𝑘𝑔−1 and the special name for the unit is the gray (Gy). It is expressed by
equation 1.4, where 𝜇𝑡𝑟 ⁄𝜌 is the mass energy transfer coefficient of the material
for uncharged particles of energy 𝐸. The concept is also extended to a spectrum
of energies.
𝐾=

𝑑𝐸𝑡𝑟
𝜇𝑡𝑟
𝜇𝑡𝑟 (𝐸)
=Ψ
→ 𝐾 = ∫ Ψ𝐸 (𝐸)
𝑑𝐸 (1.4)
𝑑𝑚
𝜌
𝜌
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 Stopping power (𝑆) is the energy lost by charged particles in traversing a distance
𝑑𝑥 in the medium. It is the rate at which energy is transferred from the charged
particles in the medium to the medium itself. Its unit is 𝑀𝑒𝑉 𝑐𝑚−1 or J m−1. It is
expressed by equation 1.5.
𝑑𝐸
𝑆=
(1.5)
𝑑𝑥
 Mass attenuation coefficient (𝜇⁄𝜌) is the fraction of photons interacting in 𝑑𝑥 in a
medium of density 𝜌. It characterizes how easily a material can be penetrated by
a photon beam. Its unit is cm2 g −1 . The mass energy absorption coefficient (𝜇𝑒𝑛 ⁄𝜌)
describes the fraction of photon energy transferred and subsequently resulting in
local dose deposition. It is related to 𝜇⁄𝜌 by equation 1.6, where ̅
𝐸𝑎𝑏 is the
average energy absorbed per interaction and ℎ𝜈 the photon energy. Equation 1.6
shows the mass energy absorption coefficient averaged over the energy fluence
spectrum.
𝜇𝑒𝑛
𝜌

=

̅𝑎𝑏
𝜇 𝐸
𝜌 ℎ𝜈

𝜇
̅ 𝑒𝑛

→

𝜌

=

1
Ψ

∫

𝐸𝑚𝑎𝑥

0

Ψ𝐸 (𝐸)

𝜇𝑒𝑛 (𝐸)
𝜌

𝑑𝐸 (1.6)

Since charged particles interact with atomic electrons and nuclei of the medium by soft
and hard collisions or by radiative bremsstrahlung, the Kerma and the stopping power
can be divided in these two contributions: 𝐾 = 𝐾𝑐𝑜𝑙 + 𝐾𝑟𝑎𝑑 and 𝑆 = 𝑆𝑐𝑜𝑙 + 𝑆𝑟𝑎𝑑 where
the subscripts refer to collisional and radiative. Energy from bremsstrahlung is carried
away by photons, while energy from the collisional contribution produces ionizations
and excitations. This results in locally deposited energy, close to the incident particle
track. Two results are derived from that:
Firstly, for a photon spectrum, collisional Kerma is a good approximation for the
absorbed dose in the medium if charged particle equilibrium (CPE) exists. That is if each
charged particle of a given type and energy leaving the volume is balanced by a particle
of the same type and energy entering the volume (secondary electrons are absorbed on
the volume). In that way, the dose in the medium (𝐷𝑚𝑒𝑑 ) is related to the photon
fluence in the medium (𝛷𝐸 )𝑚𝑒𝑑 by equation 1.7.
𝐸𝑚𝑎𝑥

𝐷𝑚𝑒𝑑 = 𝐾𝑐𝑜𝑙 = ∫

0

𝐸 (𝛷𝐸 )𝑚𝑒𝑑 (

𝜇𝑒𝑛 (𝐸)
)
𝑑𝐸
𝜌
𝑚𝑒𝑑

(1.7)

Secondly, for a charged particles spectrum and if knock-on equilibrium (KOE) exists
(always present if CPE exits), the absorbed dose in the medium is related to the electron
fluence in the medium by equation 1.8.
𝐸𝑚𝑎𝑥

𝐷𝑚𝑒𝑑 = ∫

0

𝑆𝑐𝑜𝑙 (𝐸)
(𝛷𝐸 )𝑒𝑚𝑒𝑑 (
)
𝑑𝐸
𝜌
𝑚𝑒𝑑

(1.8)
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1.2.1.2. Cavity theory
To measure the absorbed dose in a medium a dosimeter is needed, which can be seen
as a cavity in the medium. According to the size of the dosimeter relative to the range of
charged particles (secondary electrons) crossing it, the dosimeter may be considered a
small, large or intermediate cavity. Figure 1.8 illustrates the three cavity theories
(Andreo et al., 2017).

Figure 1.8: Schematic drawings of cavity theory (adapted from Andreo et al., 2017): a)
small, b) intermediate, c) large.
In the small cavity, the absorbed dose is delivered by secondary electrons that traverse
the cavity completely, while in the large cavity it is delivered by secondary electrons
starting and stopping within the cavity. In the intermediate cavity, besides the previous
two cases, secondary electrons originated in the cavity and stopping in the wall or
starting in the wall and terminating in the cavity are also considered.
These theories are expressed by equations that relate the absorbed dose measured in
̅𝑑𝑒𝑡 ) with the absorbed dose in the medium (𝐷𝑚𝑒𝑑 ).
the detector (𝐷
In the small cavity, the electrons responsible for the absorbed dose are generated
outside the detector, so the detector ‘senses’ electrons whose energy is deposited
locally during their path through the cavity. Therefore, the absorbed dose is obtained by
using the mass collision stopping power (𝑆𝑐𝑜𝑙 ⁄𝜌). In the Bragg-Gray cavity theory
(equation 1.9) no secondary electrons generated in the cavity escape it.
𝐸𝑚𝑎𝑥
𝑆 (𝐸)
(Φ𝐸 )𝑚𝑒𝑑 ( 𝑐𝑜𝑙
𝜌 )𝑚𝑒𝑑 𝑑𝐸
𝐷𝑚𝑒𝑑 ∫0
𝐵𝐺
𝑓(𝑄) =
=
= 𝑠𝑚𝑒𝑑,𝑑𝑒𝑡
̅𝑑𝑒𝑡
𝐸𝑚𝑎𝑥
𝑆𝑐𝑜𝑙 (𝐸)
𝐷
(Φ𝐸 )𝑚𝑒𝑑 (
) 𝑑𝐸
∫0
𝜌

(1.9)

𝑑𝑒𝑡

The Spencer-Attix cavity theory (equation 1.10) is a more general formulation for the
small cavity that uses the restricted mass stopping power (𝐿Δ /𝜌). Electrons with
energies below the cutoff energy Δ are locally absorbed, while for larger energies than Δ
the electrons have enough kinetic energy to pass through the cavity. Restricted stopping
powers are lower than the unrestricted, which include the secondary scattered
electrons. This theory was further formulated by Nahum to include track-end terms (TE)
that represent local deposition of energy by particles with energies below Δ during their
𝐵𝐺
𝑆𝐴
path through the cavity. 𝑠𝑚𝑒𝑑,𝑑𝑒𝑡
and 𝑠𝑚𝑒𝑑,𝑑𝑒𝑡
are the Bragg-Gray and the Spencer-Attix
mass collision stopping power ratios.
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𝐸𝑚𝑎𝑥
𝐿Δ (𝐸)
(Φ𝐸 )𝑡𝑜𝑡
𝑑𝐸 + 𝑇𝐸𝑚𝑒𝑑
𝑚𝑒𝑑 ( 𝜌 )
𝐷𝑚𝑒𝑑 ∫Δ
𝑚𝑒𝑑
𝑆𝐴
𝑓(𝑄) =
=
= 𝑠𝑚𝑒𝑑,𝑑𝑒𝑡
(1.10)
̅𝑑𝑒𝑡
𝐸𝑚𝑎𝑥
𝐿
(𝐸)
𝐷
Δ
𝑡𝑜𝑡
(Φ𝐸 )𝑚𝑒𝑑 (
∫Δ
𝜌 )𝑑𝑒𝑡 𝑑𝐸 + 𝑇𝐸𝑑𝑒𝑡

In the large cavity, the electrons responsible for the absorbed dose are generated inside
the detector, so the energy is deposited by the photon-liberated secondary electrons. In
that case, the detector reflects internal photon interactions, so the mass energy
absorption coefficient (𝜇𝑒𝑛 ⁄𝜌) is relevant here.
𝐸𝑚𝑎𝑥
𝜇
𝑝ℎ
𝐸 (𝜙𝐸 )𝑚𝑒𝑑 ( 𝜌𝑒𝑛 )
𝑑𝐸
𝐷𝑚𝑒𝑑 ∫0
𝑚𝑒𝑑
𝑓(𝑄) =
= 𝐸
𝜇
𝑝ℎ
̅𝑑𝑒𝑡
𝐷
∫0 𝑚𝑎𝑥 𝐸 (𝜙𝐸 )𝑑𝑒𝑡 ( 𝜌𝑒𝑛 ) 𝑑𝐸

(1.11)

𝑑𝑒𝑡

In the intermediate cavity, both cases are combined. The parameter 𝑑 in equation 1.12
approaches 0 for large cavities and 1 for small cavities; 𝑠𝑑𝑒𝑡,𝑚𝑒𝑑 is the stopping power
ratio; and (𝜇𝑒𝑛 ⁄𝜌)𝑑𝑒𝑡,𝑚𝑒𝑑 is the mass energy absorption coefficient ratio. The first term
of the equation, takes into account the dose due to electrons from the medium, while
the second term corresponds to the dose from photon interactions in the cavity. Solid
state detectors are considered an intermediate cavity; therefore, this is the theory that
is used in chapter 4.7 for the study of the dosimeter presented in this thesis.
̅𝑑𝑒𝑡
1
𝐷
𝜇𝑒𝑛
=
= 𝑑𝑠𝑑𝑒𝑡,𝑚𝑒𝑑 + (1 − 𝑑) ( )
𝑓(𝑄) 𝐷𝑚𝑒𝑑
𝜌 𝑑𝑒𝑡,𝑚𝑒𝑑

(1.12)

1.2.1.3. Water equivalence
One of the characteristics mentioned in chapter 1.1 for a good 3D dosimeter was water
equivalence. This is because radiation is absorbed in a different way depending on the
density of the medium, as it can be seen in figure 1.9 for different mediums in the body.
The attenuation coefficient (𝜇) represents how easily a material can be penetrated by a
beam of energy 𝐸. This difference allows distinguishing bones in radiology due to their
strong attenuation. In the radiotherapy range (X-rays ~0.5 MeV upward, and 60Co 1.17
MeV and 1.33 MeV), the attenuation coefficients are not so different, avoiding selective
absorption and facilitating deeper penetration of ionizing radiation in the body.
The main application of our dosimeter is to experimentally map the 3D dose distribution
of a radiotherapy session as an estimation of the dose distribution in the patient. Since
organs and human tissue are mainly composed of water (most organs and tissues
contain more than 70% water), the dosimeter material should have characteristics as
close to water as possible.
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Figure 1.9: Absorption coefficient of tissue compounds of different densities (bone,
water, air and fat) as function of the energy (adapted from Zaragoza, 1992).
Water equivalence is a desirable characteristic of any dosimeter, also 1D and 2D, since
the current protocols used in radiotherapy departments, such as the International
Atomic Energy Agency (IAEA) TRS-398 (IAEA, 2000) or the American Association of
Physicists in Medicine (AAPM) TG-51 (AAPM, 1999) are based on reporting the absorbed
dose to water, and the QA measurements are usually performed in water tanks. If a
dosimeter is water equivalent, its perturbation in the water tank is minimized.
Three parameters are often used to quantify the water equivalence of a dosimeter
material: mass density (𝜌), electronic density (𝜌𝑒𝑙 ) and effective atomic number (𝑍𝑒𝑓𝑓 ).
The electronic density is expressed by equation 1.13, where 𝑁𝐴 (= 6.022 ∙ 1023 mol-1) is
Avogadro´s number, 𝜌𝑚 is the mass density, and 𝑁𝑖 , 𝑍𝑖 and 𝐴𝑖 are respectively the
number of atoms, the atomic number and the mass number of atoms of specie 𝑖.
𝜌𝑒𝑙 = 𝑁𝐴 𝜌𝑚

∑ 𝑁𝑖 𝑍𝑖
∑ 𝑁𝑖 𝐴𝑖

(1.13)

𝑍𝑒𝑓𝑓 can be calculated by equation 1.14 (Johns and Cunningham, 1983), where a is the
element-specific ratio of the number of electrons to the total electronic number, 𝑍 is the
atomic number of each element, and 𝑚 is an energy-dependent number. The exponent
𝑚 is usually 3.5 for the kilovoltage (kV) range used in diagnostic radiology, and 1 for the
megavoltage (MV) range used in radiotherapy.
𝑚

𝑍𝑒𝑓𝑓 = √𝑎1 𝑍1𝑚 + 𝑎2 𝑍2𝑚 + ⋯

(1.14)

However, since the dominant interaction in radiotherapy is the Compton effect as seen
previously, and for low 𝑍𝑒𝑓𝑓 materials (such as carbon, air, water and tissue) this region
is very broad (see figure 1.7), the cross section for Compton effect varies only slowly
with 𝑍. Therefore, it is preferable to compare other parameters, like the mass
attenuation coefficients and the stopping powers. They are directly related to the
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absorbed dose in the medium, as seen in equations 1.7 and 1.8. The water equivalence
of the dosimeter presented in this thesis is discussed in detail in chapter 4.7.

1.2.2. Non-ionizing radiation
The way light interacts with the dosimeter is important for this thesis since the
dosimeter is cured by UV light and measured by obtaining its absorbance and
fluorescence spectra.
Light interacts with matter in many different ways that can be classified into (figure
1.10): reflection, refraction, absorption, luminescence, scattering and transmission. First,
light may be reflected on the surface of the solid (also on the back surface once it is
inside the solid). When light enters into the medium, the medium´s refractive index may
be different, so light´s velocity changes (refraction), which produces bending of the
beam at the interface without changing intensity. During propagation, light may be
attenuated if light frequency and transition frequencies of the atoms in the medium are
resonant (absorption). Spontaneous emission of light from excited atoms, in all
directions and with a different frequency, may also be possible (luminescence). Light can
also interact with the medium by redirecting the beam, either with or without a change
in frequency (inelastic or elastic scattering respectively). Finally, light that was not
attenuated along the pathway is transmitted (Fox, 2007).

Figure 1.10: Processes that occur when light interacts with matter (adapted from Fox,
2007).

Focusing on a molecular level, when a molecule AB absorbs a photon, it is excited to a
higher electronic state AB*. The primary processes in which the excited species loses its
excess energy are presented in figure 1.11 (Wayne and Wayne, 2005). Absorption of
light can therefore promote a chemical change (routes i to iii), but also the unstable
excited molecule may be deactivated by physical processes where the excess energy is
not used for a chemical change (routes iv to viii). The photophysical processes are the
following:

CHAPTER 1: INTRODUCTION

15

 Intra- and inter- molecular energy transfer: excitation energy populates a new
energetic level in the same or in a different molecule respectively.
 Luminescence: emission of light. It is classified into fluorescence or
phosphorescence depending on the nature of the excited state (singlet and triplet
respectively). If the species AB* was originated from a chemical reaction instead
of absorption of light, then the emission is called chemiluminescence.
 Quenching: loss of energy by collision with another molecule M. It competes with
emission, reducing the fluorescence or phosphorescence intensity. Quenching is
very important in the liquid phase, where collisions are very frequent. In the solid
state, collisions may be hindered by the rigidity of the structure.

Figure 1.11: Routes of loss of electronic excitation (Wayne and Wayne, 2005).
The most common measurement method used in 3D dosimetry is optical CT, which
consists on measuring the absorbed light. The absorbed intensity follows Beer-Lambert
law (equation 1.15), where 𝐼0 is the intensity of the incident light, 𝐼 is the intensity of the
transmitted light, 𝜀 is the molar extinction coefficient (cm-1mol-1), 𝑐 the concentration of
absorbing species and 𝑑 is the optical path length. The absorbance or optical density is
defined as 𝐴 = −log(𝐼 ⁄𝐼0 ), therefore 𝐴 = 𝜀𝑐𝑑 (Drobny, 2010).
𝐼 = 𝐼0 10−𝜀𝑐𝑑 (1.15)
However, fluorescence is much more sensitive than absorbance (Lakowicz, 2006), and
that is the reason for developing a radiofluorogenic dosimeter.

1.2.2.1. Fluorescence
Particular emphasis has thus far been put on those dosimeters that change their optical
properties as function of the absorbed dose. Optical CT is used to reconstruct the
pattern of delivered doses by measuring the transmitted light intensity in different
directions and for different sections. The transmitted light intensity is corrected to
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obtain the absorption, which contains information about the absorbed dose. For solid
3D dosimetry, the scanning process is as follows: for a particular section of the
dosimeter the transmitted light is measured for one direction, then the solid is rotated
and the transmitted light is measured for a different direction; this process is repeated
for different sections. Besides the time consuming scanning process, the use of complex
algorithms like the inverse Radon transform (Radon, 1917), used to reconstruct the
image given the projection data, makes the process very long. A way to increase the
scanning speed is by using scanners based on charged-couple device (CCD) or scientific
complementary metal-oxide-semiconductor (sCMOS) cameras that measure the
fluorescence and allow obtaining a complete 2D image in one go. In that way it is not
necessary to scan different directions for each section. Measuring fluorescence could
also provide higher sensitivity and spatial resolution, which is crucial for 3D dosimetry.
In figure 1.12 (Lakowicz, 2006) the Jablonski diagram illustrates the electronic states of a
molecule. The states are grouped by spin multiplicity, singlet (𝑆) and triplet (𝑇), and
arranged by increasing energy (𝑆0 , 𝑆1 , 𝑆2 ). At each energy level, vibrational levels may
exist (depicted by 0, 1, 2 in 𝑆0 ). When a molecule absorbs a photon of energy ℎ𝜈𝐴 it is
excited to a higher state (𝑆0 + ℎ𝜈𝐴 → 𝑆1 ). From there, non-radiative transitions may
happen such as internal conversion (𝑆1 → 𝑆0 + ℎ𝑒𝑎𝑡) and intersystem crossing
(𝑆1 → 𝑇1 ). These processes compete with the luminescent processes of fluorescence
(𝑆1 → 𝑆0 + ℎ𝜈𝐹 ) and phosphorescence (𝑇1 → 𝑆0 + ℎ𝜈𝑃 ) . The lifetime of fluorescence is
extraordinarily short, typically near 10 ns, while the lifetime of phosphorescence is
milliseconds to seconds. After the excitation light ceases, phosphorescence continues
for up to a few seconds, while fluorescence not.

Figure 1.12: Jablonski diagram (Lakowicz, 2006).
Fluorescence, therefore, occurs when an excited molecule that has absorbed photons
emits light while returning to its ground state. Usually the molecule is excited to a high
vibrational level of 𝑆1 . From there, it decays quickly (10-12 s) by internal conversion to
the lowest vibrational level of 𝑆1 . Fluorescence emission starts generally from that level,
and decays typically to a high vibrational level of 𝑆0 , which again quickly decays by
internal conversion to its lowest vibrational level . Some characteristics of fluorescence
emission derived from this are discussed below (Lakowicz, 2006).
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Stokes shift
Fluorescence typically occurs at lower energies (longer wavelengths) than absorption.
The difference between absorption and emission energy is the Stokes shift (figure 1.13),
and the ratio of emitted to absorbed photons is the quantum yield. This is usually due to
the energy loss by internal conversion, from a high vibrational level to the lowest
vibrational level of both 𝑆1 and 𝑆0 . In that way, fluorescence is emission from the
𝑆1 → 𝑆0 transition. Environmental factors may also contribute to this loss, such as
quenching, pH, and solvent polarity.

Figure 1.13: Excitation and emission spectra showing the Stokes shift (Abramowitz and
Davidson, 2017).

Mirror image
Generally, the fluorescence spectrum (𝑆1 → 𝑆0 ) is the mirror image of the (𝑆0 → 𝑆1 )
absorption, since they involve the same transition. It may be the mirror image of the
total absorption spectrum or not, depending whether there are transitions involving
vibrational energy levels and if their spacing is similar in both levels, 𝑆1 and 𝑆0 , or not.
For example, the shoulder that appears in the absorption spectrum in figure 1.13 may
be due to excitation to the second excited state 𝑆2 , which relaxes rapidly to 𝑆1 and
therefore emission from 𝑆2 is not observed. Exceptions to this mirror-image rule occur
also due to environmental factors, like changes in the pH or quenching by the formation
of charge-transfer complexes with other molecules or with themselves (excimers).

Independence on excitation wavelength
Another consequence of the quick dissipation of the excess energy upon excitation,
leaving the fluorophore in the lowest vibrational level of 𝑆1 , is that the fluorescence
emission spectrum is generally independent of the excitation wavelength (Kasha’s rule)
(Turro, 1978). Exceptions to this rule are molecules that exist in two ionization states
and therefore present different absorption and emission spectra, and molecules that
emit from 𝑆2 .
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Exceptions to these rules are due to the environment of the molecules that emit
fluorescence. These environmental factors that decrease the fluorescence intensity will
be discussed in chapter 1.4.

1.3. Polymers
Polymers are organic compounds of high molecular weight formed by small molecules,
monomers, linked together. As we saw in chapter 1.1, one of the characteristics of a
good 3D dosimeter is being solid. The hardening of a polymer is called curing. This term
includes polymerization (link of monomers) and cross-linking (link of polymer chains)
(Drobny, 2010).
Conventionally, polymers are cured by applying heat (and pressure to prevent bubble
formation). For instance, the solid dosimeter Presage™, whose main component is
polyurethane, is cured at temperatures below 80 °C, usually at room temperature, at a
pressure of 60 psi for 6-48 h. Other polymers were also tested as dosimeter matrices
(Adamovics and Maryanski, 2006) but showed some problems: acrylates, polyesters,
polystyrenes and polycarbonates produce high heat (> 100 °C) during curing, causing the
color change of the leuco dye; polyvinylchlorides are not water equivalent (𝑍𝑒𝑓𝑓 =
14.2); and epoxies are low radiation sensitive.
The long curing times required for Presage™ of several days for big samples (Bache et
al., 2015) and the lack of control of the curing process leads to consideration of another
way to obtain a solid polymer matrix. UV light curing is widely used in industry, for
example in tissue engineering for the fabrication of polymeric scaffolds from hydrogels
(van Blitterswijk et al., 2008). Electron beam curing is also highly used in industrial
applications, like curing of coatings and adhesives, but with this method the
radiochromic leuco dye would be exposed to ionizing radiation, causing its color change.
By UV light it is possible to obtain time- and space- controlled curing. This is the method
used in this thesis. In this chapter, the photocuring of polymers is explained, and also
some important characteristics of the polymer matrix for its application as a dosimeter,
such as its glass transition temperature and its dielectric constant.

1.3.1. Photocuring of polymers
Polymers may degrade and change their properties when exposed to UV radiation from
sunshine. However, artificial UV radiation is used to convert a liquid into a solid almost
instantaneously. This process of hardening a monomeric, oligomeric, or polymeric
substrate using UV light is called UV curing or photocuring (Roffey, 1997).
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UV lamps
UV light comprises a range of the electromagnetic spectrum from 10 nm to 400 nm and
it can be generated by different types of lamps: mercury lamps, electrodeless lamps,
excimer lamps, xenon lamps, continuous wave and pulse lasers, and light-emitting
diodes (LEDs).
The three lamps used in this thesis are LED because of the significant advantages of
semiconductor technology. Conventional old-fashioned UV lamps require warming up to
reach operative conditions. LED lamps do not need a warm-up time, light comes on
instantly when turned on, the light output remains constant over time and they are
highly efficient. LEDs are solid-state light sources that emit a narrow quasimonochromatic spectrum at a specific wavelength. Therefore, LED UV curing allows
using a particular wavelength for curing that does not stimulate the leuco dye. Also, it is
possible to select a LED lamp whose emission spectrum overlap with the absorption
band of the photoinitiator, a compound required for the fast transformation from liquid
to solid (Drobny, 2010).

Photoinitiators
A photoinitiator is a molecule that absorbs photons from the UV source by its
chromophoric site in a single event, and generates reactive species (radicals or ions) that
will initiate polymerization or cross-linking. Photoinitiators are classified depending on
the type of reactive species generated (Green, 2010):



Free radical photoinitiators (type I and type II)
Cationic photoinitiators

The photoinitiators used in this project are free radical photoinitiators, since cationic
photoinitiators require the use of shortwave UV, which would expose the radiochromic
dye accidently. Cationic photoinitiators (commonly iodonium and sulfonium salts)
release an acid catalyst upon UV exposure. The release of this acid catalyst would also
trigger the radiochromic process unintentionally. Consequently, cationic photoinitiators
are not used in this project.
Free radicals initiate the UV curing of acrylates and methacrylates, which are the
polymers used in this thesis; and therefore, free radical photoinitiators are used. When a
free radical photoinitiator absorbs a photon, it is excited to a singlet state. Radicals are
formed via a triplet state by two possible reactions, Norrish type I and type II.
Type I photoinitiators undergo a unimolecular reaction, hence the suffix I. When the
chromophore (usually an aromatic carbonyl) absorbs radiation, it produces the bond
cleavage or homolytic decomposition (chemical bond dissociation where each of the
fragments retains one of the originally bonded electrons) of the carbonyl group and the
adjacent carbon, and generates two radicals capable of initiating polymerization.
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Examples of type I photoinitiators are benzoin ether derivatives, benzyl ketals, hydroxylalkylphenones, α-aminoketones, and acylphosphine oxides.
Type II photoinitiators undergo a bimolecular reaction where the excited state of the
photoinitiator interacts with a second molecule (co-initiator). Aromatic ketones
(benzophenone, substituted benzophenone, benzyl fluorenone, camphorquinone,
xanthone, and thioxantone) are used with tertiary amines as co-initiators. Triplet states
of ketones possessing an α-hydrogen react with hydrogen-donating compounds by
hydrogen abstraction. The resulting radical pair is generated by a homolytic cleavage of
the R-H bond or by an intermediate charge transfer complex followed by proton
transfer.
The main problem of free radical photoinitiators is that radicals are formed in the triplet
state, which is the most stable state of molecular oxygen, O2 . Molecules of triplet
oxygen contain two unpaired electrons (oxygen is paramagnetic) and this electronic
configuration prevents its reaction with molecules that are in the singlet state; however,
it readily reacts with radicals. Oxygen, therefore, decreases the efficiency of free radical
photocuring by quenching the triplet states and by reacting with radicals before they
initiate polymerization. Radicals can also decay back to the original state with emission
of light or heat, but if they are capable of initiate polymerization, the following steps
occur:
1. Initiation: 𝐴𝐵∗ → • 𝑅1 + • 𝑅2 and • 𝑅1 + • 𝑅2 + 𝑀 →• 𝑃1
2. Propagation: • 𝑃𝑛 + 𝑀 → • 𝑃𝑛+1
3. Termination • 𝑃𝑛 + • 𝑃𝑚 → 𝑃𝑛 − 𝑃𝑚 or → 𝑃′𝑛 − 𝑃𝑚 (chain transfer)
First, the excited photoinitiator molecule (𝐴𝐵∗ ) produces two free radicals in the triplet
state (• 𝑅1 , • 𝑅2 ), who react with the monomer (𝑀) to produce the first polymer chain
(𝑃1 ). Then, the monomer is consumed during the chain propagation, and finally the
chain terminates by combination or disproportionation of polymer radicals.

Free radicals initiate polymerization and also cross-linking of the polymer chains. Only
relatively few cross-links per chain are needed, since too many would produce a brittle
powder under internal stress. The photo-cross-linkability of a polymer depends on its
chemical structure, molecular weight and ordering of the polymer segments. Photocross-linking and photodegradation are competing processes, so it is important to select
a polymer that does not degrade with UV light (neither with ionizing radiation for its
application as a dosimeter). The components used for the dosimeter matrix will be
explained in chapter 3. Figure 1.14 shows the general UV curing mechanism.
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Figure 1.14: UV curing mechanism. The mixture of monomers and oligomers is cured
thanks to the activation of the photoinitiator by UV light (Gotro, 2016).

To conclude, UV LED curing for the fabrication of the 3D dosimeter improves
productivity by accelerating the process from days to minutes. The equipment,
consisting of a LED lamp, is simple, small, and easy to operate. The process is
environmentally friendly, reducing volatile organic compound (VOC) emissions and
eliminating the use of flammable and polluting solvents. The photocuring of the polymer
matrices studied in this thesis require the use of a free radical photoinitiator. Several
photoinitiators, of both types I and II, are analyzed in chapter 4.2.4, and a study of the
photocuring parameters is presented in chapter 4.4.

1.3.2. Glass transition and mechanical properties
Polymer 3D networks consist of polymer chains linked together in all directions generally
by covalent bonds. The structure of these networks may present amorphous and
crystalline regions (figure 1.15a). The degree of order or crystallinity affects the
mechanical properties of the polymer, being harder, stiffer, and less ductile for a higher
crystallinity. The dye used in this thesis needs a rigid environment in order to fluoresce.
The physical constraint associated with space limitation restricts the intramolecular
rotations and vibrations of the dye molecule and, therefore, it blocks the radiationless
pathway and opens the radiative decay channel, allowing fluorescence (Mei et. al,
2014). This is schematically illustrated in figure 1.5b, where the dye fluoresces when it is
constrained by the polymer chains. Therefore, a rigid polymer matrix would allow more
dye molecules to fluoresce.
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Figure 1.15: a) Crystalline and amorphous regions in a polymer (Noels, 2015). b)
Schematic drawing to show that dye molecules need to be constrained in order to emit
fluorescence (adapted from Gotro, 2017).

The glass transition is a reversible transition from a hard glassy state into a viscous
rubbery state, characterized by the glass transition temperature (𝑇𝑔 ). At temperatures
above 𝑇𝑔 the polymer material is soft and flexible, while below 𝑇𝑔 it behaves as a hard
solid, although in both cases is structurally amorphous.
Regarding the mechanical properties, when a stress is applied, the rubbery state is easily
deformable and capable of withstanding more strain before failure than the glassy state,
which is brittle and can lead to a fracture surface.
The 𝑇𝑔 of the material can be modified by changing structural factors. 𝑇𝑔 increases when
increasing chain rigidity, for example by introducing stiff chemical groups as benzene
rings that obstructs bond rotation. Also by steric hindrance, for instance methyl groups
in some positions restrict rotation, or by increasing the size of the side group without
increasing flexibility. An increase in polarity increases 𝑇𝑔 since strong bonding restricts
rotation about the backbone and atomic movements; on the contrary, an increase in
symmetry lowers 𝑇𝑔 since free-volume allows chain rotation.
In the case of a copolymer, its 𝑇𝑔 can be calculated by equation 1.16, where 𝑉1, 𝑉2 and
𝑇𝑔1 , 𝑇𝑔2 are the volume fractions and glass transition temperatures (in Kelvin) of both
polymers (Walton and Lorimer, 2005).
𝑇𝑔 = 𝑉1 𝑇𝑔1 + 𝑉2 𝑇𝑔2 (1.16)
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To conclude, the relevance of 𝑇𝑔 with respect to the dosimeter response is to ensure
that the dye has a rigid environment, which is necessary for fluorescence emission. The
mechanical properties of the dosimeter polymer matrix can be modified by changing the
𝑇𝑔 and this can be done by adding a secondary polymer to the main polymer of the
matrix. It is important to design the proper polymer matrix for the dosimeter that allow
the dye to fluoresce. The polymers used in this thesis are discussed in chapter 3.

1.4.

Triphenylmethane dyes

Triphenylmethane dyes are synthetic organic compounds based on the
triphenylmethane structure (figure 1.16) that have been used since the late 19th century
in textiles and medicine. They present an intense color and good stability (Morrison and
Boyd, 1973). They are mainly used today for dyeing of textiles, inks for printers, staining
and dyeing of histological samples, pH-indicators, and saturable absorbers for modelocking of lasers. Its application as dosimeters was first introduced by Weyde and
Frankenburger in 1931 for UV radiation, and in 1965 by McLaughlin and Chalkley for
ionizing radiation (McLaughlin et.al, 2011).

Figure 1.16: Chemical structure of triphenylmethane, basis of the skeleton of
triphenylmethane dyes.

Currently, there are two commercially available dosimetry systems based on
triphenylmethane dyes: the Risø B3 radiochromic film that uses pararosaniline, and
Presage™ that uses malachite green. These dyes are radiochromic, so they are
transformed from its colorless leuco form into a color form (magenta and green
respectively) by effect of ionizing radiation (figure 1.17). Ionizing radiation breaks the
bond of the central carbon with the nitrile group1 (−𝐶 ≡ 𝑁) in pararosaniline leuco dye
and with the hydrogen atom in malachite leuco dye, and a double bond is formed, which
produces a deeply colored dye. This phenomenon is utilized for dosimetry, since the
absorbed dose can be determined by measuring the color change either
spectrophotometrically or by a scanner (RisøScan) (Helt-Hansen and Miller, 2004).

1

“Nitrile” is the term used in organic chemistry, while “cyanide” is used in inorganic chemistry.
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Figure 1.17: Chemical structure of pararosaniline and malachite green in their leuco dye
and dye forms.

1.4.1. Optical properties of triphenylmethane dyes
Organic compounds can be classified according to the type of bonding of the valence
electrons into saturated or conjugated. In saturated compounds, the valence electrons
are tightly held in localized σ bonds and therefore they only respond (electronic
transitions) at high UV frequencies. They also absorb in the IR due to vibrational
transitions, but they are transparent in the visible region. Some examples of saturated
compounds are the polymers cyclic olefin co-polymer, polypropylene and polyethylene.
Conjugated compounds, on the contrary, alternate single and double bonds in their
structure and the electrons from the p-like atomic states of the carbon atoms form large
delocalized π orbitals. The two main examples are conjugated polymers and aromatic
hydrocarbons. Optical properties of conjugated molecules are particularly interesting
because electronic transitions of π electrons occur usually in the visible region of the
electromagnetic spectrum, where they present a strong absorption band (Fox, 2007).
The main component of triphenylmethane dyes is benzene (C6H6), which is an aromatic
hydrocarbon, and therefore contains conjugated double bonds. Benzene is traditionally
drawn as a hexagon with alternating single and double carbon bonds (figure 1.18a),
although in reality the electronic cloud spreads out across the whole molecule. In
benzene, the 4 valence electrons of each carbon atom (1s22s22p2) are arranged into
three sp2 hybridized orbitals and one pz orbital. Three 𝜎 bonds at 120° with the
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hydrogen and the two adjacent carbon atoms result from the electrons in the sp2
orbitals, while the remaining electron in the pz forms a 𝜋 orbital perpendicular to the
bond axis (figure 1.18b). Due to the planar structure of benzene, 𝜋 orbitals are close
enough to overlap above and below the plane (figure 1.18c), resulting in large
delocalized 𝜋 orbitals (figure 1.18d) (Fox, 2007).

Figure 1.18: Representations of benzene. a) Traditional representation with alternating
single and double bonds. b) 𝜋 orbitals of the carbon atoms. c) Delocalized 𝜋 orbitals
(Kshitij, 2015). d) Electron density. Bonding (red) and antibonding (blue) orbitals (Iverson
Lab, 2016).

This electronic spreading in the molecule due to delocalized 𝜋 orbitals reduces the
energy difference between the bonding and antibonding orbitals (in figure 1.18d, red
and blue orbitals respectively), which corresponds to the energy needed to carry out an
electronic transition (excitation energy). This is a 𝜋 → 𝜋 ∗ transition from the HOMO
(highest occupied molecular orbital) to the LUMO (lowest unoccupied molecular orbital),
which occurs at a lower energy than the 𝜎 → 𝜎 ∗ transition because electrons in 𝜎 bonds
are more tightly bound to the nucleus and more energy is required to break these
bonds. That is the reason why conjugated compounds have an optical absorption
spectrum at lower frequencies than saturated compounds. Benzene absorbs at 260 nm,
in the UV region (Fox, 2007).

As it was discussed in chapter 1.2.2, when a molecule absorbs a photon, it is excited to a
higher electronic state and the excess of energy can be released by several mechanisms.
The mechanism that interests us for our dosimeter is fluorescence, but phenolphthalein
(a triphenylmethane dye used as pH indicator) is a well-known example of a nonfluorescent molecule. However, the introduction of an oxygen bridge confers stiffness to
its structure as observed in fluorescein, which is known for its fluorescence. The
difference is caused by the mobility of the benzene groups that can rotate around the
central carbon atom in the case of triphenylmethane dyes while they are rigid in
fluorescein (figure 1.19). Rigidity favors fluorescence since it suppresses the energy
release by other ways such as vibrations and rotations (Schäfer, 1972).
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Figure 1.19: Phenolphthalein (left) and fluorescein (right) dye molecules, showing
mobility vs. stiffness. Fluorescein is fluorescent in solution while phenolphthalein is not.
The dosimeter presented in this thesis is based on pararosaniline, which is nonfluorescent in solution. However, this dye shows fluorescence when it is inside a solid
state matrix, as it will be shown along chapter 4. The solid matrix is essential to provide
rigidity to the dye molecule and allow fluorescence emission. Some challenges related to
how the matrix affects the dye fluorescence will be discussed below.

1.4.2. Influence of environmental factors on fluorescence emission
As it was discussed in chapter 1.2.2.1 about fluorescence measurements, fluorescence is
the result of a three-step process: excitation of a molecule due to absorption of a
photon, vibrational relaxation to the lowest energy level of 𝑆1 , fluoresce emission of a
longer wavelength photon, and return of the molecule to the ground state 𝑆0 . It is
desirable that the dye molecules remain in the 𝑆1 level until they are called for
fluorescence emission. However, there are many non-radiative processes that compete
and reduce fluorescence efficiency. These processes may be due to a direct relaxation to
the ground state (𝑆1 → 𝑆0 ) (internal conversion) or to the intersystem crossing to the
triple state (𝑆1 → 𝑇1 ), and related not only to the dye molecule but also to surrounding
molecules (Schäfer, 1972). In this section, some important effects on the fluorescence
emission from the dye due to its environment are discussed: photobleaching,
quenching, dimer formation and solvent polarity.

Photobleaching
Photobleaching (or fading) is relevant for the read-out and it occurs when the
fluorophore permanently loses the ability to fluoresce. This happens when the
fluorophore molecule is in the triplet state. Since the triplet lifetime is very long with
respect to the singlet, it allows the dye molecules to react with surrounding molecules
that can produce irreversible covalent modifications and being photochemically altered
(Herman et. al, 2017). This effect is accentuated if the dye is embedded in a solid matrix
because the triplet lifetime is very long (in some cases up to several seconds) (Schäfer,
1972). It is possible to reduce photobleaching by decreasing the exposure time or by
lowering the excitation energy, although these methods also reduce the measurable
fluorescence signal (Herman et. al, 2017).
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Quenching
Quenching is another process contributing to fluorescence decrease or elimination and,
contrary to photobleaching, often reversible. It comprises a variety of processes that
induce non-radiative relaxation of excited state electrons to the ground state, which
may be either intramolecular or intermolecular in nature. A common mechanism of
quenching is collisional quenching, in which the excited fluorophore is deactivated by
collision with a non-fluorescent molecule. It is very common in solution, and in most
cases the molecules are not chemically altered. Quenching can also occur as a result of a
complex formation between the fluorophore and the quencher that returns
immediately to the ground state without emission. This non-fluorescent complex is
reversible and does not rely on molecular collisions (Herman et. al, 2017).
One of the best-known quenchers is molecular oxygen, whose stable state is the triplet,
and who quenches almost all known fluorophores by a combination of different
mechanisms. An encounter with molecular oxygen mainly causes the excited singlet
state 𝑆1 of the fluorophore to become an excited triplet 𝑇1 and from there, the
fluorophore returns to the ground state by non-radiative decay (Lakowicz, 2006).
Another quenching mechanism is the energy transfer, which happens if the quencher
has a state (singlet or triplet) of energy equal or lower than that of the state to be
quenched. In the case of molecular oxygen, it has low-lying excited singlet states.
A different mechanism of quenching is due to anions, such as iodine (I-), bromide (Br-) or
chloride (Cl-). This is known as the heavy atom effect. In some cases, the 𝜋 electrons of
the dye make a loop when oscillating between the end groups, creating an orbital
magnetic moment that can couple with the spin of the electron; this is the spin-orbit
coupling effect. The triplet yield is higher than in a case where this loop is blocked.
Heavy atoms increase the spin-orbit coupling, enhancing the rate of intersystem
crossing. This effect occurs independently if the heavy atoms are in the dye structure
itself or in the surrounding molecules (Schäfer, 1972).

Dimer formation
Organic dyes have a tendency to form dimers (combination of two dye molecules in
their ground state) when they are in an aqueous solution. Dimers present an absorption
band at shorter wavelengths than the monomers and they are weakly fluorescent or
non-fluorescent. Dimerization increases with increasing dye concentration and
decreasing temperature. This effect does not occur if organic solvents, like ethanol, are
used instead of water. However, in organic solvents and with high dye concentrations,
there is usually a strong interaction between dye molecules in the ground state and dye
molecules in the excited state, resulting also in non-fluorescent dimers. Therefore,
dimers decrease fluorescence emission. But, if these dimers exist only in the excited
state (excimers) or if an excited complex (exciplex) is formed by an excited dye molecule
and a molecule of a different compound, new fluorescence bands may appear. In these
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cases the compounds decay to the ground state by emission and decompose
immediately into the two components (Schäfer, 1972).

Solvent polarity
The ground and excited electronic states of a molecule may be perturbed by the
environment. Solvent effects can be interpreted in terms of dipole-polarization, where
the fluorophore is considered a dipole and the solvent a continuous dielectric medium
with uniform dielectric constant.
The wavenumber (cm-1) difference of the absorption (𝜈̅𝐴 ) and emission (𝜈̅𝐹 ) is given by
the Lippert-Mataga equation (equation 1.17), where ℎ (6.6256 ∙ 10-27 ergs) is Planck´s
constant, 𝑐 (2.9979 ∙ 1010 cm/s) is the speed of light, 𝜀 and 𝑛 are respectively the
dielectric constant and the refractive index of the solvent, 𝑎 is the radius of the cavity in
which the fluorophore resides, and 𝜇𝐸 , 𝜇𝐺 are the dipole moments of the fluorophore
in the excited and ground states respectively.
𝜈̅𝐴 − 𝜈̅𝐹 =

2 𝜀−1
𝑛2 − 1 (𝜇𝐸 − 𝜇𝐺 )2
− 2
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1.17)
(
)
ℎ𝑐 2𝜀 + 1 2𝑛 + 1
𝑎3

Solvent dipoles can reorient or relax around 𝜇𝐸 after excitation, lowering the excited
state energy and resulting in emission at lower energies (or higher wavelengths). This
solvent relaxation effect increases with increasing solvent polarity and it is more
sensitive for polar fluorophores than for nonpolar (figure 1.20) (Lakowicz, 2006).

Figure 1.20: Jablonski diagram for fluorescence with solvent relaxation. Schemes of the
dipole (fluorophore) surrounded by a dielectric medium (solvent) that can reorient its
dipoles (Lakowicz, 2006).
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The implication of this effect is that Stoke’s shift changes. A higher dielectric constant of
the solvent (polymer) will increase the Stoke’s shift leading to a smaller spectral overlap
of the absorption and emission spectrum. This would in turn lower the self-absorption
and thereby improve the fluorescence efficiency. Furthermore, it has been proposed by
Holmes and McLaughlin independently, that an increase in dielectric constant of the
solvent of radiochromic dye would improve radiochromic response based on the
photoionization of the leuco-dye (Holmes, 1965) (McLaughlin and Kosanić, 1974).

1.4.3. Radiation chemistry in pararosaniline leuco dye
The dosimeter presented in this thesis is based on pararosaniline leuco dye. Figure 1.21
shows how this molecule is transformed from its colourless leuco dye form into its
magenta dye form by effect of ionizing radiation.

Figure 1.21: Effect of ionizing radiation in pararosaniline leuco dye.
In the first step, when the leuco dye molecule absorbs ionizing radiation (ℎ𝜈), radiolysis
occurs. That is the cleavage of the bond of the nitrile group (CN) with the central carbon
atom. This results in a couple of free radicals (molecules with an unpaired valence
electron): the nitrilee radical (CN•) and a short-lived intermediate free radical on the
central carbon atom (C•).
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In the second step, the nitrilee anion (CN-) is quickly scavenged by hydrogen ions (H+).
This is important to prevent the reaction from being reversible. Finally, in the third step,
the stable free radical is formed by formation of the C=C double bond, which is the
chromophore (part of the molecule responsible for its color) and presents a
characteristic absorption band in the visible spectrum (ICRU, 2008).
To summarize, three factors have to be present (McLaughlin and Kosanić, 1974) (Miller
and McLaughlin, 1980):




1.5.

Ionizing radiation: below 330 nm (UV) produces radiolysis of the molecule.
Oxygen: required to facilitate the formation of free radicals.
Hydrogen ions: scavenge the nitrile anions liberated from the leuco dye during
the radiolysis.

The Risø B3 radiochromic dosimeter film

The effect of ionizing radiation on the absorption spectrum of pararosaniline has been
used in a commercial dosimeter film, the Risø B3 radiochromic film. In this chapter its
characteristics are discussed.
The Risø B3 radiochromic dosimeter film is a result of the research carried out at Risø
(Center for Nuclear Technologies, Technical University of Denmark) between 1978 and
1980, and it has been used since then for high dose industrial dosimetry and sterilization
of medical devices. These films stand out for their pre- and post- irradiation stability,
dose rate independence and wide dose range (from 300 Gy to 160 kGy) (TIR 100-205,
2010).
This material is based on the radiochromic response of pararosaniline leuco dye
(originally developed by NIST and Risø), contained in polymeric films of 20 µm nominal
thickness of polyvinyl butyral (PVB). Due to the color change with ionizing radiation, the
dose response is determined by measuring the absorbance. The fluorescence of these
films was studied by Abdel-Fattah (Abdel-Fattah et al., 2001), showing a decrease in the
fluorescence intensity with the absorbed dose.
To illustrate the radiochromic response, an experiment was performed, where 28 films
were irradiated at different doses in a Gammacell with a dose rate of approximately 140
Gy/minute. They were irradiated at 6 dose levels (0.5, 1, 5, 10, 20 and 30 kGy) (figure
1.22) with 4 films for each dose, and their absorbance spectra were measured with a
spectrophotometer (figure 1.23a). The peak of the absorbance spectrum, around 554
nm, is represented for each film as function of the dose in figure 1.23b, where it can be
seen the linear relationship between the increase of absorbance and the absorbed dose.
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Figure 1.22: Risø B3 radiochromic dosimeter films. The first film is unirradiated for
reference, the others are irradiated at 0.5, 1, 5, 10, 20 and 30 kGy (from left to right).

Figure 1.23: a) Absorbance spectra of some films. b) Absorbance peak as function of the
dose for all the films.
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The objective of this thesis is to develop and characterize a solid-state polymer
dosimeter based on the radiochromic Risø B3 dye. The challenge of this objective is that
a solid polymer material with a typical thickness of 10 mm has to provide the same
diffusion properties as a thin (20 micron) polyvinyl butyral (PVB) film.
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Chapter 2

Aim
The aim of this PhD project is to develop a new 3D solid state polymer dosimeter that is
radiochromic and radiofluorogenic, and which can be used to ascertain that the
radiotherapy treatment is delivered as intended by mapping the 3D dose distribution
through optical fluorescence tomography.
The motivation for this thesis is that combining the advantages of a solid polymer
dosimeter together with optical fluorescence tomography measurement process might
provide higher spatial resolution, higher accuracy and a faster measurement, facilitating
the use of 3D dosimetry in a clinical basis.
The objective of this project is the development of the dosimeter and its
characterization.
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Chapter 3

Materials & Methods
This chapter contains a description of the chemicals, equipment and methods used for
fabrication and characterization of the dosimeter.

3.1.

Pararosaniline leuco dye

Pararosaniline, also known as paramagenta or parafuchsin, it is classified with the C.I
(color index) generic name Basic Red 9, the C.I constitution number C.I. 42500, and the
CAS (Chemical Abstracts Service) registry number 569-61-9 (Duxbury, 1993) (Gessner
and Mayer, 2012). It is an organic compound of the family of the triphenylmethane
dyes, among the first synthetic dyes developed. It can be in the leuco dye form or in the
dye form (figure 3.1). The chemical formulas, names, and molecular weights for both
structures are collected in table 3.1. Pararosaniline leuco dye was supplied by Niels
Clauson-Kaas A/S (NCK, 2016), in the form of white powder.

Figure 3.1: Pararosaniline in its leuco dye and dye forms.
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Table 3.1: Chemical formulas and names for pararosaniline.

The leuco dye can undergo transformation to its colored state either by exposure to UV
light below 330 nm or by ionizing radiation, as explained in chapter 1.4.3 (figure 1.21).
The leuco dye is oxidized (loss of electrons) by free radicals and the nitrile anion is
scavenged by hydrogen ions, resulting in a stable dye.

3.2.

Polymer matrix

The polymer matrix is formed, as pointed out in chapter 1.1.2, by: host polymer,
secondary polymer, hydrogen donor, solvent and photoinitiator. Specifications about
the chemicals appear in Annexe I.

Host polymer
The host polymer is poly(ethylene glycol) diacrylate (PEGDA) (figure 3.2), which provides
the main physical properties to the dosimeter. PEGDA-575 g/mol is used in this work,
but it was also tested (chapter 4.2.3) with different molecular weights (250 g/mol and
700 g/mol), all supplied by Sigma-Aldrich (Sigma-Aldrich, 2017).

Figure 3.2: Poly(ethylene glycol) diacrylate (PEGDA) (Sigma-Aldrich, 2017). Chemical
formula: (𝐶3 𝐻3 𝑂)(𝐶2 𝐻4 𝑂)𝑛 (𝐶3 𝐻3 𝑂2 ).

PEGDA is a biocompatible hydrogel (high water content polymer) commonly used in
dental compounds and in artificial scaffolds for tissue engineering (van Blitterswijk,
2008). It is considered biomimetic because it possesses tissue-like elasticity and biofunctionality, emulating the permeability and transport properties of the extracellular
matrix (intricate network of macromolecules present in all living tissues) (Lin, 2015).
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Another advantage of PEGDA is that it is curable by using UV light and a photoinitiator,
enabling temporal and spatial control of the curing. Besides, it provides good diffusion
properties to the dosimeter, and good optical properties, since it is transparent. Optical
clarity is an important requirement for the polymer matrix to facilitate the dosimeter
measurement.

Secondary polymer
The secondary polymer used in this thesis is 2-hydroxyethyl methacrylate (HEMA) (figure
3.3), supplied by Sigma-Aldrich. It is used to further the mechanical stability of the host
polymer by cross-linking.

Figure 3.3: 2-hydroxyethyl methacrylate (HEMA). Molecular weight: 130.14 g/mol.
Chemical formula: 𝐶6 𝐻10 𝑂3 (Sigma-Aldrich, 2017).

Poly(2-hydroxyethyl methacrylate) (poly-HEMA) is a polymer that, due to its high
swelling, forms a hydrogel in water. It was used in the 1950s by Otto Wichterle to
produce the first soft contact lenses. Poly-HEMA can be achieved by crosslinking HEMA
with an acrylate. These acrylate/methacrylate systems have been widely used in
biomedical applications, as soft contact lenses, drug delivery systems, and implants
(Kopeček, 2009). One of the acrylate/methacrylate systems is the PEGDA/HEMA, formed
by polymerization of HEMA with PEGDA as cross-linker (Figueiredo et al., 2013), which
has also been produced by UV photocuring for cell immobilization (Hsue et al., 2017).

For these applications, HEMA is the host polymer while PEGDA is added as secondary
polymer to increase hydrophilicity. In this thesis, however, PEGDA is used as host
polymer and HEMA as secondary polymer in order to ensure a highly diffusive matrix to
facilitate high mobility of free radicals, caused by ionizing radiation, through the whole
dosimeter volume, allowing a homogenous radiochromic and radiofluorogenic response
and not just a change in the surface in contact with oxygen. HEMA is used to make the
dosimeter mechanically more stable after curing.

In the compositions studied in this thesis, PEGDA comprises 94.6 vol% (Compositions 1, 2
and 4) and 86.5 vol% (Compositions 3 and 5); while HEMA comprises 0.5 vol% and 9
vol% respectively (the remaining is the solvent).
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Hydrogen donor (additives)
In order to avoid reversibility of the reaction from the dye to the leuco dye, it is
necessary to scavenge the nitrile anions (CN-) leaving from the leuco dye (chapter 1.4.3,
figure 1.21). Since they are quickly scavenged by hydrogen ions (H+), a hydrogen donor
compound is necessary. In chapter 4.2.3 the effect of two solid additives that act as
hydrogen donors is analyzed (figure 3.4): bis(2,4,6-trichlorophenyl) oxalate (TCPO) and
2,2,2-Trichloroethane-1,1-diol (Chloral Hydrate), both supplied by Sigma-Aldrich. When
they are exposed to ionizing radiation they liberate chlorine and subsequently hydrogen
from the polymer.

Figure 3.4: a) Bis(2,4,6-trichlorophenyl) oxalate (TCPO). Molecular weight: 448.90 g/mol.
Chemical formula: 𝐶14 𝐻4 𝐶𝑙6 𝑂4. b) 2,2,2-Trichloroethane-1,1-diol (Chloral Hydrate).
Molecular weight: 165.40 g/mol. Chemical formula: 𝐶2 𝐻3 𝐶𝑙3 𝑂2 (Sigma-Aldrich, 2017).

Solvent
The solvent, used to dissolve the dye, is ethanol 96 vol% in water (figure 3.5), supplied
by CCS Healthcare AB (CCS, 2017). In chapter 4.5, citric acid 20 vol% in water, and
pentaerythritol tetrakis(3-mercaptopropionate) (Mercapto) (both supplied by SigmaAldrich) are studied for the dosimeter stability.

Figure 3.5: a) Ethanol. Molecular weight: 46.07 g/mol. Chemical formula: 𝐶2 𝐻6 𝑂. b)
Citric acid monohydrate. Molecular weight: 192.12 g/mol. Chemical formula: 𝐶6 𝐻8 𝑂7. c)
Pentaerythritol tetrakis(3-mercaptopropionate) (Mercapto). Molecular weight: 488.66
g/mol. Chemical formula: 𝐶17 𝐻28 𝑂8 𝑆4 (Sigma-Aldrich, 2017).
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Photoinitiator
The acrylate/methacrylate (PEGDA/HEMA) system is photocurable by free radical
photoinitiators, as discussed in chapter 1.3.1. Since pararosaniline leuco dye is sensitive
to radiation below 330 nm (McLaughlin and Kosanić, 1974) (Miller and McLaughlin,
1980), the wavelength of the UV light used for photocuring must be higher. It is also
necessary that the emission spectrum of the LED lamp used for photocuring overlaps
with the absorption band of the photoinitiator. Therefore, the chosen photoinitiators
must absorb above 330 nm (table 3.2).

Table 3.2: Photoinitiators used in the thesis.

The main photoinitiator used in this thesis is diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO), supplied by Sigma-Adrich. The reaction with PEGDA is shown in figure 3.6.
In the first step, the TPO molecule absorbs UV radiation and decomposes into two free
radicals. In the second step, these free radicals react with PEGDA by opening its C=C
bond and therefore allowing crosslinking (Yang et al., 2015).

Figure 3.6: Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO). Molecular weight:
348.37 g/mol. Chemical formula: 𝐶22 𝐻21 𝑂2 𝑃. Crosslinking reaction of PEGDA induced by
TPO photoinitiator (Yang et al., 2015).

40

POLYMER MATRIX

Other photoinitiators a tested in chapter 4.2.4, suplied also by Sigma-Aldrich (figure 3.7):
isopropyl-9H-thioxanthen-9-one (ITX), camphorquinone (CQ), 1-chloro-4-propoxy-9Hthioxanthen-9-one (CPTX), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure
819), and 2-hydroxy-2-methylpropiophenone (Darocur 1173). The last two were mixed
in 20 vol% -80 vol% respectively.

Figure 3.7: a) ITX (2- and 4- isomers). b) CQ. c) CPTX. d) Irgacure 819. e) Darocur 1173.
(Sigma-Aldrich, 2017).

TPO, Irgacure 819 and Darocur 1173 belong to type I, while ITX, CQ and CPTX belong to
type II and therefore require the use of a co-initiator as discussed in chapter 1.3.1. The
co-initiators that were used are (figure 3.8) ethyl 4-(dimethylamino)benzoate (EDB) and
2-(dimethylamino)ethyl methacrylate (DMAEM), both supplied by Sigma-Aldrich.

Figure 3.8: a) EDB. b) DMAEM. (Sigma-Aldrich, 2017).
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Manufacturing. Main compositions

Solids (leuco dye and additives in some cases) were weighed in a Secura balance by
Sartorius (Sartorius, 2017) (figure 3.9a). Then, liquids were added to the glass vials
containing the solids by using 100–1000 µl and 500–5000 µl Pipet-Lite LTS pipettes by
Rainin (Rainin, 2017) in the following order: solvent (ethanol), host polymer (PEGDA)
and secondary polymer (HEMA). After agitation, solutions of the photoinitiator in PEGDA
at 0.5 m/v% (14.35 mM) were added.

At the beginning, magnetic stirrers and 50 ml dark glass flasks (to avoid UV light) were
used (figure 3.9b). Mixtures were agitated at 600 rpm for 1.5 hours before adding the
photoinitiator, and then for a further 2 hours.

Subsequently, UV protection films were placed on the windows and the manufacturing
process was accelerated by using a vortex rotor by Heidolph Instruments (Heidolph,
2017) with capacity for 12 small screw cap 10 ml glass vials (figure 3.9c). Mixtures were
agitated at 1600 rpm for 30 min before adding the photoinitiator, and then for a further
30 min. Mixtures can be safely stored for periods up to several months, since they are
stable in the liquid state, although samples are usually cured the same or the next day.
Manufacturing, storage and measurements are made at room temperature and with UV
protection.

Figure 3.9: a) Secura balance. b) Single mixing system. c) Vortex rotor.

The main compositions that are used in this thesis appear in table 3.3. Variations have
also been studied, for example by changing the molecular weight of PEGDA or changing
the photoinitiator, but they are based on these 5 formulations. Changes will be
explained in detail along chapter 4.
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Table 3.3: Main compositions used along the thesis.

In all previous compositions, PEGDA-575 g/mol was used, and photoinitiator solutions
were also made in PEGDA-575 at 0.5 m/v%. Volumes (0.6 ml) correspond to the
photoinitiator solutions, while molarities correspond to the photoinitiator itself.
Molarities of PEGDA include also the molarity correspondent to the photoinitiator
solutions.

3.4.

Photocuring process

Three different LED lamps have been used for photocuring along the thesis (table 3.4,
figure 3.10). They emit UV light above 330 nm to avoid the reaction of the leuco dye.
The LEDs were all tested on Risø B3 radiochromic films to determine if they were safe to
use.
Table 3.4: Characteristics of the lamps used for photocuring.
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Figure 3.10: Lamps used for photocuring. a) Lamp 1. b) Lamp 1 and Lamp 2. c) Lamp 3.

The polymer solid-state was photocured in different shapes: cuvettes, slides, pellets and
larger 3D shapes. Samples were usually cured from a distance of 9 cm to the lamp.
Specifications about the lamps are shown in Annexe 1.
Cuvettes (1 cm thickness) were made for measurement of the specific absorbance, and
thereby enable optimization of the composition (chapter 4.1). They were illuminated
with Lamp 1 from one side while rotating the cuvette. In some cases, they were cooled
in iced water while curing due to the high temperatures reached.
Tests on slides and pellets form the main part of the work described in this thesis
(chapters 4.2 to 4.6) since they were used for the dosimeter´s characterization by
acquiring also fluorescence and EPR measurements. They are more convenient than
cuvettes for characterization because their smaller thickness avoids self-absorption of
the emitted fluorescence. Both were cured from the top.
Slides (1 mm thickness) were made by using 5 glass plates to form a mould (figure
3.11a). The liquid was poured into the middle and another glass plate was placed on top
to ensure the best surface quality. The thicknesses of the slides, nominally 1 mm, were
measured with an electronic caliper.
Pellets (4.75 mm diameter, 2.78 mm thickness) were made to improve the fabrication
and measurement processes, and to allow EPR measurement. Two aluminium molds
were made, one for fabrication and another for absorbance and fluorescence
measurements (figure 3.11b). The fabrication mold, which allows curing of 15 pellets at
once, is placed between two glass plates to ensure the best surface quality.
Larger 3D samples were made to test the dosimeter in real application shapes (chapter
4.1). They were made by using plastic molds as the sphere shown in figure 3.11c. They
were cured by moving Lamp 1 around the mold, and from the top in the case of Lamp 3.
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Figure 3.11: a) Fabrication mold for slides made with glass plates. b) Fabrication mold
for pellets (left) and holder for optical measurements (right). c) Spherical plastic mold of
3.5 cm diameter.

Characterization of Lamp 3
The best sample quality was obtained when curing with Lamp 3, obtaining a hard sample
with a dry surface, and needing a short curing time. The problem of not having a dry
surface was observed when curing with Lamp 1, and that is the reason samples were
measured the next day after curing. This is due to oxygen inhibition in the curing
process, which manifests by surface tack of the cured samples. Adding mercapto to the
composition resulted in a dry sample surface immediately after curing. However, this
problem was not observed when using Lamp 3.
The surface power density of Lamp 3 was measured with a power meter for different
lamp to mold distances (figure 3.12).

Figure 3.12: Surface power density as function of the lamp to mold distance for Lamp 3.
Detail of the mold used for fabrication of pellets between two glass plates, where the
measured distance is from the lamp to the first glass plate.
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Irradiations

Samples were irradiated with a 60Co source at DTU Risø. Two gammacells were used,
called “Gammacell 1” and “Gammacell 3”, with dose rates of approximately 5 Gy/min
and 140 Gy/min respectively (figures 3.13a and 3.13d). 60Co rods are circularly
distributed, giving a uniform radiation field in the center, where samples are placed. A
detail of the open Gammacell 1 is shown in figure 3.13b (Gammacell 3 presents a similar
structure). Samples are contained in a steel cylinder with polyether ether ketone (PEEK)
inside (figure 3.13c). Cuvettes and slides are placed directly, while pellets are first placed
on acrylonitrile butadiene styrene (ABS) holders that go inside the PEEK cylinder shown
in figure 3.13c. This geometry allows fulfilling the charge particle equilibrium (CPE)
conditions required to calculate the absorbed dose in the medium, as discussed in
chapter 1.2.1.1. In both gammacells the uncertainty of the delivered dose is 1.3%.

Figure 3.13: a) Gammacell 1 (dose rate: 5 Gy/min). b) Open Gammacell 1. c) Steel and
PEEK cylinders containing the samples. d) Gammacell 3 (dose rate: 140 Gy/min).

3.6.

Absorbance and fluorescence measurements

Absorbance measurements were performed with the UV-VIS spectrophotometer UV2600/2700 by SHIMADZU (Shimadzu, 2017) (figure 3.14a). This equipment has a holder
for cuvettes and another for films, the latter was used to measure slides by placing them
directly, and pellets by placing them in the aluminum holder designed for that purpose
(figure 3.11b). Fluorescence measurements of slides and pellets were performed with
the setup developed in a parallel PhD project (Sanders, 2017) (figure 3.14b). This
fluorescence setup consists on a power meter connected to a green laser to excite
fluorescence, an optical mount to focus the laser light to the sample, an Ocean Optics
QE6500 spectrometer (Ocean Optics, 2017) to measure the fluorescence from the
sample, and a software to process the signal. A reference stick was used to ensure stable
conditions.
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Figure 3.14: a) UV-VIS spectrophotometer UV-2600/2700. b) Fluorescence setup.
Two green lasers were used to excite fluorescence, a 532 nm neodymium-doped yttrium
aluminium garnet (Nd:YAG) laser first, and a 520 nm diode laser later. The change was
due to the superior stability of the diode laser, increasing reproducibility of fluorescence
measurements.
Two software systems were used, the Ocean Optics SpectraSuite software and an inhouse LabVIEW-based software, also developed in the parallel PhD project (Sanders,
2017).

3.7.

Electron Paramagnetic Resonance (EPR) measurements

Electron Paramagnetic Resonance (EPR), also known as Electron Spin Resonance (ESR), is
a spectroscopy technique based on the interaction of electromagnetic radiation with
intrinsic magnetic moments in the sample. It is used to study paramagnetic systems,
which have unpaired electrons and are therefore attracted by magnetic fields also
known as paramagnetism. Applying a magnetic field to the unpaired electron creates an
energy difference between the two spins which can be detected by absorption of
microwave radiation.
When an external magnetic field is applied, the unpaired electrons can either orient in a
parallel or antiparallel direction to the magnetic field, resulting in two distinct energy
levels (magnetic spin quantum number: 𝑚𝑠 = ± 1/2) (Zeeman effect) (figure 3.15). An
unpaired electron can move between the two energy levels by absorbing or emitting a
photon of energy ∆𝐸 = ℎ𝜈 = 𝑔𝑒 𝜇𝐵 𝐵0 , where 𝑔𝑒 (2.0023) is the Landé factor, 𝜇𝐵 (9.274 ∙
10-24 J/T) is the Bohr magneton, and 𝐵0 is the applied magnetic field. To find the energy
difference between the two states, the sample is excited to a specific microwave
frequency while varying the magnetic field. When the energy difference between the
energy levels matches the microwave energy, the unpaired electrons can move between
their two spin states and there is a net absorption. The microwave absorption as
function of the magnetic field is the EPR spectrum (Chechik et al., 2016).
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Figure 3.15: Energy levels of an electron spin in an applied magnetic field.
An example of application for this technique is alanine dosimetry, used at DTU Risø
(secondary standard dosimetry laboratory), where the EPR signal of alanine serves as
reference to calibrate industrial irradiations. The peak-to-peak amplitude of the first
derivative of the EPR spectra as function of the dose can be fitted to equation 3.1
(Waldeland et al., 2011). 𝑁(𝐷) is the number of free radicals as function of the dose, 𝑁∞
is the number of radicals at saturation, and 𝐷0 is the characteristic saturation dose of
the dosimeter.
𝑁(𝐷) = 𝑁∞ (1 − 𝑒

−

𝐷
𝐷0 )

(3.1)

The equipment necessary to measure the EPR signal consists on the components shown
in figure 3.16a (Chechik et al., 2016). The external magnets generate a homogeneous
magnetic field across the sample that is inside a resonant cavity (to amplify weak signals
from the sample). The microwave bridge supplies continuous microwave radiation of a
fixed frequency to the resonant cavity, inducing spin transitions. The console records the
EPR spectra, which is the absorbed microwave energy as function of the magnetic field.
The variable temperature (VT) unit allows recording the signal at a desired temperature.
A Bruker EMX-micro spectrometer (figure 3.16b) was used to measure the EPR signal of
our dosimeter (chapter 4.3), by placing pellets in a quartz tube inside the resonant
cavity. The microwave frequency used was 9.75 GHz. More details can be found in Paper
III.

Figure 3.16: a) Components of an EPR spectrometer (Chechik et al., 2016). b) Bruker
EMX-micro spectrometer used in this thesis.
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Fourier Transform Infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a technique based on the absorption
of infrared (IR) radiation by a sample (either in liquid or solid state). The resulting
transmission or absorbance spectrum peaks correspond to the vibration frequencies of
the molecular bonds, presenting a unique fingerprint of the sample. By identifying
functional groups, this technique allows to determine the amount of components, the
quality or consistency of a sample, and to identify unknown materials (McMurry, 2016).
In this project a PerkinElmer Spectrum 100 FT-IR Spectrometer with a ZnSe crystal plate
(figure 3.17) was used. The resolution that was set at 16 cm-1. A thin layer of the liquid
dosimeter composition was place on the plate and following light cured in several steps,
taking respective spectra (chapter 4.4.1).

Figure 3.17: PerkinElmer Spectrum 100 FT-IR Spectrometer and detail of the ZnSe flat
plate.
To probe the composition of the liquid dosimeter composition prior to photocuring,
attenuated total internal reflection (ATR-FTIR) method was used. The IR beam enters
into the crystal and it is reflected at the sample-crystal interface. However, a fraction of
light penetrates a few micrometers into the sample, known as an evanescent wave
(figure 3.18). In the spectral regions where the sample absorbs energy, the evanescent
wave is attenuated. Finally, the IR beam exits the crystal and it is directed to the
detector, which measures the amount of energy at each frequency which has passed
through the sample, obtaining therefore a transmission spectrum.

Figure 3.18: Mechanism of FTIR spectroscopy. The IR beam enters into the crystal and
reflects at the sample-crystal interface. In those points the evanescent wave penetrates
through the sample and it may be absorbed.
This method is used to quantify the photocuring of the liquid dosimeter composition
during the photocuring process by measuring the double conversion of the acrylates in
the composition as discussed in section 4.4.1.
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Monte Carlo simulations

Monte Carlo is a computational method that provides a numerical solution to a
macroscopic system by simulating the dynamics of its microscopic interactions, which
are processed randomly and repeatedly (Bielajew, 2013). It is therefore useful for
solving complex probabilistic problems, like the radiation transport in matter, where the
individual trajectory of each particle is simulated by using random number sequences
and probability distributions of the interactions that may occur.
The first Monte Carlo-like method was proposed by Comte de Buffon in 1777 to
determine the probability of a needle, thrown on a ruled sheet of paper, of crossing one
of the lines. Later in 1886, Laplace used this method to determine the value of π. The
name “Monte Carlo method” was first coined in 1947 in a paper from Ulam, who had
the idea of using stochastic sampling methods for the neutron transport calculation
required for the thermonuclear bomb design. Since then, the development of Monte
Carlo methods has growth dramatically, especially in the field of medical physics
(Bielajew, 2013). Some examples of Monte Carlo codes for radiation transport are EGS
(Nelson et at., 1985), MCNP (Brown, 2003), GEANT4 (Agostinelli et al., 2003) and
PENELOPE (Salvat et al., 2011).
In this thesis, the EGSnrc code (Electron Gamma Shower - Canadian National Research
Council) (Kawrakow, 2000; Kawrakow et al., 2011), which is one of the most widely used
in medical physics, was used to analyze the water equivalence of the dosimeter.
PEGS4 (Kawrakow et al., 2011), a data preparation package that is part of the EGSnrc
Monte Carlo based software system, was used to create the materials shown in table
3.5. Compositions, mass densities, and energy ranges (electrons from 512 keV to 50
MeV and photons from 1 keV to 50 MeV) were inserted in the software EGSnrc GUI –
PEGS Data. The user code EXAMIN (Kawrakow et al., 2011) provides easy access to the
underlying material data sets produced by PEGS4. EXAMIN is a straightforward code
which obtains dosimetric quantities, such as photon interaction probabilities and
electron mass collisional stopping powers, by examination of the PEGS4 data files. The
user code DOSRZnrc (Rogers et al., 2010) was used for simulation of the gammacell, and
the user code EGS_CHAMBER (Kawrakow et al., 2005) was used for chamber
simulations.
Table 3.5: Materials used in Monte Carlo simulations.
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Chapter 4

Results
4.1.

Making the dosimeter

Hypothesis: Pararosaniline leuco dye dissolved in a photocurable polymer matrix results
in a solid that responds to ionizing radiation with fluorescence. The host polymer
provides rigidity to the matrix while at the same time allowing oxygen and radicals’
diffusion.
Rigidity is necessary for two purposes: to avoid artifacts introduced by refractive and
scattering effects as in polymer gel dosimeters (Oldham, 2006); and to enable
fluorescence from the dye, which is not fluorescent in solution (Oster et al., 1959).
Oxygen and radicals’ diffusion is needed to obtain a homogeneous radiation response,
since oxygen facilitates the radiochromic response of the leuco dye by free-radical
formation. Oxygen diffuses freely in gels and in solid thin films including the 20 µm Risø
B3 radiochromic film. However, in a 1 cm rigid solid cuvette, oxygen transfer only takes
place at the surface of the dosimeter. The kinetics of the polymer matrix should allow
oxygen and radicals’ diffusion, such as lithium polymer batteries and polymer fuel cells
allow ion transport (Wegner, 2006). The choice of the host polymer (PEGDA) is therefore
crucial to obtain a solid and diffusive matrix.

Design of experiments
A design of experiments (DoE) (Telford, 2007) approach was used with 35 different
samples (figure 4.1b) to find the optimal composition. The quantities of different
components were changed while maintaining the amount of host polymer and solvent
constant. Cuvettes were cured with Lamp 1 (surface power densities of 3.5 and 8.2
mW/cm2) for times varying from 5 to 40 min, depending on the composition. They were
irradiated to 1 kGy in the laboratory Gammacell 220 irradiator Gammacell 3 at an
approximate dose rate of 140 Gy/min. The following characteristics were confirmed for
all the samples:





Phase after photocuring: gel or solid.
No presence of inhomogeneities after irradiation (figure 4.1a).
Existence of a fluorescent response by laser stimulation (figure 4.1c).
Absorbance peak difference between unirradiated and irradiated.
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Absorbance peak values for the different compositions were analyzed with MODDE 9.0
software (MODDE, 2014) by fitting to the partial least squares (PLS) model to find the
most influential factors in the response. Figure 4.1d displays the scaled and centered
regression coefficients of the fitted model. Terms are significant when they are far from
zero and their uncertainties do not cross zero. Therefore, the most influential factors in
the increase of the absorbance peak are the dye and the dose, as expected, but also the
photoinitiator (TPO) and its interaction with the dose (TPO*Dose). A summary of the
basic model statistics is shown in figure 4.1d. The model fitting is good when the four
parameters (R2, Q2, model validity and reproducibility) are higher than the values
appearing in the figure, which is the case.

Figure 4.1: a) Samples with gradient color. b) Some of the samples used in DoE. c)
Testing if green laser stimulation originates orange fluorescence in the material. d)
Scaled and centered regression coefficients from the PLS model obtained with MODDE
9.0. e) Summary of the basic model statistics.
The composition that was chosen from the 35 samples as a starting point is called
Composition 1. This composition is solid when photocured with Lamp 1 (surface power
density 3.5 mW/cm2) for 5 min, it is fluorescent when irradiated, and it has the highest
absorbance peak difference between the unirradiated and irradiated states.
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Figure 4.2 shows the absorbance spectrum of this composition in the liquid state, with
the characteristics peaks from the photoinitiator (378 and 400 nm), which disappear
when photocured. For the solid cuvette, it can be seen how the peak from the dye at
556 nm clearly increases due to radiation.

Figure 4.2: Absorbance spectra of a cuvette (path length 10 mm) of Composition 1 in
liquid and solid state (unirradiated and irradiated to 1 kGy).

3D shapes
The good consistency of this material allows making the dosimeter in any 3D shape.
Some physical characteristics of the dosimeter are: flexibility of slides (figure 4.3a),
which opens up their application in radiotherapy QA; reproducibility of small details
from the mold (triangular prism with irregular surface in figure 4.3b), allowing tumorshape printing; and transparency (figure 4.3c), facilitating optical measurements.

Figure 4.3: a) Slide irradiated to 1 kGy, demonstrating flexibility. b) Unirradiated sphere
and prisms. Unirradiated and irradiated pellets. c) Unirradiated slides and pellets.
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For large 3D samples, smaller amounts of dye and the shorter curing time obtained
using Lamp 3 are preferred. Lamp 1 requires more curing time and the heat evolved in
the process (as this process is exothermic) promotes the leuco dye reaction, as it
happened with the fabrication of the 5 cm diameter sphere shown in figure 4.4a. The
long 90 min curing with Lamp 1 (surface power density: 4.5 mW/cm2) and the high
amount of dye (Composition 2) resulted in a red sphere. A 3.5 cm diameter sphere was
made with one tenth less dye and cured with Lamp 3 (surface power density: 15
mW/cm2) for just 2 min, resulting in a lower background color sphere. Detail of the
fluorescence from this sphere is shown in figure 4.5.

Figure 4.4: a) Sphere of 5 cm diameter, with high dye concentration, and cured with
Lamp 1 for 90 min. b) Sphere of 3.5 cm diameter, with low dye concentration, and cured
with Lamp 3 for 2 min. Both spheres are unirradiated.

Figure 4.5: Fluorescence of the unirradiated 3.5 cm diameter sphere.

Conclusion: The initial hypothesis was accomplished. A composition was identified in
which the dosimeter is solid when photocured, the rigidity of the matrix allows the dye
to fluoresce, and there is oxygen diffusion through the whole volume when is irradiated.
The dosimeter can be made in any 3D shape.
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Dose response by absorbance and fluorescence signals

In this chapter, the dose response of the dosimeter is analyzed by measuring the
absorbance and fluorescence spectra of slides and pellets.

4.2.1. Initial results for high doses (Paper I)
Paper I - Radiochromic and radiofluorogenic 3D solid polymer dosimeter; initial
results for high doses.
Hypothesis: The dosimeter responds to ionizing radiation by increasing its absorbance
and fluorescence.
Experiment: A slide of Composition 1 was cured with Lamp 1 (surface power density: 4.5
mW/cm2) during 10 min, and consecutively irradiated in Gammacell 3 (dose rate: 140
Gy/min) to the following dose levels: 100, 200, 30, 400, 500, 600, 700, 800, 900 and
1000 Gy. Fluorescence was excited with the 532 nm Nd:YAG laser. Absorbance and
fluorescence spectra of the slide were measured after each irradiation.
Results: Figure 4.6 shows the normalized absorbance and fluorescence spectra for the
different doses. We observe an increase in the fluorescence intensity when increasing
the dose, contrary to the results shown in an earlier study with polymer films of the
same dye (Abdel-Fattah et al., 2001). Both absorbance and fluorescence spectra were
analyzed in different regions (figure 4.7). The absorbance response is linear with the
dose while the fluorescence is exponential. The best fittings occur in the regions
containing the peaks (530 - 575 nm for absorbance and 575 - 624 nm for fluorescence).
Both signals respond linearly to the dose in the medical dose range.

Figure 4.6: Normalized absorbance and fluorescence spectra of a slide of Composition 1
irradiated consecutively. (Noisy fluorescence signal due to noise from the Nd:YAG laser.)
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Figure 4.7: Analysis of the different regions of the spectra for both responses with
RStudio.

Conclusion: Absorbance and fluorescence from the dosimeter increase with the dose, as
expected. They increase linearly and exponentially, respectively. Both are lineal in the
low dose range used in radiotherapy. The spectral regions analysis suggests that the
peak amplitude is the best way to study the dose response.

4.2.2. Effect of dose fractionation
Hypothesis: The dosimeter response is independent on dose fractionation, and it is
therefore the same if the dose has been accumulating by successive irradiations
(fractions) or if otherwise, it has been directly irradiated to a specific dose.
Experiment: Five slides of Composition 1 were cured in the same way than the slide
from the previous chapter: Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min.
Each slide was irradiated in Gammacell 3 (dose rate: 140 Gy/min) to a specific dose: 200,
400, 600, 800, and 1000 Gy. Fluorescence was excited with the 532 nm Nd:YAG laser.
Results: Absorbance and fluorescence peaks for each slide irradiated to a specific dose,
were compared with the results shown in the previous chapter obtained by dose
fractionation for a single slide. Figure 4.8 shows that the absorbance peaks perfectly
agree, while for the fluorescence there is a difference in the last point at 1 kGy. What it
is observed in the graph is the inner filter effect (Lakowicz, 2006). The cause of this
effect is the fact that some of the dye molecules in the matrix either absorb the
fluorescence emission or that some of the excitation light is absorbed by the dye.
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Figure 4.8: Analysis of dose fractionation in absorbance and fluorescence spectra.
Conclusion: The absorbance response of the dosimeter is independent of dose
fractionation up to 1 kGy, while the fluorescence response differs at 1 kGy. In both cases
the dosimeter is independent on dose fraction at the medical dose range.

4.2.3. Effect of the molecular weight of PEGDA
Hypothesis: The molecular weight of PEGDA influences the fluorescence response of the
dosimeter. A more compacted polymer matrix is expected from a higher molecular
weight of PEGDA, facilitating the fluorescence from the dye.
In order to analyze the results it is important to know that the desired characteristics for
the fluorescence of the dosimeter are:
 High contrast between unirradiated and irradiated states.
 Low background (unirradiated state) to facilitate the measurement.
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Experiment: Slides of Composition 1 were made with PEGDA-575 g/mol (usual), PEGDA250 g/mol and PEGDA-700 g/mol. They were cured with Lamp 1 (surface power density:
4.5 mW/cm2) for 10 min and irradiated in Gammacell 3 (dose rate: 140 Gy/min) to 1
kGy. Fluorescence was excited with the 532 nm Nd:YAG laser.
Results: Normalized absorbance and fluorescence spectra are shown in figure 4.9. The
response varies for the different molecular weights. PEGDA-250 has the highest
fluorescence signal when irradiated, but it also has the highest fluorescence when
unirradiated, resulting in an undesired high fluorescent background. Comparing PEGDA575 and PEGDA-700, the first one shows higher fluorescent contrast and lower
fluorescent background, and therefore PEGDA-575 is preferable.

Figure 4.9: Normalized absorbance and fluorescence spectra at 0 kGy and 1 kGy for
slides of Composition 1 with different molecular weights of the host polymer, PEGDA.
It was observed that the three transparent polymers acquired color when adding the
dye, and this color was different for each type: yellowish for PEGDA-575, pinkish for
PEGDA-250, and slightly orange for PEGDA-700. In the polymers’ compositions, variation
in the amount of the inhibitors monomethyl ether hydroquinone (MEHQ) and butylated
hydroxytoluene (BHT) was found:




PEGDA-575: 400-600 ppm (parts per million) MEHQ
PEGDA-250: 100 ppm MEHQ
PEGDA-700: 100 ppm MEHQ + 300 ppm BHT

Therefore, it seems MEHQ prevents a reaction of the polymer with the dye. This idea
was tested by adding MEHQ to PEGDA-250 before adding the dye, and the solution is
less colorful than without extra addition of MEHQ.
Conclusion: PEGDA-575 is better for fluorescence measurements due to its high contrast
and low background. The importance of the high amount of MEHQ inhibitor present in
PEGDA-575 was demonstrated.
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4.2.4. Effect of hydrogen donors (solid additives)
Hypothesis: The fluorescence response of the dosimeter improves (higher fluorescence
contrast and lower fluorescence background) by using hydrogen donors.
Experiment: Slides of Composition 1 without additives and with TCPO and Chloral
Hydrate as additives (same molarity in both cases: 1.41 mM) were cured with Lamp 1
(surface power density: 4.5 mW/cm2) for 10 min and irradiated in Gammacell 3 (dose
rate: 140 Gy/min) to 1 kGy. Fluorescence was excited with the 532 nm Nd:YAG laser.
Results: Normalized absorbance and fluorescence spectra are shown in figure 4.10.
Additives increase both background signals, more in the case of TCPO. It can be
observed that both the highest contrast fluorescence and the lowest fluorescence
background, occur for the case of no additives.

Figure 4.10: Normalized absorbance and fluorescence spectra at 0 kGy and 1 kGy for
slides of Composition 1 without additives, with TCPO and with Chloral Hydrate.
Conclusion: The initial hypothesis about the use of hydrogen donors was not correct. On
the contrary, it was observed that it was preferable to avoid the use of any additive, so
the TCPO was removed, changing to Composition 2.

4.2.5. Effect of the photoinitiator (Paper II)
Hypothesis: The photoinitiator affects the dose response of the dosimeter. In chapter
4.1., it was observed from the DoE model that TPO and its interaction with the dose
were influential factors in the absorbance peak increase. The dye fluorescence depends
on the matrix rigidity, which at the same time depends on the photoinitiator used for
curing.
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Therefore, different fluorescence responses to dose are expected for different
photoinitiators.
1. Radiochromic effect caused by radicals
2. Radiochromic effect caused by UV photolysis (photoionization)

Type I and Type II photoinitiators
Experiment: Fluorescence of slides of Composition 2 with different photoinitiators (TPO,
CPTX, CQ and ITX) was analyzed for 0 and 300 Gy. Except for TPO, which is a type I
photoinitiator, a co-initiator was needed: EDB and DMAEM were used for that purpose.
The photoinitiator to co-initiator ratio used was 1:2, by using concentrations of 14.35
mM for photoinitiators and 30 mM for co-initiators (Neumann, 2006). All photoinitiators
were dissolved in PEGDA-575 and their concentration in the total solution was 1.41 mM.
Slides were cured with Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min, except
samples with CQ which were cured with Lamp 2 (surface power density: 25 mW/cm2) for
20 min. The absorbance band of CQ at around 470 nm requires the use of Lamp 2 whose
emission wavelength is 460 nm. Slides were irradiated in Gammacell 3 (dose rate: 140
Gy/min) to 300 Gy. Fluorescence was excited with the 532 nm Nd:YAG laser.
Results: Figure 4.11 shows the fluorescence of the unirradiated and irradiated slides.
The use of the co-initiator DMAEM decreases the contrast in all cases. Samples with
CPTX have a high fluorescence background, so they were also discarded. The highest
contrast occurs for TPO and CQ+EDB, both with similar results. Although the result for
CQ+EDB was observed to be better due to its lower background, its long curing makes it
low desirable.

Figure 4.11: Fluorescence spectra of slides (unirradiated and irradiated to 300 Gy) with
type I photoinitiator (TPO) and type II photoinitiators.
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Paper II - Radiochromic and radiofluorogenic 3D solid polymer dosimeter;
effect of the photoinitiator
Experiment: Slides of Composition 2 were made with different photoinitiators: TPO at
concentrations of 1.41 mM and 0.60 mM, ITX at 1.41 mM with EDB as co-initiator, and
CQ at 1.41 mM also with EDB. Five slides per photoinitiator type were cured at once
with Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min. Slides of CQ were cured
with Lamp 2 (surface power density: 25 mW/cm2) for 20 min each slide. They were
studied for a large dose range: 2, 6, 8, 10, 20, 50, 100, 300, 600 and 1000 Gy. Irradiations
were carried out in Gammacell 1 (dose rate: 5 Gy/min). Fluorescence was excited with
the 532 nm Nd:YAG laser.
Results: Paper II presents the results for TPO and ITX + EDB; the results for CQ + EDB are
also included here. Figure 4.12 shows the normalized absorbance and fluorescence
spectra of slides made with the different photoinitiators. Figure 4.13 shows the analysis
of the peaks of both signals as function of the dose.
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Figure 4.12: Normalized absorbance and fluorescence spectra for slides with TPO, ITX +
EDB and CQ + EDB as photoinitiators.

Figure 4.13: Absorbance and fluorescence peaks as function of the dose for slides with
different photoinitiators (5 slides per type). Below: zoom in for low doses.
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In figure 4.13 it can be seen that ITX has the lowest fluorescent response. This is due to
the heavy atom effect (chapter 1.4.2; quenching) from sulfur. On the contrary, TPO (1.41
mM) presents the highest contrast. The problem of TPO is its high fluorescence
background, which is even higher than when irradiated to 2 Gy afterwards. This is due to
presence of secondary species from the photoinitiator after curing, which are
fluorescent. When decreasing the amount of TPO, the fluorescence background
decreases, but the fluorescence sensitivity to dose decreases too. Therefore, it is not
only radiation that affects the dye, but also these species from TPO, which contain
benzene groups that emit at 300-350 and therefore stimulate the dye.

Mixture of Type I photoinitiators
Experiment: The sensitivity to low doses was studied also for pellets of Composition 5
(low dye, high HEMA) with TPO and with a mixture of type I photoinitiators: 20%
Irgacure 819 and 80% Darocur 1173 in a concentration of 0.5 vol% in PEGDA-575. Four
pellets of each type were cured with Lamp 1 (surface power density: 4.5 mW/cm2) for
10 min and irradiated in Gammacell 1 (dose rate: 5 Gy/min) to 5, 10 and 20 Gy.
Fluorescence was excited with the 520 nm diode laser.
Results: Figure 4.14 shows that the background is lower for the mixture of
photoinitiators than for TPO. But in both cases the fluorescence is not sensitive to low
doses, although the absorbance it is.

Figure 4.14: Absorbance and fluorescence peaks as function of the dose for pellets
made with different photoinitiators. Error bars smaller than the markers in the case of
the fluorescence response.

Conclusion: The starting hypothesis was accomplished: it was observed that the
response is dependent on the type of photoinitiator. The type II photoinitiators CQ and
CPTX and the co-initiator DMAEM, were discarded due to its long curing time, high
fluorescence background, and low fluorescence contrast, respectively. The absorbance
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and fluorescence responses of TPO and ITX + EDB for a large dose range were presented
in Paper II. The use of ITX + EDB lowers the fluorescence background, but it is not
sensitive to low doses. The same happens when using the mixture of type I
photoinitiators: Irgacure 819 and Darocur 1173. Fluorescence sensitivity to low doses
needs to be improved.

4.2.6. Effect of the secondary polymer
Hypothesis: Increasing the amount of secondary polymer results in a stiffer matrix that
facilitates dye fluorescence and increases fluorescence sensitivity to low doses.
Experiment: A new composition with more HEMA was tested (Composition 3). Four
pellets were cured with Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min and
irradiated in Gammacell 1 (dose rate: 5 Gy/min) to 5, 10, 20, 30, 50, 75 and 100 Gy. They
were compared with pellets made of Composition 2. Fluorescence was excited with the
520 nm diode laser.
Results: Figure 4.15 shows the results of Composition 3 for low doses, which follow a
straight line contrary to previous results. Irradiations were continued to higher doses
and comparison of results with usual Composition 2 (figure 4.16) show that, although
both compositions have a similar fluorescence slope, the fluorescence sensitivity to low
doses has successfully increased. Besides, the background fluorescence of Composition 3
is lower due to the more diluted dye and the lower proportion of TPO. The latter may
also be another reason for the improvement of the fluorescence sensitivity at low doses,
since for a lower amount of photoinitiator there will be less remaining reactive species
from TPO after photocuring.

Figure 4.15: Fluorescence response for low doses for pellets made of Composition 3,
characterized for a higher amount of HEMA. (Note the suppressed zero.)
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Figure 4.16: Absorbance and fluorescence responses to dose for the usual Composition 2
and the new Composition 3 with a higher amount of HEMA.

This result suggests that the local environment of the dye molecule is now more packed,
which favors its fluorescence by restricting its vibrational and rotational movements.
HEMA increases the stiffness of the polymer matrix by increasing its 𝑇𝑔 . On one hand,
HEMA increases the crosslinking density and therefore reduces the free volume, leading
to an increase in 𝑇𝑔 . On the other hand, its high polarity (measured in Annexe 2) also
increases 𝑇𝑔 since strong bonding restricts rotation and atomic movements. The 𝑇𝑔 of
the PEGDA/HEMA system can be calculated by equation 1.16. The volume fractions of
HEMA and PEGDA, their 𝑇𝑔 (Galagan, 2010), and the total 𝑇𝑔 of each composition
appear in table 4.1.

Table 4.1: Glass transition temperatures and volume fractions for each composition.
𝑻𝒈 (℃)
HEMA
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PEGDA

-25

PEGDA/HEMA 𝑻𝒈

Composition 2 (vol. %) Composition 3 (vol. %)
0.52
9.43
99.48

90.57

-24.5 ℃

-16.2 ℃

Due to the good properties of HEMA, it was tested a composition with HEMA as the host
polymer and PEGDA as the secondary. However, due to the low amount of MEHQ
inhibitor in HEMA (50 ppm), it results a pink/magenta solution. Therefore, it is necessary
adding MEHQ inhibitor.

Conclusion: Results show that the initial hypothesis is true: increasing the amount of
HEMA increases the fluorescence sensitivity to low doses. Thanks to the high
crosslinking density and the high polarity of HEMA, the 𝑇𝑔 of the PEGDA/HEMA system
increases, leading to a stiffer polymer matrix.
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4.2.7. Effect of the dye
Hypothesis: The dosimeter dose response is due to the dye and not to the matrix.
Experiment: Pellets of Composition 2 with and without dye (matrix) were cured with
Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min and irradiated in Gammacell 1
(dose rate: 5 Gy/min) to 100 Gy. Fluorescence was excited with a 520 nm diode laser.
Results: Figure 4.17 shows the absorbance and fluorescence spectra for the dosimeter
and its matrix (without dye). It can be observe how the peaks of both spectra for the
matrix do not change much when irradiated. The increase with the dose is clear in the
case of the dosimeter, due to the dye.

Figure 4.17: Absorbance and fluorescence spectra for the dosimeter and its matrix
(without dye), unirradiated and irradiated to 100 Gy.

Conclusion: The dosimeter dose response is due to the dye. The polymer matrix
facilitates the fluorescence from the dye but without contributing to its increase when
irradiated. Further studies about this are presented in the next chapter about the EPR
measurements.
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Dose response by Electron Paramagnetic Resonance signal

Paper III - Radiochromic and radiofluorogenic 3D solid polymer dosimeter; a
third signal: Electron Paramagnetic Resonance (EPR).
Hypothesis: Besides the optical signals, an EPR dose response from the stable free
radicals originating from the radiochromic dye of the dosimeter is expected.
Experiment: To test this hypothesis, point detector experiments were performed with
pellets (4 per type) made of Composition 2 with and without dye (matrix), cured with
Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min and irradiated with Gammacell
1 (dose rate: 5 Gy/min). They were analyzed for the following doses: 5, 10, 20, 30, 50, 75
and 100 Gy. Fluorescence was excited with a 520 nm diode laser.
Results: Figure 4.18 shows the EPR signal (first derivative of the EPR spectra), and the
normalized absorbance and fluorescence spectra for the same pellet irradiated at
different doses. Figure 4.19 shows the responses of the three signals (peak to peak
amplitude for the EPR signal, and peaks for the optical signals) as function of the dose
for the dosimeter and its matrix. The three signals were measured for the same pellets,
4 pellets for the dosimeter, and 4 pellets for the dosimeter´s matrix (without dye). The
EPR spectra of alanine pellets was also measured for comparison. More details can be
found in Paper III.

Figure 4.18: a) First derivative of the EPR spectra of a dosimeter pellet irradiated at
several doses. b) Normalized absorbance and fluorescence spectra of a dosimeter pellet
irradiated at several doses.

Conclusion: It was possible to measure an EPR signal from the dosimeter, which
increases with the dose. Due to the EPR it has been observed that free radicals present
in the dosimeter are the species that originate from the radiochromic dye and not from
the matrix. Therefore, the matrix provides the required properties for the dosimeter,
such as solid support, water equivalence, moldable, flexibility, optical clarity, good
mechanical and optical properties, without interfering in the radiation response from
the dye.
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Figure 4.19: EPR, absorbance and fluorescence responses as function of the dose for the
dosimeter and its polymer matrix.
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Photocuring

In this chapter, the influence of the photocuring process on the dosimeter is analyzed.

4.4.1. Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy is used to confirm photocuring efficiency. A thin layer of Composition
2 is cured with Lamp 3 (surface power density: 15 mW/cm2) in three shots of 5 s, and a
last shot of 20 s. After each irradiation the FTIR spectrum is recorded. In figure 4.20, the
FTIR spectra of the initial and the final sample are shown, where the following functional
groups can be identified: alcohol (O–H), alkane (C–H), carbonyl (C=O), alkene (C=C) with
its stretching and twisting modes, and acrylate (CH2=CHCOO-) (McMurry, 2016).

Figure 4.20: FTIR spectra of the uncured and cured sample.

The curing efficiency can be noticed by looking at the C=C bonds. As it was seen in
chapter 3.2, the photoinitiator reacts with PEGDA by opening its C=C bonds allowing
crosslinking. Therefore, a decrease in the number of C=C bonds (conversion) is expected
after curing. The transmittance of this group increases after photocuring, and therefore
its absorbance decreases. Absorbance spectra for the region of interest, calculated as
𝐴 = 2 − log(𝑇%), are shown in figure 4.21. The peak at 1454 cm-1 could correspond to
the aromatic ring (1450 – 1600 cm-1) (McMurry, 2016).
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Figure 4.21: Absorbance spectra for the different curing times obtained from the FTIR.
The peaks that were used correspond to the C=C stretching and twisting modes;
however, it could also have been used the acrylate peak at 810 cm-1 (Glöckner et. al,
2008). The percent conversion of the C=C bonds for each curing time (𝑡) was calculated
from the area of the absorption bands (𝐴) and using the C=O peak as reference. The
following equation (Wu et. al, 2005) was used:
𝐴𝐶=𝐶(𝑠𝑡𝑟𝑒𝑡𝑐ℎ) + 𝐴𝐶=𝐶(𝑡𝑤𝑖𝑠𝑡)
𝐴𝐶=𝐶(𝑠𝑡𝑟𝑒𝑡𝑐ℎ) + 𝐴𝐶=𝐶(𝑡𝑤𝑖𝑠𝑡)
) −(
)
𝐴𝐶=𝑂
𝐴𝐶=𝑂
0
𝑡
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) =
𝐴𝐶=𝐶(𝑠𝑡𝑟𝑒𝑡𝑐ℎ) + 𝐴𝐶=𝐶(𝑡𝑤𝑖𝑠𝑡)
(
)
𝐴𝐶=𝑂
0
(

Figure 4.22 shows the conversion as function of the UV exposure. It can be observed
that the solution was successfully photocured after the second exposure. The fitting
reaches a 96% of conversion, suggesting that there is a rigid environment allowing the
dye to fluoresce.

Figure 4.22: Conversion vs. UV exposure.
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4.4.2. Reproducibility
Reproducibility can be divided into two: the photocuring reproducibility (measurements
of different samples), and the measurement reproducibility (measurements of the same
sample). Figure 4.23 shows the improvement of both along the project. All graphs are
for unirradiated samples (slides and pellets) made of Composition 2 and cured with
Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min.
Figures 4.23a and b show the importance of a proper photocuring. If there is remaining
photoinitiator after curing (peaks at 378 and 400 nm in the absorbance spectrum), the
fluorescence signal is higher (red and black curves) due to the fluorescence from the
photoinitiator. This decreases photocuring reproducibility (compare with blue curve).
Regarding measurement reproducibility, it improves by changing the Nd:YAG laser
(figure 4.23c) to the diode laser (figure 4.23d). Finally both the photocuring
reproducibility (figure 4.23e) and the measurement reproducibility (figure 4.23f), were
improved by making pellets and measuring them with the diode laser.

Figure 4.23: Evolution of the photocuring and measurement reproducibility along the
project. a) Absorbance spectra of different slides. b) Fluorescence spectra of different
slides. Excited with Nd:YAG laser. c) Fluorescence spectra of the same slide. Excited with
Nd:YAG laser. d) Fluorescence spectra of the same slide. Excited with diode laser. e)
Fluorescence spectra of different pellets. Excited with diode laser. f) Fluorescence
spectra of the same pellet. Excited with diode laser.

4.4.3. Surface power density
Cuvettes of Composition 1 were cured with Lamp 1 for 10 min at different surface power
densities: 3.5 mW/cm2, 10.7 mW/cm2 and 17.0 mW/cm2. They were irradiated to high
doses with Gammacell 3 (dose rate: 140 Gy/min): 100, 200, 300, 400, 500, 600, 700,
800, 900 and 1000 Gy. Results are shown in figure 4.24.
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It can be seen how the slope of the dose response decreases when increasing the
surface power density. This may mean that samples cured for the same time at higher
powers are harder and allow less diffusion, giving a lower response.

Figure 4.24: Absorbance peaks as function of the dose, for cuvettes of Composition 1
cured with Lamp 1 for 10 min at different surface power densities.

4.4.4. Surface power density and curing time
Pellets of Composition 2 were cured with Lamp 3 in four different ways (fast, medium
and slow curing) by changing the surface power density and the curing time:
 Method 1 - Fast: 5.5 mW/cm2, 1 min. Surface energy density: 330 mJ/cm2.
 Method 2 - Medium: 0.4 mW/cm2, 5 min. Surface energy density: 120 mJ/cm2.
 Method 3 - Slow: 0.065 mW/cm2, 50 min. Surface energy density: 195 mJ/cm2.
Pellets were irradiated to 50 Gy with Gammacell 1. Fluorescence was excited with a 520
nm diode laser, and SpectraSuite software was used this time. Absorbance and
fluorescence signals of the pellets were measured to analyze the dose sensitivity and the
post-irradiation stability.
Figure 4.25 shows the results. For the dose response, the slope is similar for the
different curing methods in both absorbance and fluorescence. Therefore, the curing
method has no impact on the dose response. However, it is clearly affecting the
background signal, being the lowest in the case of samples cured by method 1 (fast).
Regarding post-irradiation stability, it seems that the most stable samples are the ones
cured by method 1. However, due to the large uncertainties, it is not possible to confirm
this to a high level of confidence and further investigation is required.
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Figure 4.25: Absorbance and fluorescence peaks for pellets cured by different methods.
Analysis of the dose sensitivity and post-irradiation stability.

Conclusion: In this chapter it has been ascertained by FTIR spectroscopy that the
photocuring is effective; converting around 100% of PEGDA into solid, and therefore
allowing the dye to fluoresce. It has been seen that reproducibility improves by making
pellets and measuring them with a diode laser. It was also studied the effect of
photocuring in the absorbance response at high doses, which decreases when increasing
the surface power density. Finally, it was observed that photocuring with a high surface
power density in a short time allows lowering the background signal (absorbance and
fluorescence) and it seems to help with post-irradiation stability.
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Stability

In this chapter, the pre- and post- irradiation stability of the dosimeter are analyzed.

4.5.1. Pre-irradiation stability
Slides of Composition 2 made with different photoinitiators (5 slides per type) were
cured with Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min. Their absorbance
spectra were measured after curing up to 40 days. A change in the absorbance peak
over time was observed (figure 4.26). In the case of TPO, slides are stable at around 20
days after curing.

Figure 4.26: Pre-irradiation stability. Absorbance peaks for slides made with different
photoinitiators measured over time after curing.

Stability of samples with different concentration of dye was analyzed by measuring
absorbance and fluorescence signals over time for slides (three per type) made of
Composition 2 (dye 61 mM) and Composition 4 (dye 6.1 mM). They were cured with
Lamp 1 (surface power density: 4.5 mW/cm2) for 10 min. Fluorescence was excited with
a 520 nm diode laser. Results (figure 4.27) show that the lower the dye concentration,
the more stable is the dosimeter after curing.
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Figure 4.27: Pre-irradiation stability. Absorbance and fluorescence peaks for slides made
with different dye concentration, measured over time after curing.

4.5.2. Post-irradiation stability
Pellets of Composition 5 were cured with Lamp 3 (surface power density: 15 mW/cm2)
for 2 min. Mercapto and citric acid were added to this composition in a concentration of
10 vol% and 5 vol% respectively, to study their effect in the post-irradiation stability.
Pellets (4 per type) were irradiated to 50 Gy in Gammacell 1 (dose rate: 5 Gy/min).
Fluorescence was excited with the 520 nm diode laser, and the spectra were obtained
with SpectraSuite software. Figure 4.28 shows that adding mercapto (alone or together
with citric acid) decreases the background signal and helps with post-irradiation
stability. However, when using mercapto, fluorescence sensitivity to dose decreases,
which may be due to the heavy atom effect (chapter 1.4.2; quenching) from sulfur.

Figure 4.28: Pre- and post-irradiation stability. Absorbance and fluorescence peaks for
slides made with mercapto and citric acid, measured over time.
Conclusion: In this chapter it was observed that the absorption and fluorescence
response of slides with TPO are stable within approximately 20 days after curing; that
lowering the dye concentration helps with pre-irradiation stability; and that adding
mercapto helps with post-irradiation stability.
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4.6.

DOSE RATE DEPENDENCE

Dose rate dependence

In this chapter, the dose rate dependence of the dosimeter is analyzed.
Experiment: Pellets of Composition 3 were cured with Lamp 3 (surface power density:
15 mW/cm2) for 2 min. They were irradiated (4 in each gammacell) in Gammacell 1
(dose rate: 5 Gy/min) and Gammacell 3 (dose rate: 140 Gy/min) at 100, 300, 600 and
1000 Gy. Fluorescence was excited with the 520 nm diode laser.
Results: Figure 4.29 shows the absorbance and fluorescence peaks as function of the
dose for each gammacell. It can be observed how the absorbance is clearly not doserate dependent. For the fluorescence, there is a difference at 1 kGy. When 1 kGy is given
to the dosimeter with Gammacell 1 it takes approximately 3 hours, while with
Gammacell 3 it takes just 7 min. It may be then, that when the dose is deposited slowly,
the matrix has time to relax by non-radiative processes, decreasing the fluorescence
efficiency. But this difference could also be part of the uncertainty. Further investigation
of the fluorescence dose-rate dependence at high doses could be convenient. For lower
doses is not dose-rate dependent.
Conclusion: The dose rate dependence of the absorbance and fluorescence responses of
the dosimeter requires further investigation.

Figure 4.29: Absorbance and fluorescence peaks as function of the dose for pellets
irradiated in Gammacell 1 (5 Gy/min) and Gammacell 3 (140 Gy/min).
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Water equivalence and energy dependence

In this chapter, the water equivalence and energy dependence of the dosimeter were
investigated in several ways: by calculating some physical parameters (𝑍𝑒𝑓𝑓 , 𝜌, 𝜌𝑒𝑙 ), by
computing the mass attenuation coefficients and the stopping powers of the dosimeter
with EXAMIN, and by comparing the dose delivered to the dosimeter with that delivered
to water in similar geometries using Monte Carlo simulations.

4.7.1. Calculation of water equivalence parameters (𝒁𝒆𝒇𝒇 , 𝝆, 𝝆𝒆𝒍 )
As has been discussed in chapter 1.2.1.3, three parameters are often used to check
whether a material has characteristics close to water: the effective atomic number
(𝑍𝑒𝑓𝑓 ), mass density (𝜌) and electronic density (𝜌𝑒𝑙 ). These parameters were calculated
for the main component of our dosimeter (PEGDA-575), and for the whole dosimeter
composition (with the dye in the leuco dye form). They were also calculated for common
phantom materials, such as polystyrene and poly(methyl methacrylate) (PMMA).
Equations 1.13 and 1.14 were used with 𝑚 values of 3.5 and 1, for diagnostic radiology
and radiotherapy respectively. Results (table 4.2) show good water equivalence of the
dosimeter.

Table 4.2: Physical parameters to quantify water equivalence.

4.7.2. Analysis of 𝝁⁄𝝆 and 𝑳𝚫 /𝝆 with EXAMIN
The mass attenuation coefficients (𝜇⁄𝜌) and the restricted Spencer-Attix mass stopping
powers (𝐿Δ /𝜌) are both directly related to the absorbed dose in the medium, as it was
previously seen. They are calculated for each material to test water equivalence. For the
restricted mass stopping powers, the cutoff energy Δ = 1 keV was used, which means
that tracking of electrons with kinetic energy below that value are stopped.
Results for energies ranging from 1 keV to 50 MeV are shown in figures 4.30 a and b in a
logarithmic scale. Linear-logarithm scales for energies from 100 keV to 50 MeV are
presented in figures 4.30 c and d to emphasize the close matching.
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Figure 4.30: Results obtained with EXAMIN. a) Mass attenuation coefficients in a
logarithm-logarithm plot. b) Restricted mass stopping powers in a logarithm-logarithm
plot. c) Mass attenuation coefficients in a linear-logarithm plot. d) Restricted mass
stopping powers in a linear-logarithm plot.
To analyze the water equivalence in more detail, figure 4.31 shows the difference
compared with water, calculated as the difference divided by the value for water, as a
percentage. Table 4.3 shows some values for the dosimeter deviation to water at
specific photon energies: 100 keV (for radiology), 1.25 MeV (60Co energy), 6 MeV and 15
MeV (LINAC energies equivalent to 6 MV and 15 MV, highly used in the clinic).

Figure 4.31: Deviation of the mass attenuation coefficients and the restricted mass
stopping powers to water.
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Table 4.3: Percentage deviation of the mass attenuation coefficient and the restricted
stopping power of the dosimeter to water at specific energies.

4.7.3. Monte Carlo simulations of monoenergetic beams
The absolute magnitude of mass attenuation coefficients and restricted mass stopping
powers is not of primary importance, what really matters is the behavior of the ratio of
these magnitudes for the detector against water, and how constant that ratio is as
function of energy. To analyze the water equivalence and energy dependence in such a
way, the user code EGS_CHAMBER was used to calculate the dose ratio 𝐷𝑑𝑜𝑠𝑖𝑚𝑒𝑡𝑒𝑟 /
𝐷𝑤𝑎𝑡𝑒𝑟 for different monoenergetic photon beams of energies ranging from 0.1 – 20
MeV.
The geometry that was used was a water cube of 50x50x50 cm3 containing a 1 cm radius
sphere in the middle (figure 4.32), which was made of the dosimeter material first and
substituted by water afterwards.

Figure 4.32: Geometry for the dose ratio calculations: water cube with a 1 cm radius
sphere. Simulation of photon irradiation (yellow beams) with consequently formation of
secondary electrons (red dots) when reaching the dosimeter (green sphere).
Results of the simulation are shown in figure 4.33. It can be seen how the dose ratio
between the dosimeter and water is near constant, so the response does not exhibit
energetic dependence, above 1 MeV. Below 1 MeV, the dose ratio is much more energy
dependent due to the more rapid dependence with energy of the mass-energy
absorption coefficient and the mass collisional stopping power.
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Figure 4.33: Results of the dose ratio calculations for different photon energies.

The same simulation was made for polystyrene (figure 4.34) to compare the dosimeter
with a commonly used material in radiotherapy (polystyrene is the main component of
the BC-60 scintillator). Results show a very good agreement for energies above 1 MeV,
so they are equivalent. For lower energies, our dosimeter is closer to unity, so it is more
equivalent to water and less energy dependent than polystyrene.

Figure 4.34: Comparison with polystyrene. Logarithmic scale in the x axis.
It was also compared with other dosimeters used in radiotherapy (Beddar et al., 1992)
(figure 4.35). In this paper they simulate a cylinder of 1 mm radius and 4 mm high
instead of a sphere. For our dosimeter, at 1 MeV the dose ratio is 0.953 ± 0.013 for the
cylinder and 0.9587 ± 0.0041 for the sphere, which makes the results comparable
despite the difference in geometry.
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Figure 4.35: Comparison with other detectors. Logarithmic scale in the x axis.

4.7.4. Monte Carlo simulation of a gammacell
The geometry of Gammacell 3 was simulated [by Mark Bailey] with the DOSRZnrc Monte
Carlo user code in order to confirm the homogeneity and the magnitude of the doses
delivered to the samples in this irradiator. The volume of the dosimeter that was studied
was a cylinder of 7 cm height and 0.65 cm radius, in a region surrounded by air within
the Gammacell irradiation volume. Figure 4.36 shows that the dose inside the dosimeter
volume is very uniform; it is only slightly different at the bottom, but the rest of the
volume receives a similar dose. The use of slides, cuvettes, or dosimeter pellets, will only
change the magnitude of the dose very slightly, since these materials never exceeded n
mm in thickness and cobalt-60 emits photons of energy 1.17 and 1.33 MeV, so the
penetration is high: The presence of 3 mm water-equivalent material outside the
dosimeter would be expected to change the fluence of photons inside the dosimeter by
less than 2 %.

Figure 4.36: Dose in the dosimeter as function of the distance above the base.
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4.7.5. Monte Carlo simulations with LINAC phase space files
Monoenergetic photon beams had been simulated for most of the calculations
discussed earlier. However, the LINAC produces a continuous X-ray spectrum due to
Bremsstrahlung interactions of the original electrons within the target. Since the main
application of our dosimeter is to ascertain that the external radiotherapy treatment is
delivered as intended by placing it in lieu of the volume targeted for treatment, a closer
to laboratory conditions case was simulated, in which the dosimeter is irradiated by the
Varian TrueBream™ LINAC (figure 1.1).
The geometry that was used is schematically illustrated in figure 4.37. A sphere of 1 cm
radius was placed inside a water phantom at a depth of 10 cm from the surface. The
sphere was made by the dosimeter material first, and substituted by water afterwards.
The water phantom was a 50x50x50 cm3 box placed in the source to surface distance
(SSD) configuration, which means its surface is placed at the LINAC isocenter (that is at
100 cm from the target as commonly used). The field size is 10x10 cm 2, which is the
commonly used reference size. The cutoff energy used for electrons was 512 keV (1 keV
higher than the electron rest mass) and 1 keV for photons.

Figure 4.37: a) Geometry for the LINAC irradiation simulation. b) Scheme of the LINAC
(adapted from Podgorsak, 2005) to show the position of the phantom.
Phase spaces were produced for the following photon energies: 4 MV, 6 FFF (6 MV
flattening filter free beam), 6 MV, 10 FFF, 10 MV and 15 MV. The quality of the beam is
represented by the tissue phantom ratio (TPR) for a field size of 10x10 cm2, which is the
ratio of the dose to water measured at 20 and 10 cm depths (TPR20_10). The TPR20_10
parameter for each energy appears in table 4.4. The dose ratio was computed from the
simulations, which is shown as function of the TPR20_10 in figure 4.38. The median value
(0.9624 ± 0.0012) is very close to water. It can be seen that all the results are contained
in the 0.4% deviation range from the median, so it is not very dependent on the beam
quality.
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Table 4.4: Beam-quality indicator for each photon energy.

Figure 4.38: Dose ratio results for the LINAC irradiation simulation.

Conclusion: It can be concluded that the dosimeter is water equivalent. This was
checked by calculating usual parameters like 𝑍𝑒𝑓𝑓 , 𝜌 and 𝜌𝑒𝑙 ; by analyzing 𝜇⁄𝜌 and 𝐿Δ /𝜌
with EXAMIN for a large range of energies; by simulating monoenergetic beams and
obtaining the dose ratio to water; and by simulating LINAC phase spaces in laboratorylike conditions. For energies in the radiotherapy range, this dosimeter behaves very
close to water and its energy dependence is almost negligible.
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Chapter 5
Conclusions
Pararosaniline leuco dye dissolved in a photocurable polymer matrix resulted in a solid
state dosimeter, which is radiochromic and radiofluorogenic. The dosimeter presents
good optical and mechanical properties, it does not require a container and it can be
made in any shape, being therefore a good candidate for use in 3D dosimetry. The
fluorescence response is of particular interest as it facilitates detailed mapping of the
absorbed 3D dose distribution by optical fluorescence tomography using laser
stimulation.
The dosimeter responds to absorbed gamma radiation by an increase in its absorbance
and fluorescence signals. Both radiation-induced responses are linear with dose and
dose-rate independent for the medical dose range. Also for energies in the radiotherapy
range, this dosimeter behaves very close to water and its energy dependence is almost
negligible. This was determined by obtaining usual water equivalence parameters, by
analyzing mass attenuation coefficients and stopping powers for a large energy range,
and by obtaining the dose ratio to water with Monte Carlo simulations (both for
monoenergetic beams and LINAC irradiations).
At least two stimuli are known to facilitate the leuco dye reaction: oxidation of the leuco
dye caused by free radicals formed by radiolysis of solvent in the matrix due to ionizing
radiation, and photoionization caused by short-wave UV photons (below 330 nm)
created by secondary electrons formed during irradiation with gamma radiation. This
was observed when analyzing the effect of the photoinitiator: the dose response is
higher when using TPO as photoinitiator due to UV photolysis. When exposed to UV
light, the TPO molecule absorbs UV radiation and decomposes into two free radicals:
this is the mechanism used for photocuring of the polymer matrix. The same effect
happens when the dosimeter is irradiated with ionizing radiation. The free radicals from
TPO contain benzene groups that emit at around 300-350 nm, stimulating the leuco dye
and increasing the fluorescence response to absorbed dose. The dosimeter dose
response is, however, exclusively due to the dye and not to the free radicals from the
matrix. This was ascertained by EPR measurements, a technique that only measures free
radicals. On the contrary, the optical signals are highly influenced by the matrix, since
the optical properties of the dye are determined by the matrix.
The requirement for the dye to fluoresce is to be constrained in a rigid environment;
otherwise it liberates the excess of energy by non-radiative processes. Therefore,
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regarding the polymer matrix, on one hand, it needs to provide rigidity to the dye. On
the other hand, the matrix needs to be diffusive. Oxygen and radicals’ diffusion is
necessary to obtain a homogenous dose response through the whole dosimeter volume.
Therefore, the design of the matrix is a compromise between the two characteristics:
diffusive and rigid. The main polymer, PEGDA, imparts the main properties to the
dosimeter, such as diffusion, water equivalence, flexibility, and transparency. The
secondary polymer, HEMA, is used to further the mechanical stability of the host
polymer by cross-linking, making it stiffer. The high crosslinking density, high polarity,
and high 𝑇𝑔 of HEMA, leads to a more rigid PEGDA/HEMA polymer matrix and therefore
facilitates the dye fluorescence. This was observed to result in an increase of the
fluorescence sensitivity to low doses.
Among the different compositions studied, it was observed that the PEGDA/HEMA/TPO
system responds very well for high doses. TPO increases the fluorescence response of
the dye to ionizing radiation due to the reactive species in which TPO is decomposed,
which stimulate the leuco dye. However, there are two problems related to the
remaining TPO after photocuring. One problem is that these remaining species, when
irradiated to low doses, may continue photocuring of the matrix or may activate the
leuco dye. These are two competitive processes that result in a low fluorescence
sensitivity to low doses. The second problem is that these reactive species from TPO are
fluorescent and therefore the fluorescence background is high, what hinders the 3D
readout of the dosimeter. The fluorescence background was decreased by lowering the
amount of dye, lowering the amount of TPO, and changing TPO to other photoinitiators,
but the fluorescence sensitivity to low doses did not improve. An improvement was
noticed when decreasing TPO at the same time than increasing HEMA.
The manufacturing process of the dosimeter is fast and easy, it only requires mixing of
five components (leuco dye, ethanol, PEGDA, HEMA and TPO) for 1h, since the leuco dye
is easily dissolved. Regarding the photocuring process, the best sample quality was
obtained with Lamp 3 (15 mW/cm2), which also allowed to reduce the curing time to
just 2 min (also for large 3D samples). Photocuring efficiency of this lamp was
ascertained by FTIR spectroscopy, showing near full conversion of PEGDA. It was also
observed that a high surface power density and a short curing time reduced the
fluorescence background and helped with post-irradiation stability. For fluorescence
measurements, excitation with a diode laser at 520 nm showed the best results.
Therefore, in this project, a solid state polymer matrix that allows the dye to fluoresce
and that responds to ionizing radiation by increasing fluorescence was developed. It was
possible to identify some of the main mechanisms that take place inside the dosimeter.
At the moment, fluorescence is not sensitive enough at the medical dose range, but
once this is solved, this dosimeter would be a good candidate for use in a clinical basis.
The 3D dose distribution from the dosimeter would be measured by optical fluorescence
tomography, which would provide a fast readout, high spatial resolution, and high
accuracy, allowing ascertaining that the radiotherapy treatment is delivered as intended.
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Chapter 6

Future perspectives
The main aspects to take into consideration for future investigations are the following:

The priority at this stage is to increase fluorescence sensitivity for low doses in order to
use this dosimeter for radiotherapy. For that purpose, it is suggested to study the effect
of increasing the proportion of HEMA and decreasing the proportion of TPO in the
polymer matrix. Addition of MEHQ inhibitor would be necessary in case of using high
amounts of HEMA, since the amount of this inhibitor in HEMA is too low and it was
observed to be necessary to avoid the leuco dye reaction with the polymer. The key is to
find the right proportion of the three components (PEGDA, HEMA and TPO). Therefore,
it is recommended to carry out another DoE with Composition 3 (high dye, high HEMA)
or Composition 5 (low dye, high HEMA) as starting point, and study the fluorescence
peak difference between 0 and 5 Gy for different proportions of the PEGDA/HEMA/TPO
system. Besides, when trying new polymer matrices, the 𝑇𝑔 and the Stokes shift should
be regarded; in both cases the higher, the better. The photocuring efficiency of new
polymer matrices could be studied by FTIR spectroscopy. This technique would also be
useful to study post-UV curing effects.
To remove fluorescence quenching by dissolved molecular oxygen in the polymer
matrix, amines could be incorporated into the compositions. They are used as antifading agents in fluorescence microscopy and tertiary amines are used for film curing to
avoid oxygen inhibition. The drawback is, namely, an increased rate of photo-yellowing.
A different method to lower oxygen sensitivity could be to try a hybrid photoinitiator
system (free radical + cationic).
Studying temperature dependence on the fluorescence of the dosimeter would be the
next step, as well as determine the right storage and measurement conditions.
Photocuring of large 3D samples by using Lamp 3 and the cooling system currently
under development would be the final step, taking into consideration that bubble
formation should be avoided, since it affects the readout (light scattering).
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Annexe I – A. Summary of experiments
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Annexe I – B. Product specifications

91

Annexe II – Other experiments
This annexe includes some experiments and considerations that serve as a supplement
of the results shown in the thesis. They are the following:

A1. Effect of solvents in the dye dynamics – Studies in solution I
A2. Effect of additives in the dye dynamics – Studies in solution II
A3. Pre-treatments – Trying to improve dose sensitivity I
A4. Other polymers – Trying to improve dose sensitivity II
A5. Polarity of polymers before and after UV exposure
A6. Safety

A1. Effect of solvents in the dye dynamics – Studies in solution I
Objective: The choice of solvent helps with sensitivity and stability of the dye. This was
already checked in 1974 (McLaughlin and Kosanić, 1974) for solutions of the same dye,
where it was observed that a weak acid stabilizes the dye. The purpose of this study is to
analyze the effect of different solvents in the dynamics of the dye: stability of the dye
before and after irradiation, and sensitivity of the dye to radiation.
Experiment: Absorbance spectra of solutions of 5 mM pararosaniline leuco dye in TBP
with different solvents were measured. The solvents that were studied were: ethanol
(96 vol% in water), dry ethanol (99 vol% in water), citric acid (20 vol% in water), and
water itself. They were studied in the following concentrations: 0.5, 1, 2.5, 5 and 10
vol%, except for citric acid and water where the 10 vol% solutions were not dissolvable.
Three cuvettes were measured for each concentration, and they were irradiated to 50
Gy in Gammacell 3 (dose rate 140 Gy/min). It was analyzed the effect of the solvent on
the pre- and post- irradiation stability, and on the dose sensitivity.
Results pre-irradiation stability: Figure A1 shows the effect of the solvent on the preirradiation stability of the dye. Cuvettes were measured 20 hours after fabrication. In all
cases, stability improves by adding a solvent; and the higher the solvent concentration,
the more stable is the dye. For ethanol and dry ethanol, concentrations of 5 vol% and 10
vol% are recommended. Citric acid improves the stability drastically just by adding it in a
low concentration (0.5 vol%), and for higher concentrations the stability is maintained.
In the case of water, the stability is maintained for concentrations higher than 1 vol%.
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Figure A1: Effect of the solvent on the pre-irradiation stability of the dye. Error bars
included, smaller than the markers.
Results dose sensitivity: Figure A2 shows the effect of the solvent on the sensitivity of
the dye to radiation. Sensitivity decreases with solvent concentration, but in the case of
ethanol and dry ethanol the difference is much smaller than in the case of citric acid and
water.

Figure A2: Effect of the solvent on the dose sensitivity of the dye. Error bars included,
smaller than the markers.
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Results post-irradiation stability: Figure A3 shows effect of the solvent on the postirradiation stability. Cuvettes were measured 1, 3, 6.5 and 24 hours after irradiation. The
stability of the dye after irradiation improves by adding a solvent. The best results are:
ethanol and dry ethanol at 5 vol%, citric acid at 0.5 vol% and water at 2.5 vol%.

Figure A3: Effect of the solvent on the stability of the dye after irradiation.

Conclusion: Solvents improve pre- and post-irradiation stability, but not dose sensitivity.
Ethanol does not decrease sensitivity much, and reaches a very good post-irradiation
stability at 5 vol% concentration. For the solid state dosimeter, ethanol at 4.9 vol%
(Composition 1, 2, and 4) and 4.5 vol% (Composition 3, and 5) were used. The difference
between ethanol and dry ethanol is very low. Citric acid improves stability drastically,
but also decreases sensitivity. The effect of citric acid on the stability of the solid state
dosimeter was analyzed in chapter 4.5.
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A2. Effect of additives in the dye dynamics – Studies in solution II
Objective: Test if additives increase the sensitivity of the dye to radiation.
Experiment & Results: Absorbance spectra of 10 mM solutions of pararosaniline leuco
dye in TBP were measured. Citric acid (20 vol% in water), TCPO, and Chloral Hydrate
were studied for the following concentrations: 0.1, 1, 2.5 and 5 mM. Cuvettes were
irradiated in Gammacell 3 at 25, 50 and 100 Gy.
Figure A4 shows that TCPO reacts with the dye and that the slope of the absorbance
peak vs. dose curve is one order of magnitude lower than without additives. In the case
of citric acid and Chloral Hydrate, dose sensitivity decreases when increasing these
components (although 0.1 mM citric acid seems to increase sensitivity).

Figure A4: Effect of citric acid, TCPO, and Chloral Hydrate in the dose sensitivity.
Conclusion: Additives decrease dose sensitivity.
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A3. Pre-treatments – Trying to improve dose sensitivity I
Objective: Study the effect of heating and irradiating the samples before irradiation to
low doses. The hypothesis is that heating and irradiation promote reaction of the
species that are left after photocuring, and therefore the sensitivity to low doses would
increase since radiation would be used for the leuco dye transformation and not to
continue curing of the polymer matrix.
Experiment: The pre-irradiation treatment was done by previously irradiating the slides
to 10 Gy, and the pre-heating treatment was done by heating the slides at 60°C
(temperature used in the Risø B3 films to stabilize the dye) for 30 min. Slides (3 slides
per type of treatment) were made of Compositions 2 and 4, and irradiated with
Gammacell 1 (dose rate 5 Gy/min) to 2, 4, 6, 8 and 10 Gy after the pre-treatments.
Fluorescence was measured with the diode laser.
Results: Figure A5 shows the dose sensitivity for the pre-irradiation and the pre-heating
treatments compared to the case of no pre-treatment.

Figure A5: Effect of pre-treatments on the dose sensitivity of slides.
Conclusion: Dose sensitivity does not seem to improve with the pre-treatments.

A4. Other polymers – Trying to improve dose sensitivity II
Objective: Study if sensitivity to low doses for the fluorescence signal improves by using
other polymer systems.
Experiment & Results – Proportion of HEMA: The effect of HEMA was analyzed for
Composition 2 (HEMA to PEGDA ratio: 0.6%) by increasing the HEMA to PEGDA ratio to
13%. Pellets were cured with Lamp 1 for 10 min and irradiated with Gammacell 1 to 4.4,
8.8, and 17.55 Gy. Fluorescence was excited with the diode laser. Results (figure A6),
show an improvement on the sensitivity but not as much as in the result presented in
chapter 4.2.6 for Composition 3, where the proportion HEMA to PEGDA ratio is 11.6%
but the proportion of TPO is lower.
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Figure A6: Fluorescence peaks as function of the dose for pellets with different HEMA to
PEGDA ratio.
Experiment & Results – Secondary polymers: Pellets of Composition 5 were made by
using different secondary polymers all in the same vol%: HEMA (as usual), 1,6Hexanediol ethoxylate (Hexanediol), and pentaerythritol tetraacrylate (Tetraacrylate).
Pellets were cured with Lamp 3 for 1 min. Irradiations were done in Gammacell 1 to 5,
10, 12, 14, 16, and 20 Gy. Fluorescence was excited with the diode laser. Figure A7
shows the results. The slope is similar in all cases, so the dose sensitivity does not
improve. However, the fluorescence background is much lower for Tetraacrylate.

Figure A7: Fluorescence peaks as function of the dose for pellets with different
secondary polymers.
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Experiment & Results – Other polymers: New systems were tried, such as PEGDA-700
together with propylene carbonate, and Irgacure 819 0.5% in 1-vinyl-2-pyrrolidinone
(NVP) as photoinitiator. Pellets (4 pellets per type) were cured in a cooling bath at 3 oC
for 50 sec using Lamp 2 and post-UV curing with Lamp 1 for about 20 sec afterwards.
Irradiations were done in Gammacell 1 to 5, 10, and 20 Gy. Fluorescence was excited
with the diode laser.
The compositions were the following:
- New Composition 1: 10 mg leuco dye, 3 ml propylene carbonate, 3 ml PEGDA700, and 0.2 ml Irgacure 819 0.5% in NVP.
- New Composition 2: 30 mg leuco dye, 120 mg Chloral Hydrate, 5 ml propylene
carbonate, 1 ml ethanol, 5 ml PEGDA-700, and 0.5 ml Irgacure 819 0.5% in NVP.
- New Composition 3: 30 mg leuco dye, 120 mg Chloral Hydrate, 5 ml propylene
carbonate, 1 ml ethanol, 5 ml PEGDA-575, and 0.5 ml Irgacure 819 0.5% in NVP.
Figure A8 shows that the fluorescence now decreases with the dose. Besides, results
showed that these samples shrink over time. After irradiations, pellets are attached at
the bottom of the holder, and after one week they decreased their size like in half.

Figure A8: Absorbance and fluorescence peaks as function of the dose for pellets made
of new polymer compositions.

Conclusion: These results shown that increasing the amount of HEMA is a good idea to
increase dose sensitivity; that tetraacrylate may be used to lower the fluorescence
background; and that not all polymer systems are adequate for the matrix, such as is the
case of propylene carbonate.
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A5. Polarity of polymers before and after UV exposure
Objective: Determine the polarity of different polymers and study if it changes after
photocuring.
Experiment & Results: Reichardt’s dye (Reichardt, 1994), a solvatochromic dye that
changes color depending on the solvent polarity, was added to the following solutions
(figure A9):

Figure A9: Solutions used in this experiment. Pictures on the right in the same order.
The mixture of photoinitiators Irgacure 819 + Darocur 1173 was added to the cuvettes
(three cuvettes per polymer). When adding the photoinitiator, it was observed that
PEGDA-700, and PEGDA-700+Glycerol lose color. Cuvettes were cured with Lamp 2.
PEGDA-575, PEGDA-700, and tetraacrylate, were the only polymers that were solid after
photocuring; NVP was jelly and the others were liquid. While UV exposure, propylene
carbonate loses color, while tetraacrylate increases color.
The wavelength that corresponds to the maximum absorbance 𝜆𝑚𝑎𝑥 (𝑛𝑚) was
measured for the solutions before and after adding the photoinitiator, and after UV
exposure. The solvent polarity parameter 𝐸𝑇 (30) (molar electronic transition energy),
related to solvent polarity, was obtained by the following equation (Reichardt, 1994):
𝐸𝑇 (30)(𝑘𝑐𝑎𝑙 𝑚𝑜𝑙 −1 ) =

28591
𝜆𝑚𝑎𝑥 (𝑛𝑚)

High 𝐸𝑇 (30) values correspond to high solvent polarity (Reichardt, 1994). For example,
acetone (𝐸𝑇 (30) = 42.9) and ethanol (𝐸𝑇 (30) = 51.9) have a dielectric constant of
𝜀 = 20.56 and 𝜀 = 24.55 respectively (Machado and Machado, 2001). Figure A10
shows the results. HEMA is the polymer that shows higher polarity, also after UV
exposure. In this graph, it can be seen how polarity changes after UV exposure. This is
highly notorious in the case of propylene carbonate, decreasing its polarity afterwards.
That may be the reason of the bad results (decreasing fluorescence) obtained in the
previous experiment (Annexe II – 4).

99

Figure A10: Molar electronic transition energy, 𝐸𝑇 (30), of solvents and polymers before
adding photoinitiator (squares), after adding it (circles), and after UV exposure (stars). A
high 𝐸𝑇 (30) indicates high polarity.
Conclusion: This experiment needs further investigation, since interactions of the
Reichardt’s dye are not discarded. Besides, it was only possible to cure PEGDA-575,
PEGDA-700, and tetraacrylate, so it is recommended to try a different photoinitiator and
curing with Lamp 3 (not available at that moment). However, we can conclude that
propylene carbonate seems to decrease its polarity after UV exposure, and that the
dielectric constant of the host polymer used along this thesis (PEGDA-575) should be
higher to get higher dose sensitivity. By incorporating HEMA, the polarity of the matrix
increases, increasing therefore the sensitivity (as it was observed in chapter 4.2.6).

A6. Safety
All the work was carried out under the necessary safety conditions: fume chambers and
laboratory disposable gloves for chemical preparation, UV protective glasses for
photocuring, and a TLD dosimeter worn during irradiations for radiation protection
control.
It should be noticed the high safety of the manufacturing of this solid state dosimeter.
No toxic chemicals are used in its composition, contrary to gel dosimeters that often
contain highly toxic chemical species such as acrylamides, known to be severe
neurotoxins and suspected carcinogens. Regarding the curing process, photocuring has
the advantage of not evaporating toxic substances, contrary to current solid state
dosimeters that use various kinds of organic peroxides, such as chloroform, necessary to
cause the oxidation of the leuco dye (Khezerloo et. al, 2017). Those components are
evaporated since the curing method used is thermal curing by evaporation. UV-curing is
a cleaner way of obtaining the solid state dosimeter.
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Abstract. The complexity of dose distributions has increased with the advent of intensity
modulated radiation therapy (IMRT). For that reason, experimental measurements using 3D
dosimeters with high spatial resolution are required to check the delivered dose. In this study a
new 3D solid polymer dosimeter with absorbance and fluorescence responses to radiation is
presented. Measuring fluorescence instead of absorbance improves the spatial resolution and
eases the read out of the dosimeter. The proposed dosimeter is tissue-equivalent and can be
moulded in any shape by a controllable and fast photopolymerization process.

1. Introduction
Modern radiotherapy requires complex dose distributions; therefore, there is an increasing demand for
a high spatial resolution system suitable for dose verification to ensure treatment quality. Over the last
years, 3D dosimetry systems have been developed for this purpose. They may be classified into
polymerizing dosimeters or radiochromic dosimeters, which use magnetic resonance imaging (MRI)
[1] or optical computed tomography (CT) [2] as readout systems. These dosimeters change chemical
properties upon irradiation. While polymerizing dosimeters consist of a gel matrix that polymerizes
with radiation [3], radiochromic dosimeters consist of a gel, plastic or silicone matrix with a radiation
sensitive dye that changes color with radiation exposure [4].
It is important to remember that a dosimetry system is not only the dosimeter itself but also the
readout technique used for extracting the dose information after irradiation. Oldham et al [5] applied
both techniques (MRI and CT) to the same gel dosimeter and they obtained a higher resolution for CT.
Besides that, MRI scanners have significant disadvantages like its cost and availability, and they may
be susceptible to several uncertainty sources like field homogeneity and temperature [6]. These
uncertainties are well understood and can be compensated. However, there are still issues concerning
the material properties of the gels. It is known that the radiation induced cross-linking of the gel is
highly dependent on its oxygen level, pH, and temperature, just to mention a few parameters. For
those reasons CT is more commonly used [7].
Some problems of the CT scan are the light scattering and the acquisition time. Gel dosimeters
require the use of a container, which adds scatter artifacts in the read out due to reflections [8].
Therefore, the scattering may be reduced by using a solid dosimeter that does not need a holder. Solid
dosimeters also avoid the diffusion problem present in gel dosimeters, which causes blurring of the
dose distribution image over time. For some systems, the acquisition of the image may be time
consuming since current CT readout systems require scanning of several slices while the sample

rotates to acquire data at different angles. For example, the 3D scan of the commercially available
PRESAGE™/OCTOPUS™ dosimetry system needs 15 slices and takes 8-9 minutes per slice [9]. This
gives a total scanning time of 2 hours, followed by a computer intensive image reconstruction. A
simple, in-situ and fast reading of the dosimeter would facilitate the use of the 3D dosimeter in a
clinical basis.
A way to increase the scanning speed is by using scanners based on charge-coupled device (CCD)
cameras, since it is possible to obtain a complete 2D image in one go [7]. This technique can be used
to measure the fluorescence [10] instead of the attenuation as the CT does. We have developed a 3D
readout based on a black and white CCD camera. Detecting small signals is difficult when measuring
the absorbance (or attenuation) in the dosimeter; however, measuring fluorescence allows us to use
color filters to ensure that the vast majority of the signal comes from the dye in the sample.
In this paper we present a sensitive, soft-tissue equivalent and moldable 3D solid polymer
dosimeter that is not only radiochromic but also radiofluorogenic. The underlying mechanism involves
the conversion of a non-fluorescent dye molecule into a fluorescent form when incorporated into a
rigid polymeric matrix and irradiated. The imaging of the dose distribution is obtained by measuring
the fluorescence intensity, which can be recorded using a conventional digital camera. This gives a
higher accuracy, a higher spatial resolution and a faster read out, compared to the current
commercially available 3D dosimetry systems.
2. Materials and methods
2.1. The dosimeter
We use a poly(ethylene glycol) diacrylate matrix (PEGDA-575 g/mol) containing pararosaniline leuco
dye [11]. The radiation chemistry involved in the transformation from leuco dye to dye is presented in
figure 1 [12]. This polymer enables the solidification of the material through a photopolymerization
process. We use diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as photoinitiator.
The dosimeter can be molded in any shape by light of approximately 400 nm, which does not affect
the dye. This is a controllable and fast process that only takes up to 10 minutes. After curing, the
dosimeter can be removed from the mold. This property could open up for a significant number of
clinical applications relative to making patient-like geometries, or using it as a thin 2D dosimeter
(film) for the radiation field verification as a quality control test.

Figure 1. Chemical reaction of the leuco dye due to radiation.

2.2. The readout system
Optical fluorescence tomography is used for read out of the dose distribution in the dosimeter (figure
2) [13]. The dosimeter is submerged in an index matching fluid tank and excited with a green laser.
Pictures of the fluorescent emission are taken with a CCD black and white camera to get the 2D dose

distribution. 3D information is obtained by moving the sample through the light sheet while taking
pictures.
The scanning speed is up to 2 millimeters per second, so the total scanning of the dosimeter is
finished within minutes, which avoids problems of chemical changes during scanning. This technique
allows having an in-situ reading and the device is easy to use. These characteristics would facilitate its
use in the clinic.

Figure 2. Picture of the dosimeter inside the index matching fluid tank and scheme of the readout system.

2.3. Irradiations and measurements
Irradiations were carried out in a 60Co gamma source with a dose rate of 139.3 Gy/min. The
uncertainty on the delivered dose is 1.3%. Absorbance was measured with a Shimazdu UV-2700
spectrophotometer. Fluorescence is excited with a 532 nm Nd:YAG laser, and measured with an
Ocean Optics QE6500 spectrometer.

3. Results and discussion
A slide of 1 mm thickness is cured between two glass plates to ensure the best optical quality and
irradiated up to 1 kGy in steps of 100 Gy. Normalized absorbance and fluorescence spectra as function
of the dose are shown in figure 3. The results show that the fluorescence response is strong enough to
be used. In figure 4 we present the fits of the responses with the absorbed dose for different parts of
the spectrum. While the absorbance response is linear with the dose, the fluorescence response is
exponential in overall and linear for the clinical dose range.

Figure 3. Normalized absorbance and fluorescence spectra.

Figure 4. Absorbance and fluorescence fits as function of the absorbed dose.

4. Conlusions
We have developed a passive solid dosimeter that is tissue equivalent, can be molded in the desired
form and does not need a container. The dosimeter responds to irradiation in the same way as
radiochromic films (oxidation of a leuco dye) but we have established a polymer matrix for this dye
that allows us to measure not only the absorbance of the material but also its fluorescence. The main
difference with current 3D solid polymer dosimeters is the readout technique. While current 3D
dosimetry systems mainly use CT to extract dose information, we can measure the fluorescence, which
potentially is a faster and more sensitive method. The response range of this dosimeter is very high (up
to 1 kGy), but future studies will focus on optimizing the dosimeter at low doses for its clinical
application.
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 Fluorescence response is strong enough to be used.
 Absorbance and ﬂuorescence responses increase with the absorbed dose.
 The water equivalent material is cured in the desired form by a photopolymerization process.
 The type of photoinitiator affects the response to ionizing radiation.
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Due to the recent increase in the complexity of external radiotherapy treatments, there is a need for a
dosimeter capable of rendering a 3D dose proﬁle to verify the absorbed dose with high spatial resolution.
We are developing a solid and moldable 3D dosimeter material with the objective of determining the
absorbed dose by measuring its ﬂuorescence instead of the absorbance, which is a more established
method. Measuring ﬂuorescence could potentially provide higher sensitivity and spatial resolution,
which is critical for 3D dosimetry. In this study, absorbance and ﬂuorescence responses to gamma radiation are presented for doses up to 1 kGy. Since the material is cured by a photopolymerization process,
the effect of the photoinitiator is also analyzed.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
The goal of external radiotherapy is to deliver the appropriate
dose to the tumor without damaging the healthy tissue. To achieve
this, the complexity of radiotherapy has increased over time,
especially by advances in Intensity Modulated Radiation Therapy
(IMRT) and computerized treatment planning systems. These
advanced techniques are more sensitive to errors, which demands
dose veriﬁcation with high spatial resolution (Low, 2015).
Radiochromic ﬁlms have been used for long time as 2D dosimeters (Mclaughlin et al., 1977; Niroomand-Rad et al., 1998). They are
usually colorless polymeric ﬁlms based on a colorless leuco dye
precursor that acquires color after irradiation due to the chemical
change of the radiochromic dye. The dose is determined by
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measuring the optical density or absorbance; that is the doseinduced color change (ICRU, 2008). Some of the commercially
available ﬁlms are the GafChromic™ ﬁlm (Chu et al., 1990) that is
based on polydiacetylene; and the B3 Radiochromic™ ﬁlm (Miller
and Mclaughlin, 1980), whose colorless precursor leuco dye
(pararosaniline) belongs to the triarylmethane dyes family. These
ﬁlms are widely used as routine dosimetry systems. However, the
new treatment modalities require a dosimetry system capable of
measuring 3D dose distributions to assure treatment quality (Wuu,
2015).
3D dosimeters may be classiﬁed according to their response to
radiation: polymerizing or radiochromic dosimeters. A polymerizing dosimeter is a gel that polymerizes with radiation, while a
radiochromic dosimeter may be a gel or solid that changes its color
due to radiation. 3D dosimeters may also be classiﬁed according to
their polymeric matrix: gel or solid dosimeters. Gel polymer dosimeters have important limitations such as the high diffusion
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inside the gel and the need of a supporting container that adds
artifacts in the readout (De Deene, 2004; Baldock et al., 2010). Solid
polymer dosimeters, such as PRESAGE™ (Guo et al., 2006), which
also uses a triarylmethane dye (malachite green), avoid these
problems. However, the readout technique (optical computed tomography) is a long process that takes several hours due to the
scanning procedure and image reconstruction (Sakhalkar et al.,
2009).
The dose is usually determined by measuring the optical density
(or absorbance) (Høye et al., 2015). Measuring ﬂuorescence instead,
could potentially provide higher sensitivity and spatial resolution
(Cullum et al., 2000; Warman et al., 2013) and the 3D readout device would be quicker and easier to use than current scans (Sanders
et al., 2016). Since some of the triarylmethane dyes are ﬂuorescent
when embedded in a rigid matrix (Oster et al., 1958), the objective
of our study was to test if it is possible to use pararosaniline leuco
dye (used in B3 Radiochromic™ ﬁlms) to determine the absorbed
dose by measuring ﬂuorescence. The polymer that we use, poly(ethylene glycol) diacrylate (PEGDA), allows us to cure the material
in the desired form by light. This requires the use of a photoinitiator
that creates reactive species to induce polymerization (Neumann
et al., 2005). Depending on the type of reaction needed to
generate free radicals, photoinitiators can be classiﬁed into type I
(unimolecular reaction) and type II (bimolecular reaction). In this
study we tested the absorbance and ﬂuorescence response to radiation for the two types of photoinitiators.
2. Materials and methods
2.1. Fabrication
Pararosaniline leuco dye is dissolved in a poly(ethylene glycol)
diacrylate (PEGDA - 575 g/mol) matrix. This polymer enables the
material to cure through a photopolymerization process, which
allows a time- and space-controlled polymerization. We use two
photoinitiators: diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide
(TPO) and isopropylthioxanthone (ITX). TPO is a type I photoinitiator, while ITX belongs to type II so it needs to interact with a
second molecule (co-initiator) to generate free radicals. We use
ethyl 4-dimethylaminobenzoate (EDB) as co-initiator in a 1:2
photoinitiator to co-initiator ratio by weight.
We dissolved the dye (61 mM) in ethanol (0.83 M), PEGDA-575
(1.62 M) and 2-hydroxyethyl methacrylate (HEMA) (41 mM). We
used a vortex rotor for homogenization. Photoinitiators are dissolved in PEGDA-575 and added to the dye solution in a 9.85% vol.
The concentration of each photoinitiator in the total solution was:
1.41 mM and 0.60 mM for TPO; and 1.41 mM for ITX. Solutions were
kept in brown glass bottles to avoid curing.
The material was cured in the desired form (slides of 1 mm
thickness) with a 395 nm LED. These wavelengths do not stimulate
the dye, but shorter wavelengths can produce unwanted exposure
in the material. We made 5 slides per dosimeter and we cured them
all at the same time between two glass plates to ensure the best
optical quality. Curing time was 10 min. Afterwards the material
was removed from the mold.
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measure the accumulated absorbed dose, the same slides were
irradiated and measured at 12 dose levels (0, 2, 4, 6, 8, 10, 20, 50,
100, 300, 600, 1000 Gy).
3. Results and discussion
3.1. Material quality
PEGDA provides excellent physical properties for a dosimeter:
optical clarity, adhesion to surfaces, toughness and ﬂexibility. The
material is moldable in the desired form by a controllable and fast
photopolymerization process. Fig. 1 shows the good mechanical
and optical properties of the dosimeter.
3.2. Water equivalence
The protocols used in radiotherapy departments are based on
reporting the absorbed dose to water (Almond et al., 1999; IAEA
TRS-398, 2000). Therefore, it is very important to use a detector
with characteristics as similar as possible to water. Some physical
parameters can be used to quantify water equivalence, such as the
effective atomic number (Zeff ), the mass density (r) and the electron
density (rel ). The properties of our dosimeter are dominated by the
properties of PEGDA, since it comprises 83% vol. of the total
solution.
The effective atomic number is deﬁned in Eq. (1), where a is the
element-speciﬁc ratio of the number of electrons to the total
electronic number, Z is the atomic number of each element, and m
is an energy-dependent number (m ¼ 3:5 is commonly used)
(Johns and Cunningham, 1983).

Zeff ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
a1 Z1m þ a2 Z2m þ …

(1)

The chemical formula of PEGDA is ðC3 H3 OÞðC2 H4 OÞn ðC3 H3 O2 Þ,
where n  10 for a molecular weight of 575 g/mol. Thus, carbon
ðZ ¼ 6Þ contributes with 26  6 electrons, hydrogen ðZ ¼ 1Þ with
46  1 electrons and oxygen ðZ ¼ 8Þ with 13  8 electrons.
Therefore, Zeff ðPEGDAÞ  5:9.
The mass density of PEGDA is 1.12 g/ml in liquid state, but the
density of the dosimeter is a bit lower since the material shrinks
when it solidiﬁes.
The electron density is calculated by using Eq. (2), where NA is
Avogadro's number, rm is the mass density, and Ni , Zi ; Ai are:
number of atoms of specie i, atomic number and mass number of
such atoms.

P

r ¼ NA rm P

Ni Zi
Ni Ai

(2)

2.2. Irradiations and measurements
Irradiations were carried out in a60Co gamma source (dose rate:
4.64 Gy/min). The uncertainty on the delivered dose is 1.3%. Afterwards, the absorbance of the dosimeter ﬁlm was measured with
a Shimazdu UV-2700 spectrophotometer. Fluorescence was excited
with a 532 nm Nd:YAG laser, and measured with an Ocean Optics
QE6500 spectrometer. One absorbance measurement and three
ﬂuorescence measurements were taken for each slide. In order to

Fig. 1. Slides after irradiation to 1 kGy. From left to right: TPO-1.41 mM, TPO-0.60 mM,
ITX þ EDB-1.41 mM.
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Table 1
Physical parameters to quantify water equivalence.
Material

Z eff (m ¼ 3.5)

rðg=cm3 Þ

rel ðe =gÞ relative to water

Water
Alanine
BCF-60 scintillator
PEGDA

7.51
5.96
5.70
6.66

1.00
1.23
1.06
1.12

1.000
0.976
0.975
1.087

Results for PEGDA and values for water and commonly used
dosimeters such as alanine and plastic scintillator (Azangwe et al.,
2014) are shown in Table 1. From this perspective, our material is
water equivalent, and therefore, soft-tissue equivalent, which is
one of the requirements for a good medical dosimeter.
3.3. Fluorescence and absorbance responses to gamma radiation
Although this dye in solution is not ﬂuorescent (Oster et al.,
1958), a strong ﬂuorescence response is detected when the dye is
embedded in the rigid polymer matrix. The polymer dosimeter
responds to irradiation by changing color, due to a chemical change
in the pararosaniline leuco dye (Fig. 2a) (ICRU, 2008). We have
observed that this change is accompanied by a change in the
ﬂuorescence response (Fig. 2b and c).
In Fig. 3 we present the absorbance and ﬂuorescence peaks as
function of absorbed dose e up to 1 kGy. We observe an increase in
the ﬂuorescence intensity when increasing the dose, contrary to
the results shown in an earlier study with polymer ﬁlms of the
same dye (Abdel-Fattah et al., 2001). However, the material
response is currently not sensitive enough for its clinical application. The low slope for low doses can be noted in the insets of Fig. 3,
where data are presented in the logarithmic scale.
The radiation response is different for the different dosimeters
due to the secondary species released by the photoinitiators. After
irradiation, TPO breaks into reactive species (benzene groups) that
have their emission wavelength around 300e350 nm, which
stimulates the dye (Noakes and Culp, 1982). Therefore, it is not only
radiation that affects the dye, but also these secondary species. For
that reason, the dosimeter with TPO in high concentration has the
highest response. On the other hand, ITX þ EDB has the lowest
response due to the sulfur in the chemical structure of ITX. Heavyatom substituents like sulfur increase the spin-orbit coupling and
€fer, 1972; Turro, 1978).
yield a dye that is nonﬂuorescent (Scha
However, we notice a ﬂuorescent response in this case due to the
co-initiator, EDB, which releases also a benzene group.
4. Conclusions
There is an increasing demand for a highly sensitive and accurate 3D dosimeter. Our material is a good candidate for this purpose, since it is water equivalent and can be molded in any shape. It
is solid, so it avoids the inconveniences of gel dosimeters such as
the high diffusion inside the gel and the need of a supporting
container. It has good optical and mechanical properties, and it is
possible to measure not only its absorbance but also its ﬂuorescence. In this study we have presented the absorbance and ﬂuorescence responses as function of the absorbed dose. We have also
observed that the photoinitiator used for curing plays an important
role on the response of the dosimeter. It is not only radiation that
changes the form of the leuco dye, but also the secondary species
released by the photoinitiator. Currently, this dosimeter has a good
response for doses up to 1 kGy, but cannot be used in the medical
range. A typical dose in radiotherapy is 2 Gy per fraction and 50 Gy
for a full treatment, and the dosimeter therefore needs to be

Fig. 2. a. Radiation chemistry involved in the transformation from leuco dye to dye. b,
c. Normalized spectra for a single slide for the two different photoinitiators (1.41 mM).
Insets: chemical structure of each photoinitiator (and co-initiator, EDB).

optimized and characterized for lower doses than was studied in
this work.
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HIGHLIGHTS





EPR signal from the dosimeter is detected and it increases with the dose, linearly for the medical dose range.
Three signals for the solid polymer dosimeter’s characterization: absorbance, fluorescence and EPR.
EPR as supporting feature to the optical signals from the dosimeter.
The measured EPR signal originates from radiation induced changes of the radiochromic dye and not the
matrix polymer.

KEYWORDS
3D dosimetry; solid-state polymer dosimeter; EPR; fluorescence; pararosaniline leuco dye, free radical.

ABSTRACT
We have developed a water-equivalent solid polymer dosimeter material aimed for 3D dosimetry in radiotherapy
beams. The material responds to ionizing radiation by changes in its optical absorbance and by generation of
fluorescence species. The latter signal is of particular interest as the fluorescence facilitates detailed mapping of the 3D
dose distribution by using laser stimulation.
In addition to the optical signals we also expect an electron paramagnetic resonance (EPR) dose response from the
material, related to the formation of stable free radicals.
To test this hypothesis, point detector experiments were performed. The material was casted into 4.75 mm diameter
pellets, identical in size to the alanine dosimeters that are routinely used for reference EPR dosimetry in our laboratory.
The pellets of the new dosimeter and alanine were irradiated in 60Co beams and first derivative EPR spectra were
recorded subsequently. Results show an EPR signal for the solid polymer dosimeter, whose peak-to-peak amplitude is
linear with the dose in the medical dose range and saturates for high doses. It was also seen that the matrix does not
yield free radicals under irradiation.

1.

Introduction

Electron paramagnetic resonance (EPR) has been used to study free radicals formed in solid materials, since they
typically produce an unpaired spin on the molecule from which an electron is removed. This technique is commonly
used to determine the absorbed dose in alanine, which is used as a reference dosimeter due to its water equivalence,
high stability, low fading and high dose range response (Helt-Hansen et al., 2009)(ICRU 80,2008). However, alanine
dosimetry can only be used as a point detector and, currently, 3D dosimetry is in high demand (Watanabe et al.,2017).
Improvements of treatment planning in radiotherapy require experimental verification in three dimensions with high
spatial resolution, sensitivity and accuracy.
We presented in a previous work (Bernal-Zamorano et al., 2017a) a good candidate for 3D dosimetry, since the
dosimeter is solid, water equivalent, and can be molded in any shape. It is based in pararosaniline leuco dye, which is
chemically transformed into its dye-form by the effect of radiation (Fig. 1) (ICRU 80, 2008). This solid-state polymer
dosimeter responds to radiation by changes in its absorbance (as current 3D dosimeters do) but also by changes in its
fluorescence, which would be a more sensitive and faster method to obtain the absorbed dose point by point. The
objective of this study is to make point detectors with this dosimeter to test if it is possible to measure the EPR signal as
it is done with alanine. This would allow us to compare our dosimeter with a reference dosimeter, as it is usually done
in dosimetry (Waldeland et al., 2011), and to have a third signal that gives us more information of the mechanisms of
this new dosimeter.

Fig.1. Chemistry involved in the response of the dye to radiation.

2.

Materials and methods

2.1. Fabrication
Pararosaniline leuco dye is contained in a poly(ethylene glycol) diacrylate (PEGDA average Mn 575) (Sigma
Aldrich 437441) matrix that includes ethanol, 2-hydroxyethyl methacrylate (HEMA) (Sigma Aldrich 128635), and
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO)(Sigma Aldrich 415952) for photocuring. We used the same
composition and procedure that we used in a previous work with slides (Bernal-Zamorano et al., 2017b) (Fig. 2a): dye61 mM, ethanol-0.83 M, PEGDA-1.62 M, HEMA-41 mM and TPO-1.41 mM. Solutions were mixed in a vortex rotor
for half an hour before adding the photoinitiator and for half an hour more afterwards. They were kept in the darkness
until the next day when they were cured and irradiated. The matrix of the dosimeter (without dye) was also tested.
We made cylindrical pellets of 4.75 mm diameter and 2.78 mm thickness of the same size than alanine pellets used
in this work. We cured the solution by using an aluminum mold between two glass plates to ensure the best optical
2
quality, irradiating with a 407 nm LED from a distance of 9 cm (surface power density 4.5 mW/cm ) for 10 minutes
(Fig. 2b, c, d).

Fig.2. a. Slides and pellets of the dosimeter material. b. Aluminum mold for fabrication and holder for optical
measurements. c. Curing process. d. Result after curing.

2.2. Irradiations and measurements
Four pellets of each type (alanine, dosimeter and dosimeter’s matrix) were irradiated in a 60Co gamma source with
a dose rate of about 5 Gy min-1. They were given doses of: 5, 10, 20, 30, 50, 75 and 100 Gy. After each irradiation, the
absorbance, fluorescence and EPR signals of each pellet of the dosimeter and its matrix were measured. The EPR signal
of alanine pellets was also measured. Fig. 3 shows the pellets and the holders that were used.
Absorbance spectra of the pellets were measured with a Shimazdu UV-2700 spectrophotometer, and fluorescence
spectra with an Ocean Optics QE6500 spectrometer. Fluorescence was excited with a 520 nm diode laser. The EPR
signal was obtained by a Bruker EMX-micro spectrometer by inserting each pellet into the resonator in a quartz tube.
Before taking each measurement, fine tuning of the cavity was performed. Peak-to-peak amplitude of the first derivative
EPR spectrum for alanine is obtained directly through the Risø EPR user interface. In the case of the new dosimeter,
peaks are obtained by fitting both the maximum and the minimum of each first derivative EPR spectrum to a fourth
degree polynomial, separately. The magnetic sweep width was 50 G with a resolution of 1024 points, the modulation
amplitude was 1 G, the frequency 100 kHz, the sweep time 5.24 s and the time constant 1.25 ms. The microwave
frequency was 9.75 GHz.

Fig.3. a. Pellets of alanine, solid polymer dosimeter and matrix of the dosimeter (no dye). b. Mold for fabrication,
holder for optical measurements and poly(methyl methacrylate) (PMMA) holder for irradiation of 4 pellets.
3.

Results and discussion

Fig. 4 shows the results of the EPR of alanine pellets and Fig. 5 shows the results of the EPR, absorbance and
fluorescence signals of the new dosimeter and its matrix. Table 1 collects the results with the corresponding
uncertainties.

Fig. 4: EPR signal (first derivative of the EPR absorption spectra) of an alanine pellet irradiated to several doses, and
peak-to-peak amplitude of the EPR signal as function of the dose for 4 alanine pellets. Error bars representing the
statistically spread out of the measurements of the 4 pellets (standard deviation) are smaller than the markers.

3.1. EPR signal
A clear EPR signal was obtained for our material (Fig. 5a), increasing with the dose. As presented in (BernalZamorano et al., 2017b), alanine and PEGDA have similar characteristics in terms of its water equivalence (similar
effective atomic number, mass density and electronic density). However, in this study we have observed that their
response to radiation is very different (Fig. 4b, Fig. 5b): for the solid polymer dosimeter, the EPR signal saturates at
high doses while it continues linear in the case of alanine. This difference is due to the interaction of the un-paired
electron from the radical with its environment, which affects the details of the EPR spectrum. While alanine pellets are
alanine microcrystals contained in compact wax, our dosimeter is similar to tissue: compact on the surface but diffusive
inside. Looking at the chemical composition of our dosimeter, it may contain free water molecules moving within the
dosimeter’s matrix by diffusion processes and/or bound water, which is chemically attached to other molecules.
Therefore, since water has a strong absorption band in the microwave region (Mehdizadeh, 2009), at the microwave
frequency used here (9.75 GHz) most energy is absorbed by the dosimeter, resulting in a saturation of the EPR signal
from the dye. However, despite this earlier saturation compared to alanine, the EPR signal of our dosimeter is linear for
medical doses, which is the main application thought for this dosimeter.
The saturation dose can be obtained by fitting the peak-to-peak amplitude of the EPR spectra to Eq. (1) (Waldeland
et al., 2011) (Rotblat and Simmons, 1963), where 𝑁(𝐷) is the number of free radicals as function of the dose, 𝑁∞ is
the number of radicals at saturation, and 𝐷0 is the characteristic saturation dose of the dosimeter. By fitting the
dosimeter curve in Fig.5b (but with background correction; data starting in the origin) the saturation dose was obtained:
𝐷0 = (48.1 ± 3.0) Gy.

𝑁(𝐷) = 𝑁∞ (1 − 𝑒

−

𝐷
𝐷0 )

Consequently to Eq. (1), the peak-to-peak amplitude of the EPR signal provides a measurement of the free radicals
present in the dosimeter. We have observed how these free radicals are only present in the dosimeter with dye and not
in the matrix without it (Fig. 5b). The curve for the matrix is flat following the first irradiation, since from 0 to 5 Gy the
EPR peak-to-peak amplitude decreases in a 53%. This decrease is due to the remaining radical species from the
photoinitiator, which have not completely disappeared after curing and they disappear with the first irradiation.
Therefore, the dose response of the dosimeter is only due to the dye. It is important to ascertain that the matrix is not
liberating free radicals that respond to radiation and that may interact with those from the dye.

3.2. Absorbance and fluorescence signals
Regarding the absorbance results, in Fig.5c we see how the absorbance spectra are very spread out for the different
doses, and the peaks are linear with the dose for the whole dose range (Fig.5d). For the fluorescence, the spectra are less
spread out, which decreases sensitivity. Besides, the background fluorescence is very high, which makes
indistinguishable the responses for low doses (Fig.5c, e). In Fig. 5e we also observe that the fluorescence of the
dosimeter decreases with the first irradiation. Since the photoinitiator is fluorescent, this decrease may be related with
the disappearance of the photoinitiator species with the first irradiation, observed in the EPR signal from the matrix.
Therefore, the role of the matrix in the fluorescence response of the dosimeter is very important and the EPR signal
helps us in studying it in more detail.

Fig. 5. a. EPR signal (first derivative of the EPR
absorption spectra) of a pellet of the dosimeter
irradiated at several doses. b. Peak-to-peak amplitude of
the EPR signal of the dosimeter (squares) and of the
dosimeter’s matrix (dots) as function of the dose, with
fittings. c. Absorbance and fluorescence spectra of a
pellet of the dosimeter for several doses. d, e.
Absorbance and fluorescence peaks as function of the
dose for the dosimeter (squares) and the dosimeter’s
matrix (dots), with fittings. Error bars represent the
statistically spread out of the measurements of the 4
pellets (standard deviation), and in some cases are
smaller than the markers.

Table 1
Values of Fig.5b, d and e with their correspondent standard deviation.
Dose (Gy)
0
5
10
20
30
50
75
100

EPR (x 105)
Dosimeter
Matrix

Absorbance peak (x 10-3)
Dosimeter
Matrix

1.29 ± 0.34 0.232 ± 0.022
61.0 ± 5.2 6.25 ± 0.83
1.69 ± 0.34 0.109 ± 0.012
70.0 ± 4.1 6.00 ± 0.71
2.16 ± 0.27 0.126 ± 0.021
74.0 ± 3.7
7.8 ± 1.8
2.78 ± 0.25 0.121 ± 0.012
84.0 ± 4.9
8.8 ± 2.2
3.18 ± 0.26 0.119 ± 0.019
91.8 ± 4.3
7.5 ± 1.1
3.87 ± 0.27 0.0895 ± 0.0082 106.3 ± 5.6 9.25 ± 0.43
4.53 ± 0.20 0.1064 ± 0.0093 126.5 ± 6.7 9.00 ± 0.71
4.96 ± 0.21 0.105 ± 0.018 143.8 ± 7.3 10.75 ± 0.83

Fluorescence peak (x 103)
Dosimeter
Matrix

3.077 ± 0.085
2.946 ± 0.064
2.974 ± 0.049
2.980 ± 0.063
3.118 ± 0.045
3.278 ± 0.050
3.360 ± 0.057
3.518 ± 0.073

0.252 ± 0.013
0.244 ± 0.010
0.2560 ± 0.0076
0.2426 ± 0.0069
0.2359 ± 0.0089
0.2403 ± 0.0093
0.2258 ± 0.0098
0.236 ± 0.010

4.

Conclusions

An EPR signal from the solid-state polymer dosimeter has been observed. It increases monotonically with the dose
in the medical dose range and saturates for higher doses. Therefore, three signals can be obtained for the dosimeter’s
characterization: absorbance, fluorescence and EPR.
Due to the EPR it has been observed that free radicals present in the dosimeter are the species that originate from
the radiochromic dye and not from the matrix. Therefore, the matrix provides the required properties for the dosimeter,
such as solid support, water equivalence, moldable, flexibility, optical clarity, good mechanical and optical properties,
without interfering in the radiation response from the dye.
EPR signal could be a source of improved understanding of the underlying dosimetric characteristics of this
material and it may be a supporting feature to the optical signals from the dosimeter.
Besides, interesting applications in particle therapy beams are anticipated as the signal production in solid-state
dosimeters are generally dependent on the ionization density.
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